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FOREWORD 

This publication marks the first attempt by the International Atomic 
Energy Agency to compile and review information pertinent to the disposal o f 
radioactive waste in geological formations. 

A proposed site in a geological formation for the disposal o f radioactive 
waste requires careful evaluation to ascertain that radionuclides from the 
emplaced waste eventually will not appear in the biosphere in amounts that 
would constitute a biological hazard. There must be assurance that such disposal 
will not result in radiation exposure to the public, either from direct contact or 
via critical pathways in the ecosystem, exceeding the applicable dose limits. 
Owing to the extreme variability o f geological environments, it is conceivable 
that this criterion could be met in different ways at different locations according 
to the nature o f their respective geological formations and local conditions. 
Geological containment o f radioactive waste should not be viewed in itself as 
the single process o f isolating the waste but as the ultimate defence against the 
hazardous dispersion o f its radionuclides, generally following a 'conditioning' o f 
the waste material, including its encapsulation or packaging. 

Radioactive nuclides, termed 'fission products', and plutonium and other 
alpha-emitting transuranium elements are formed in the fuel elements during 
the operation of uranium-fuelled reactors for the generation o f electrical energy. 
The expanding use o f nuclear power will be accompanied by the increased 
production o f fission products and transuranium elements. The use o f plutonium 
and uranium-233 as power reactor fuels will result in only minor changes in the 
quantities o f the fission products produced. In current nuclear fuel reprocessing 
technology, the irradiated nuclear fuels are dissolved in an acidic, aqueous 
solution and the plutonium and unburned uranium are chemically removed. 
The remaining solution, containing the fission products, is generally concentrated 
by evaporation, with the product being the highly radioactive, commonly termed 
'high-level', waste resulting from the nuclear fuel cycle. Plutonium and uranium 
are not completely recovered during the fuel reprocessing operation, so some 
plutonium as well as the other alpha-emitting transuranium elements in this 
waste makes it also an alpha-bearing waste. The general opinion is that such 
radioactive wastes must be isolated from the biosphere for periods of time 
extending as long as several hundreds o f thousands o f years. An alternative to 
reprocessing the irradiated nuclear fuel elements is to discard them in some 
form as a waste material. If one discounts a significantly higher plutonium 
content, the basic waste disposal considerations remain the same. 



The predominant natural mechanism by which the radionuclides in a waste 
could be moved from a deep geological formation into the biosphere is by the 
action o f groundwater. Hence, most o f the geological and hydrological factors 
mentioned in this report are related to the protection o f the waste from 
circulating groundwater. The extreme complexity o f many geological 
environments and o f the rock features that govern the presence and circulation 
o f groundwater does not make it feasible to derive strict criteria for the selection 
of a site for a radioactive waste repository in a geological formation. Each 
potential repository location must be evaluated according to its own unique 
geological and hydrological setting. In the present publication, therefore, only 
general guidance is offered, and this is done through discussion o f the many 
factors that need to be considered in order to obtain the necessary assurances 
that the radionuclides will be confined in the geological repository over the 
required period o f time. 

The IAEA gratefully acknowledges that the preparation o f 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. 
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1. INTRODUCTION 

1.1. BACKGROUND 

In June 1974, the Agency engaged two consultants, Dr. T. Lomenick and 
Dr. K. Kühn, to assist in the development o f criteria for the evaluation o f sites in 
geological formations for the long-term storage or disposal o f high-level and 
alpha-bearing wastes. The development o f such criteria was recommended by a 
Panel on the Possibility o f Establishing International Storage Sites for High-level 
and Alpha-bearing Wastes which met in Vienna in November, 1972. However, the 
consultants felt that because o f the complexity o f the overall concept and 
variations in the properties o f the radioactive wastes and o f the geological 
formations, it was not feasible to develop specific criteria. They pointed out that 
each geological site probably would be unique and would have to be evaluated 
individually, even if criteria were available for that particular type o f formation. 
On the other hand, the consultants felt that a list of factors could be developed 
and described which would be o f assistance to Member States in evaluating and 
selecting radioactive waste storage or disposal sites in geological formations. 

Consequently, with the help o f the two consultants and later a third, 
Dr. F. Gera, the Secretariat prepared a working paper: 'Site Selection Factors 
for the Disposal of Solidified High-Level and Alpha-Bearing Wastes in Geological 
Formations', taking into account the reviews o f geological experts in some Member 
States to which an initial draft o f the working paper was sent. 

In December, 1975, the Agency convened an Advisory Group in Vienna, 
consisting o f twenty-one experts in radioactive waste management and the 
geological sciences who reviewed and modified the working paper into this report. 
The Group felt that its publication would provide useful background information 
for those authorities responsible for planning, approving and executing national 
radioactive waste management programmes, and particularly for those involved 
in establishing radioactive waste repositories. 

1.2. CONCLUSIONS 

In reviewing and revising the working paper, along with engaging in rather 
detailed consideration and discussions regarding the selection and use of a 
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2 INTRODUCTION 

geological formation for the disposal o f radioactive wastes, the Advisory Group 
arrived at the following conclusions: 
( 1 ) The general characteristics o f geological formations and the factors to be 

considered for the emplacement o f high-level and alpha-bearing waste into 
geological formations supports the validity o f this disposal concept, since 
the long-term containment o f the radionuclides can be ensured by geological 
barriers without reliance being placed on additional measures by man. 

(2) Various types o f geological formations and structures show good promise 
as suitable media in which to locate repositories for the disposal o f radio-
active waste. 

(3) Adequate long-term containment o f the radionuclides in the disposal 
formation can be achieved through either the absence o f circulating ground-
water or the combination o f extremely slow fluid movements and high 
sorption capacity, particularly for long-lived alpha emitters, in some 
geological materials. 

(4) The plastic (self-healing) properties o f certain geological formations also 
contribute to the reliability o f the long-term containment o f the radionuclides, 
as do other factors such as high tectonic stability. 

(5 ) Each potential geological site for disposal o f radioactive waste must be 
evaluated on its own merits, as a function o f geological, hydrological and 
hydrogeological conditions and taking into account the characteristics o f 
the wastes and their containers. 

(6 ) There is variability in the characteristics o f the various long-lived radioactive 
wastes. Consequently, it is possible that the two main categories, namely 
high-level waste and other alpha-bearing waste, may have different disposal 
requirements, particularly in relation to heat dissipation. 

1.3. RECOMMENDATIONS 

The Advisory Group made the following recommendations: 
( 1 ) Countries engaged in nuclear power generation, and thus incurring responsibili-

ties for the disposal o f the associated long-lived radioactive waste, should 
undertake research programmes directed toward an assessment o f the use 
o f geological formations within their territories for the disposal o f radioactive 
wastes. Such programmes should include consideration o f the factors 
discussed in this report. 

(2) Because o f the complexity o f geological conditions, the extensive requirements 
for technological skills and the cost considerations, countries should mutually 
co-operate in the conduct o f research and development programmes concerned 
with the disposal o f radioactive wastes into geological formations. 
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(3) Countries should consider the possibilities for the promot ion and develop-
ment o f regional radioactive waste repositories so as to take advantage o f 
the most favourable geological conditions, irrespective o f national boundaries. 

(4) Any site being considered for radioactive waste disposal should be subjected 
to a safety analysis, taking into account all relevant factors, and to a 
demonstration o f feasibility, prior to use o f the site for actual disposal. 

(5 ) Any radioactive waste repository should be under the direct control o f the 
governments involved. 

(6 ) Methods for the keeping and the long-term maintenance o f records regarding 
the location and contents o f radioactive waste repositories should be examined. 



2. GENERAL 

2.1. PURPOSE AND SCOPE OF REPORT 

The liftetime o f some o f the radionuclides in certain categories o f radioactive 
waste is long by human standards. However, their lifetimes are short in comparison 
with geological time. This is the main reason that geological formations have been 
envisaged as the ultimate confinement for radioactive waste. This concept is 
being evaluated by many nations and it is the view of many geologists that suitable 
geological formations do exist and that these formations represent the most pre-
dictable long-term containment for the disposal o f radioactive waste. The purpose 
o f this report is to provide guidelines for the selection and evaluation o f suitable 
areas and sites for the disposal of solid high-level and alpha-bearing wastes into 
geological formations. This report is also intended to provide summary information 
on many o f the types o f geological formations underlying the land masses that 
might be considered as well as guidance on the geological and hydrological factors 
that should be investigated to demonstrate the suitability o f the formations. In 
addition, other factors that should be considered in selecting a site for a radioactive 
waste repository are discussed briefly. 

The information herein is intended as general background for use by those 
authorities responsible for planning, approving and executing national radioactive 
waste management programmes, particularly for establishing radioactive waste 
repositories, and by those who must review applications and make recommendations 
regarding such repositories. Furthermore, this report may be useful to countries 
which are planning nuclear power programmes and which may be seeking general 
advice on the disposal o f radioactive wastes. No attempt has been made to provide 
a reference document for those who must perform the investigations although a 
selected bibliography is included. 

The information, as presented, was developed to the extent o f current 
technology for application to the evaluation o f deep (greater than about 300 metres 
below ground level) geological formations in the selection of suitable areas for the 
disposal o f solid or solidified high-level and alpha-bearing wastes. Evaluation o f 
undersea formations and the emplacement o f radioactive wastes in them are not 
considered in this report. 

Although investigations are continuing on the introduction o f high-level 
wastes in liquid form into geological formations, no attempt has been made to 
provide any guidance for that type o f disposal. Likewise, no attempt has been 
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SECTION 2 5 

made to provide guidance on the conditioning of wastes for storage or disposal 
or on the methods for constructing cavities. Mention has, however, been made 
of the potential characteristics of the conditioned wastes and the need for 
considering interactions between the wastes and the geological medium. In order 
to set the stage there also is a brief introduction regarding the characteristics of 
high-level and alpha-bearing wastes and their management. 

2.2. RADIOACTIVE WASTE GENERATION 

Any material that contains quantities or concentrations of radionuclides 
exceeding limits established by the appropriate national authorities for release to 
the environment and that is not in use or is not being held for future use, may be 
considered as radioactive waste which will have to be isolated from the biosphere 
until such time as the radionuclides no longer pose a hazard to man and the 
ecosystem. On this basis, such waste may be generated as the result of any 
activity involving radioactive materials. These activities include all the operations 
involving the nuclear fuel cycle, the transportation of radioactive materials, the 
preparation and use of radioisotopes, nuclear research, and experimental facilities. 
The waste may be generated in solid, liquid or gaseous form, contaminated with 
one or more elemental radionuclides, or as a relatively pure radioactive compound 
or a mixture of many radionuclides, including mixtures of non-radioactive materials. 
The larger volumes of radioactive wastes are of low-level radioactivity and, in the 
case of solids, consist mainly of non-radioactive base materials such as metals, 
glass, building materials, paper and cloth which have been, or may have been, in 
contact with radioactive material. The wastes containing higher levels of radio-
activity are of lower volume and include such items as spent radiation sources, 
ion-exchange resins, activated reactor components and solutions or residues 
from experimental facilities and fuel reprocessing plants. 

2.3. CHARACTERIZATION OF HIGH-LEVEL AND 
ALPHA-BEARING WASTES 

While there are no standard definitions for high-level waste and alpha-bearing 
waste, these terms are universally used to denote certain general kinds of radio-
active waste. 

The term high-level waste, as used in this report, refers to materials containing 
enough concentrations of beta- and gamma-emitting fission products to give rise 
to high heat generation rates. The main source of such wastes is the highly 
radioactive liquid residue (containing over 99% of the non-volatile fission products 
generated in the production of nuclear power) from reprocessing the irradiated 
nuclear fuel elements in order to recover the plutonium and unburned uranium. 
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TABLE III. HEAT GENERATION IN HIGH-LEVEL RADIOACTIVE WASTE 
AFTER VARIOUS COOLING PERIODS 
(Reprocessing 150 days after removal of the fuel) 
(33 000 MW• d/t U with power output of 30 MW/t PWR fuel) 

Heat generation in W/t reprocessed uranium after 
Heat source 1 a (3 a) 1 0 a (30 a) 100 a 

Fission products 7900 ( 3 5 0 0 ) 1000 (500 ) 100 

Transuranium elements 240 ( 9 0 ) 70 ( 4 0 ) 9.6 

NOTES: (1 ) From BNWL-1900 - High-Level Radioactive Waste Management Alternatives 
(SCHNEIDER, K.J., PLATT, A.M., Eds), May 1974. 
(2 ) Data arranged as in Status Report o f Swedish (Aka) Committee on Radioactive 
Waste (4 June, 1974). Figures in brackets are interpolated. 

Other sources could include the comparable wastes from other types of fuel 
reprocessing plants, highly concentrated wastes from subsequent fuel reprocessing 
plant operations, such as purification of the uranium and plutonium, or from experi-
mental facilities, throw-away irradiated fuels, and separated long half-life fission 
products. With present day fuel reprocessing techniques, the dissolver solution 
after recovery of the plutonium and unburned uranium still contains around 0.5% 
of the uranium and plutonium and essentially all the other transuranics that were 
originally present in the spent fuel. Most radioactive waste from fuel reprocessing 
operations, particularly the irradiated fuel cladding that is either removed before 
or remains from the dissolution of the fuel, is also contaminated with plutonium 
and other transuranics. 

Table I shows the radioactivity of various fission-product nuclides contained 
in the high-level radioactive waste from reprocessing a tonne of typical high 
burn-up, light water reactor (LWR) fuel, for cooling times up to 1000 years after 
removal of the fuel from the reactor. As mentioned above, with present reprocessing 
techniques, small amounts of uranium and plutonium and essentially the total 
amount of the other transuranium elements remain with the high-level waste. 
Table II shows the content of these radionuclides in the high-level waste assuming 
that 0.5% of the uranium and plutonium content of the spent fuel remains in the 
waste. As indicated in Table I, most o f the heat generating fission products have 
relatively short half-lives and rapidly decay away until only the longer-lived 
strontium-90 and caesium-137 with half-lives of 28 and 30 years, respectively, 
predominate. The rapid decrease of heat generation from the decay of fission 
products and transuranium elements in or from a tonne of typical spent LWR fuel 
during the first few years of cooling is shown in Table III. 
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The term alpha-bearing waste, as used in this report, refers to waste containing 
transuranium, alpha-emitting radionuclides in excess of nationally established 
limits. As discussed, a source of alpha-bearing waste is from fuel reprocessing. 
However, another major source of alpha-bearing waste occurs from fabricating the 
recovered plutonium into nuclear fuel elements. While alpha-bearing waste may 
contain beta- and gamma-emitting radionuclides, the designation as used herein 
generally refers to those wastes in which the alpha-emitting radionuclides are the 
predominant hazards during the near term. The half-lives of many alpha-emitters, 
e.g. plutonium-239 with a half-life of 24 000 years, are so long in comparison with 
those of the significant fission products that, eventually, high-level waste initially 
containing predominant quantities of fission products can, by decay, become 
mainly an alpha-bearing waste. 

The duration of required containment of long half-life wastes is an important 
question that must be answered in order to provide the time frame of reference 
for the assessment of any disposal option. A possible approach to the problem 
is to calculate the time required for the potential ingestion hazard of the waste 
to approach the level of the potential ingestion hazard associated with the natural 
radioactive materials that had to be mined in order to produce the fuel which 
gave origin to the waste. These calculations usually result in time periods of the 
order of several thousand years. However, in consideration of the much greater 
potential inhalation hazard associated with the waste in comparison with the 
original materials, (a) because of the fairly concentrated form in which the radio-
activity exists, particularly in high-level waste, and (b) because of the uncertainties 
about environmental behaviour of many long half-life nuclides in the waste, it 
seems prudent to design for waste containment for a significantly longer time. 
Observation of the variation with time of the potential hazard associated with 
the waste shows that up to about a hundred thousand years, a significant reduction 
in potential hazard takes place. Afterwards, the reduction in potential hazard 
becomes very slow and little additional change takes place over the following 
few million years. 

The foregoing considerations seem to indicate that the disposal of long 
half-life waste can be appropriately designed on the basis of a containment time 
of the order of a hundred thousand years or so. In addition, it should be noted 
that many geological situations which have been stable during the past hundred 
thousand years are likely to remain so for much longer time periods. 

2.4. STORAGE OF LIQUID WASTES 

High-level, liquid wastes resulting from the reprocessing of irradiated nuclear 
fuel are generally stored as aqueous, nitric acid solutions in high integrity, stainless 
steel tanks. The various storage systems being used provide multiple containment 
to guard against the escape of radionuclides and spare tankage to which the 
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contents of suspect tanks can be transferred. The tanks are equipped with cooling 
coils or jackets to remove fission-product decay heat. Some tanks are provided 
with agitation systems in order to maintain precipitated solids in suspension. This 
prevents the creation and concentration o f high temperatures and hence highly 
corrosive conditions under settled sludge blankets and also prevents the possibility 
o f violent vapour releases commonly termed 'burps'. 

Experience with the storage o f high-level, liquid, acidic wastes in stainless 
steel tanks has been good , in contrast with the much publicized leaks o f certain 
non-stress-relieved, mild steel-lined, concrete tanks holding neutralized wastes 
f rom early U.S. fuel reprocessing operations. The continued storage o f high-level, 
liquid wastes in tanks does involve continuing technical supervision to ensure that 
the necessary services, such as cooling and monitoring, as well as adequate off-gas 
treatment and control, are always available and in use. 

Suitably designed tank storage o f high-level, liquid waste can be considered 
as a safe and acceptable method for some decades. For the longer term, however, 
there is general agreement that it would be better to solidify and thus immobilize 
the high-level waste, storing it in such a manner that it will be less insensitive to 
loss o f services as well as putting the waste into a condition for safer transport 
f rom the fuel reprocessing site. 

The majority o f the initial radioactivity in the irradiated fuel when it is first 
removed f rom the reactor (out-of-reactor) decays within the first few years (see 
Table I). Consequently, the heat problem from fission-product decay in the 
solidified high-level waste can be reduced considerably by an out-of-reactor ageing 
period o f several years for the radioactive material prior to its solidification. This 
can be accomplished by either storing the irradiated fuel before reprocessing or 
storing the liquid waste, or both, for the appropriate ageing period. 

With current technology, the initial or 'as generated' volume o f high-level, 
liquid waste can be as much as 5 cubic metres per tonne o f fuel processed. 
However, this volume is evaporated down for continuing tank storage to around 
25 to 100 litres, depending on the process flowsheet, out-of-reactor time and the 
waste tank design. 

2.5. SOLIDIFICATION 

The primary objective o f solidifying high-level, liquid waste is to immobilize 
it and thus reduce the degree o f supervision required for its safe storage. The 
high-level waste should ideally be converted into a monolithic solid form which 
is inert and highly leach resistant. The form should possess high thermal and 
radiation stability together with high thermal conductivity and a high melting 
point. High-level waste conditioned to such a form should also be suitable for 
geological disposal; however, depending on the characteristics o f the selected 
disposal medium, the conditioned form may not necessarily have to meet the 
same requirements or specifications. 
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Much research and development work has been done on the calcination of 
high-level waste as well as the mixing o f this waste into phosphate and borosilicate 
glasses. Other work is under way on the incorporation of such waste into silicate 
and aluminosilicate rock-like matrices. Experimental work is also being performed 
on incorporating calcines and glasses into metallic matrices. Waste calcination, 
using a fluidized bed technique, has been demonstrated for a number of years 
on a production scale. Vitrification operations have been performed on a pilot 
plant basis using typical high-level, liquid waste. Some characteristics of solidified, 
high-level waste products are presented in Table IV. Calcined waste may be stored 
for a period of time and then form the feed material for one of the other processes 
since glasses, rock-like matrices and metallic matrices more closely meet the 
desired properties enumerated above than do the calcines. 

The treatment and conditioning of alpha-bearing solid wastes required prior 
to storage or disposal depend upon the physical and chemical nature of the 
materials involved. Densification by compaction or incineration may be 
economically attractive. Combustible or pyrophoric materials should be converted 
to an inert form. 

2.6. STORAGE OF SOLID AND SOLIDIFIED WASTES 

The term storage is used herein to denote placement of waste with the intent 
that it will be retrieved at a later time. The degree to which container and facility 
design need to provide for ease of retrievability will depend upon national 
requirements, type of waste and local conditions. A number of retrievable, surface 
storage concepts are now under study in various countries. These include water 
filled basins, air cooled vaults and individual, shielded casks. A facility based on 
any of these concepts would include provisions for receiving the waste packaged 
in a high integrity container, inspecting the container, possibly overpacking the 
container and transferring it to the storage area. Shielding and cooling are 
provided in the facility design. Storage facilities allow, during a limited period 
o f time, the radionuclides in the conditioned high-level waste to decay until its 
heát generation rate is more compatible with the geological formation to be used 
for disposal. The facility would also be equipped to repackage the waste from 
a container which developed a leak during handling or storage or to overpack the 
leaking container. These storage facilities are planned to be located on or slightly 
below ground level. Near surface storage facilities require special safety considerations 
against damage from acts of man, such as warfare, sabotage or civil disturbances, 
and acts of nature. 

It would also be possible to store long half-life radioactive wastes in an unused 
or specially constructed cavity in a deep geological formation. According to the 
previously given definition of storage, this operation would be carried out with 
the intent of retrieving the wastes at some future time. The storage concept 
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implies that appropriate surveillance and monitoring procedures can be implemented 
during the use of the repository. Of particular significance in this context will 
be continuous monitoring of both groundwater and surface water bodies having 
potential contact with the host rocks. 

No instances are known where storage of long half-life radioactive wastes in 
a deep geological formation is planned at present; but this concept could be 
conceivably attractive for countries which cannot currently identify geological 
environments within their territory suitable to use for waste disposal, have 
no access to alternative disposal options, and wish to take advantage of the 
added protection provided by depth as compared to storage in surface facilities. 

The same type of receiving, inspection and repackaging capability as noted 
above for a surface facility would need to be provided for a storage facility in a 
geological formation. The provisions to be made for retrievability would depend 
on the physical layout of the cavity, type of entrance, method of waste emplace-
ment, etc. Since the wastes are to be retrievable over the entire life-time of the 
storage facilities, careful attention must be given to the design and materials of 
construction o f the containers. However, it should be pointed out that it would 
be difficult to assure retrievability of radioactive waste for very long time periods. 
Therefore, considering the length of the required containment time for high-level 
and, especially, alpha-bearing wastes, storage facilities can, in no way, be considered 
as a satisfactory alternative to waste disposal. 

2.7. DISPOSAL 

The term disposal is used herein to designate those types of waste emplacement 
operations in which there is no intent to retrieve the waste in the future, that is, 
the intent is for the location to be a permanent repository for the waste. Never-
theless, it would be prudent during the demonstration or early phases of the 
operation of the repository to emplace the waste into the host rocks in such a 
manner that it could be removed without extreme difficulty should unexpected 
conditions develop that would affect containment. However, the concept of 
disposal must place no reliance on continuing services such as cooling, surveillance, 
monitoring, repair of confinement etc., to ensure that the radionuclides in the 
waste will never reach the biosphere in concentrations or quantities exceeding 
national and/or international guidelines for radiation exposure to either individuals 
or population groups. Therefore, to assure the required containment, reliance 
has to be placed on one or more of the following: the properties of the solidified 
waste form, the containers, or the location in which the waste containers are 
placed. For wastes containing significant concentrations of the long half-life 
alpha-emitters, the period of required containment may be of the order of a 
hundred thousand years. 
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In view o f the conditions outlined above it is apparent that surface facilities 
should not be used for the disposal o f high-level and alpha-bearing wastes. With 
current technology the most promising solution for their safe disposal appears 
to be the use o f geological formations. Many areas have such formations with 
an integrity which can be reasonably projected for at least a hundred thousand years. 

The long-term containment o f radioactive waste in geological formations is 
provided by the integrity o f the geological barriers, their capability to prevent 
circulating groundwater f rom reaching the waste, the sorption capacities and low 
permeability o f the disposal formation itself and the surrounding geological 
environment. Additional barriers are provided by waste conditioning and 
disposal technology. However, in considering the geological disposal concept , 
one should be very cautious in placing much reliance on such manufactured barriers 
for long-term containment. 

2.8. USE OF GEOLOGICAL FORMATIONS FOR S T O R A G E A N D DISPOSAL 

Geological formations, for example rock salt, limestone and granite, have 
existed for many millions o f years. In many cases, the available evidence indicates 
that some o f these formations have not undergone significant changes and have 
remained virtually impermeable to the passage of circulating groundwater for 
major periods o f geological time. It is possible to investigate given geological 
formations and, by extrapolation o f past events and other studies, forecast the 
general characteristics and ranges o f possible future changes in relevant geological, 
climatic, and other environmental factors. 

Many o f the characteristics o f a geological formation that are important in 
relation to a containment period for radioactive wastes o f the order o f a hundred 
thousand years can only be studied exhaustively in a cavity in the selected formation 
(in situ). In some cases the study o f the disposal formation may require years o f 
observation in the presence o f actual radioactive wastes. In this 'experimental' or 
'demonstration' phase it is desirable to have the waste in retrievable form so that 
it could be readily removed f rom the formation in case o f unforeseen occurrences. 

For all practical purposes the operation o f a disposal facility in the demonstra-
tion phase would be similar to that o f a storage facility. It also is conceivable 
that, in case o f an unfavourable outcome o f the disposal demonstration phase, 
the waste emplacement might continue as a storage operation. In fact, a formation 
that does not meet the stringent requirements for the siting o f a disposal facility 
may be satisfactory for waste storage. 

Other factors such as heat generation rate o f the waste, type o f radiation 
emitted and corrosive nature o f the waste may have a bearing on the selection o f 
suitable rock types. For example, low heat generating, alpha-bearing wastes 
might impose less stringent requirements than high-level waste. Furthermore, 
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the availability o f a geological medium with more favourable properties may 
permit less costly processing or packaging of waste for disposal. In conclusion, 
there are numerous possible interactions between waste and rock characteristics 
which must be considered and which might have an impact on the overall waste 
management strategy. 

In the subsequent sections o f this report, the factors relevant to the siting o f 
disposal facilities for solid high-level and alpha-bearing wastes will be discussed 
in some detail. The term disposal implies that geological containment o f the waste 
for periods o f the order o f a hundred thousand years must be reasonably assured. 
If shorter containment times were needed, either for storage facilities or for 
disposal o f shorter half-life wastes, the geological requirements to be met by the 
repository would be proportionally less demanding. 

2.9. CRITERIA O R FACTORS 

Countries or organizations needing assistance in the establishment o f radio-
active waste repositories in geological formations would stand to benefit significantly 
if adequate guidelines for performing such evaluations could be provided. However, 
the development and use o f such guidelines require the identification and definition 
o f specific criteria for application in performing the evaluation. Because o f the 
large variation in characteristics o f geological formations o f a given type, deviations 
within a formation and the influence o f surrounding formations together with 
differences in the characteristics o f the types o f contained wastes, generally 
applicable criteria cannot be formulated. Each favourable site must be considered 
as a case in itself. Factors can be identified, however, which govern the suitability 
o f geological formations for use as repositories. By identifying these factors and 
the manner in which they may affect the safe utilization o f the site, general 
guidance can be provided to those authorities responsible for the evaluation and 
selection o f potential and acceptable repository sites. Such guidance will also 
be useful for reviewing authorities in assessing the adequacy o f the evaluation 
for site selection. 

Geological factors to be considered in such evaluations can be divided at a 
conceptual level into two groups. The relative position o f the groups or the 
factors in them does not imply an order o f priority because all are relevant to the 
selection process. The first group includes those factors relevant to the inherent 
geological safety o f the area or site. Incorporated within the second group are 
those factors which take account o f operational and constructional constraints. 

It should be recognized that it is unlikely that any site will be found which 
incorporates all the advantageous factors. The acceptance or rejection o f a site 
will inevitably involve the achievement o f a balance between the advantageous 
and the less desirable factors selected from the two conceptual groups. 
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Group I — Inherent geological and hydrogeological safety 

1. Spatial distribution of the rocks — characteristics o f the containing rocks. 
(a) Homogeneity o f the rock mass 
(b ) Three-dimensional geometry 
(c ) Geological structure. 

2. Fluid-flow factors — the possible mechanisms for transport o f nuclides 
away f rom a repository. 
(a) R o c k parameters, including permeability porosity 1 and dispersiveness1 

(b ) Regional hydrological and hydrogeological conditions. 
3. Long-term stability o f the rocks — integrity o f the repository and contain-

ment o f the wastes. 
(a) Solubility 
(b) Plasticity 
(c) Mechanical integrity 
(d) Thermal integrity 
(e) Radiation integrity 
( f ) Diapirism 
(g) Geodynamic conditioning 
(h) Seismicity 
(i) Operational safety and stability. 

4. Geochemical parameters — influenced by the operation o f the repository 
and influencing the effectiveness o f the containment. 
(a) Sorption properties (adsorption and absorption) 
(b) Thermal effects 
( c ) Gas and liquid inclusions 
(d) Mineral sources o f water. 

Group II — Major operations and construction constraints 

1. Social and political aspects 
2. Ecological effects 
3. Economic aspects 
4. Civil engineering, mining, and engineering geology 
5. Protection against voluntary and involuntary access. 

1 Subject to modif ication by secondary thermal and mechanical effects. 



3. GEOLOGICAL FORMATIONS 

3.1. INTRODUCTION 

As already mentioned in section 2, this report is intended to provide summary 
information on those geological formations which may contain potential sites for 
the disposal of solid high-level and alpha-bearing wastes. For this reason, it must 
be borne in mind from the beginning that this section is not a geological textbook. 
Only the main characteristics o f certain geological formations which seem to have 
some credibility with regard to the installation o f a waste repository can be outlined 
here. Two further restrictions of this section also must be mentioned here at 
the beginning: 
( 1 ) Only those geological formations are dealt with which are situated beneath 

land areas. 
(2) Only the disposal o f solid or solidified high-level and alpha-bearing wastes 

is considered. 
Furthermore, the list and descriptions of geological formations which might 

be utilized as waste repositories cannot be claimed to be complete but an attempt 
has been made to include the ones which presently are under investigation or 
at least are under consideration. 

Each geological formation which is being considered for the location o f a 
waste repository must be investigated in much more detail than can be outlined 
in this report. This is even more true for a given site. Because of the complexity 
of geological phenomena, it cannot be overemphasized that each chosen site must 
be selected on its own merits and considered unique. In other words, it has to 
be evaluated individually. While a certain geological formation may meet all the 
basic requirements for a waste repository, a chosen site within that formation 
may not prove acceptable because o f prevailing local conditions. 

There are two principal reasons for considering certain geological formations 
as suitable disposal sites for radioactive wastes: 
( 1 ) They have existed in an undisturbed form over very extended periods o f 

time, up to many millions o f years. There is a very high degree o f probability 
that, among them, some will remain stable in the future for similar periods 
of time. 

(2) Locally, they can have large volumetric masses with no or negligible amounts 
of migrating groundwater. 

19 
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Therefore, selected geological formations can offer , without any maintenance 
or monitoring, extremely reliable containment o f disposed radioactive wastes 
until the radionuclides will have decayed to non-hazardous levels. The most important 
mechanism by which the radionuclides could reach the biosphere and become a 
hazard to man is their movement through the action o f groundwater. Consequently, 
the principal criterion for geological disposal is to use either a dry formation or 
one where there is little or no movement o f groundwater, with geological indications 
that this condition will remain relatively stable for not less than an order o f a 
hundred thousand years. Criteria f o r the amount o f groundwater migration which 
may be considered negligible must be worked out separately for each individual 
site in relation to the specific disposal system proposed for that site. Another 
important barrier to the migration o f radionuclides is the good sorption capacity 
o f certain rocks. 

Besides the natural barriers against movement o f radionuclides afforded by 
a disposal site in a geological formation, the form o f the waste, its packaging or 
containment and the manner in which it is emplaced in the formation, are three 
other aspects which can provide additional barriers to radionuclide migration and 
additional elements o f safety and confinement. Combinations o f the four could 
further improve the reliability o f isolation o f the radionuclides f rom the biosphere. 

The geological formations which are dealt with in this report as potential 
repository sites are arranged in the following three groups: 
( 1 ) Evaporites 
(2) Other sedimentary rock deposits 
(3) Igneous and metamorphic crystalline rocks. 

In the following sections, geological formations which have appeared to be 
possible candidates for the emplacement o f radioactive wastes will be enumerated 
and characterized. 

3.2. EVAPORITES 

Evaporites are sedimentary rocks, namely chemical sediments which have 
accumulated f rom the evaporation o f large bodies o f saline water. One member 
o f the evaporite family, i.e. rock salt, has outstanding significance for the disposal 
o f radioactive wastes. 

The marine evaporites have been chemically precipitated, generally in a 
recognizable rhythm, during the evaporation o f seas in basins which were isolated 
f rom the oceans. A typical marine evaporite cycle normally starts with deposition 
of a very fine clay fo l lowed by dolomite and/or anhydrite. The main mass o f an 
evaporation cycle consists o f rock salt, very often with interbedded potash 
seams at the culmination o f the cycle. In many basins, the separate components o f 
the cycle can be recognized in lateral as well as vertical sequences and their 
relationship must be examined in relation to the safety o f a repository in such 
an evaporite sequence. 
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3.2.1. Rock salt 

Rock salt or halite, sodium chloride (NaCl), is the most c o m m o n evaporite 
on earth. In nature, it generally exists in two structural forms: (a) as bedded or 
flat-lying salt deposits or (b) in salt domes, also called salt diapirs or salt stocks. 

Bedded salt deposits are still situated at the same location and, for the most 
part, in the same form in which they were precipitated during the evaporation o f 
a sea. The thickness o f such salt beds varies within wide limits. It may range f rom 
only a few metres to many hundreds o f metres occurring in basins o f thousands o f 
square kilometres in area. The very existence o f these salt deposits indicates 
that they have not been appreciably disturbed by circulating groundwater. For 
example, the Zechstein deposits in Europe still exist 200 million years after their 
deposition in late Permian time. 

Different specific gravities o f salt and overlying sediments, at times in 
combination with tectonically weak zones or with tectonic stresses and processes, 
cause the formation o f salt domes at many places. Typical salt domes are intrusive 
plugs with circular, elliptical, or elongated horizontal sections; some have over-
hanging flanks, presenting a mushroom-like cross-section. Normally, salt domes 
contain enormous masses o f rock salt, some o f them up to thousands o f cubic 
kilometres. Though the tops o f many salt domes come very close to the surface, 
the mother bed o f these geological structures is generally situated deeper than 
2000 metres, sometimes reaching depths greater than 10 000 metres. Between 
bedded salt deposits and salt domes, a number o f transitory forms exist like salt 
pillows, salt ridges, salt anticlines, and salt walls. While many o f these salt 
structures are and have been stable for long periods o f geological time, some are 
in a transient stage o f development and are moving. 

Rock salt deposits are mined extensively for the production o f salt and 
excavations in them are used for various storage purposes. Nevertheless, their 
existing number and volumes are so large that the use o f a very small number o f 
them for the disposal o f radioactive wastes should not be o f concern from the 
standpoints o f salt production or man's e conomy as a whole. Special consideration 
must be given, however, to their association with valuable deposits o f potash salts, 
oil and natural gas. 

The main advantages o f natural rock salt formations as repositories for 
radioactive wastes are: 
(a) Rock salt is essentially impermeable to liquids and gases due to its plastic 

properties and the absence o f interstitial porosity. This plasticity normally 
prevents the occurrence o f fissures and joints at pressures which exist 
underground. Even if fissures and joints are created artificially, salt has the 
capability to heal them. On a large scale, that means that the original 
geological situation can be reconstituted in and around a radioactive waste 
repository after some period o f time. 
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(b) Within the main body o f either bedded salt deposits or salt domes, circulating 
groundwater occurs very rarely so that in spite o f the solubility o f rock salt 
in water, salt formations are extremely persistent. As already mentioned, 
bedded salt deposits are usually resistant to circulating groundwater. This 
is also true o f many o f the salt domes. Once the top o f an upward moving 
salt dome reaches circulating groundwater, slow salt dissolution usually begins 
and can last for long periods o f geological time. During the dissolution process, 
the less soluble constituents o f the salt, like anhydrite and clay, form a cap 
rock which may also contain gypsum and sulphur. In some cases, this cap 
rock appears to have formed a barrier against further dissolution. 

(c ) In addition to its plastic properties, rock salt shows the so-called strain 
hardening. So, in spite o f its high plasticity, the compressive strength o f rock 
salt is similar to that o f concrete, i.e. between 200 and 300 kgf / cm 2 , and even 
higher. Thus, in many localities, large cavities which remain stable over long 
periods o f time without any support can be excavated in salt formations. 
Elsewhere, closure rates can be significant and in situ measurements generally 
are required to determine the conditions. 

(d) Compared with other rock formations, rock salt has a high thermal con-
ductivity o f about 12 X 1 0 - 3 cal /cm s °C (4.8 W/m °C) at mine temperatures. 
This is beneficial when considering the heat dissipation f rom high-level, 
heat generating wastes. 

(e) Rock salt can be mined easily, at relatively low cost. Therefore, it is 
economically possible to design and to construct a 'tailored' repository 
which could meet the requirements for the disposal o f high-level and alpha-
bearing wastes. 
On the other hand, rock salt formations have, or may have, some disadvantages 

which include possible dissolution by groundwater at unprotected boundaries, the 
occasional occurrence o f brine streams, continuing diapirism, the presence o f brine-
filled inclusions and the lack o f sorption properties which would restrict the 
migration o f radionuclides. However, 
(a) the dissolution o f rock salt at the border o f the formation might be over-

come by locating the repository at sufficient distances f rom possible zones 
o f dissolution 

(b) the occurrence o f brine streams is relatively rare but requires careful 
investigation 

(c) the possibility o f still active diapirism o f a salt dome can be determined by 
a thorough investigation and circumvented by choosing an inactive or 
extremely slow moving structure 

(d) brine-filled inclusions may not be a problem if present in limited amounts 
(e) the lack o f sorption properties in rock salt is not a significant disadvantage, 

since such properties are only o f importance if the radionuclides can be 
transported by groundwater. 
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In summary, rock salt formations generally appear to be quite suitable for 
the disposal o f radioactive wastes. Nevertheless, even for them, each potential 
site has to be carefully investigated, considering the list o f factors described 
in section 4. 

3.2.2. Anhydrite 

Anhydrite is the name applied both to a mineral, the anhydrous sulphate o f 
calcium (CaS0 4 ) , and to a rock formed mainly o f that mineral. Anhydrite is 
deposited early in the evaporation cycle, and then especially near the coasts or 
on the bar zones o f the marine evaporite basins. Only at these former places 
are massive anhydrite formations to be found today. Another characteristic is 
that anhydrite formations are normally found at depths greater than 50 to 100 metres. 
Generally, at shallower depths the anhydrite is hydrated to gypsum ( C a S 0 4 - 2 H 2 0 ) 
by the chemical addition o f water. 

Pure anhydrite formations are seldom found. On the other hand, anhydrite 
often occurs in salt deposits in millimetre or centimetre thick bands. In an 
anhydrite deposit large enough to be considered for the siting o f a waste repository, 
the anhydrite body should be massive and impervious with no or little circulating 
groundwater. 

In comparison with other evaporite rocks, the behaviour o f anhydrite is 
very elastic in the stress/strain curve. So, if large openings are to be created in 
anhydrite formations, great attention will have to be paid to the accumulation 
o f stresses and their sudden release in so-called rock-bursts. The compressive 
strength o f anhydrite rock can reach values up to 1000 kg f / cm 2 . In addition to 
the foregoing characteristics involving rock mechanics, anhydrite rocks, though 
less soluble than rock salt, exhibit high solubility relative to non-evaporites when 
in contact with circulating groundwater. The feasibility o f using anhydrite 
formations for the disposal o f radioactive, solid wastes can be determined only 
by investigation o f individual sites. 

3.2.3. Gypsum 

Many features o f anhydrite also relate to gypsum (CaS0 4 - 2 H 2 0 ) , for a great 
number o f gypsum deposits originated f rom anhydrite by hydration processes 
occurring during the geological history o f these deposits. Thus, a great number 
o f gypsum masses still have a core o f anhydrite, although primary gypsum deposits 
also exist. 

The potential o f gypsum deposits for use as radioactive waste repositories 
seems to be quite low. Due to their geological genesis, these deposits are normally 
situated very close to the surface. Gypsum deposits commonly show not only 
surface marks o f dissolution but also those o f subsurface dissolution, such processes 
creating karst phenomena. 
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3.2.4. Potash salt 

The theoretical potential for the use o f potash salt beds for a radioactive 
waste repository comes very close to that o f rock salt. However, one must consider 
the simultaneous occurrence of thick rock-salt beds and the economic value o f 
potash salts as valuable raw materials for the production of fertilizer. On the 
other hand, the resulting cavity might be used for waste disposal. Certain hydrated 
potash minerals, such as carnallite, may be unsuitable for a repository site because 
of their low structural strength and water o f crystallization. 

3.3. OTHER SEDIMENTARY DEPOSITS 

The variety of sedimentary deposits is about as great as their number. It is 
therefore impossible to consider all o f them in this report. Only those sedimentary 
deposits other than evaporites thought likely to have a potential for the installation 
of a radioactive waste repository will be discussed. 

3.3.1. Argillaceous formations 

In general, geological formations that possess a certain degree of plasticity 
and are free o f circulating groundwater would be most favourable for the siting 
o f radioactive waste repositories. Some argillaceous formations fulfil this 
requirement and are believed to be acceptable host rocks. The term argillaceous 
formations covers a wide range of materials like clays, claystones, mudstones, 
siltstones, shales, slates, and even marls. 

The common feature of all argillaceous rocks is that they contain a large 
proportion of clay minerals. Due to the geological history that the various 
argillaceous sediments have undergone, their physical properties, and consequently 
their plasticity, can vary within wide limits. In general, the plasticity is directly 
proportional to the fluid content. During their deposition, argillaceous 
sediments are extremely porous and contain as much as 70 to 80% water. Moderate 
ageing and compaction induce a rearrangement of the clay particles and cause 
the extrusion of a large fraction of the entrapped fluids. In argillaceous sequences 
where normal compaction has taken place, burial under 100 to 200 metres of 
overburden normally results in lowering the water contents to values o f the order 
of 20 to 25%. In addition to the water content, the plasticity of argillaceous 
sediments is also affected, to a variable but minor extent, by the mineralogical 
composition, the size distribution and shape of the particles, the electrolytes 
present in the pore fluids and the geological history of the formation. 

From the enumeration of the foregoing various and different factors, it may 
be seen that it is nearly impossible to define guidelines for plasticity which must 



SECTION 2 25 

be fulfilled by a formation o f argillaceous sediments. It must be decided 
individually for every formation and for every site whether the plasticity o f the 
respective rock is acceptable. If the plasticity is t oo great, the rock will flow 
easily and waste emplacement may be problematic. Examples o f extremely 
mobile clay formations that can exist at significant depths are some clays 
characterized by abnormally high fluid pressure. On the other hand, if the plasticity 
is too small, the argillaceous rocks become friable and brittle thus permitting the 
formation o f fissures, cracks and even zones o f significant permeability in 
proximity o f the surface or o f fault planes. The more heavily indurated argillaceous 
rocks, such as slates, may at depth prove to be suitable host rocks, but every 
formation and site will require an individual investigation. Also it must be recognized 
that the natural plasticity o f an argillaceous formation could be modif ied greatly 
by the thermal effects in the vicinity o f high-level waste containers. 

Argillaceous formations possessing physical properties favourable for the 
emplacement o f radioactive wastes, namely good plasticity, will also contain 
significant amounts o f water. However, it must be pointed out that the water 
contained in some clay or shale formations can, for all practical purposes, be 
considered as immobile since the permeability o f these formations is so low that 
water movement, with existing gradients, would be extremely slow. Nevertheless, 
the water content o f argillaceous sediments constitutes the most important question 
in relation to the emplacement o f heat-generating wastes. The occurrence o f 
water-bearing, continuous sandstone and limestone bands is undesirable. Only 
by observations o f actual instances o f interaction between the heat-generating 
waste and the formation at the depth o f disposal can the behaviour o f the fluids 
present in argillaceous sediments be determined. However, it may be possible to 
obtain an idea o f the fluid behaviour from experiments simulating the actual conditions. 

Formations of argillaceous sediments are very numerous all over the world. 
Owing to their relative abundance, the use of a portion o f a given formation for the 
disposal o f radioactive waste should not appreciably reduce the quantity available 
for other uses. However, f rom the viewpoint o f an actual installation o f a waste 
repository, a great deal o f research and investigation still has to be done. Never-
theless, the potential o f these argillaceous formations for the disposal o f radioactive 
waste is fairly high and they possess some advantages in comparison with salt: 

(a) clay minerals are insoluble in circulating groundwater, 
(b ) most clay minerals exhibit good sorption characteristics. 

Accordingly, it might be possible to locate a repository in an argillaceous 
formation without significant risk. On the other hand, the disadvantages have to 
be taken into account: 

(a) The pore fluids and hydrated minerals might have an undesirable ef fect 
on waste containment 
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(b ) The thermal conductivity o f argillaceous sediments is about three to 
four times lower than that o f rock salt; the thermal effects in the 
vicinity o f the containers may mod i fy not only the plasticity o f the 
formations but also the sorption capacities o f some o f the clay minerals 

( c ) It might be difficult to mine properly in an argillaceous formation 
although soft rock tunnelling techniques may be applicable and acceptable 

(d) The volumes and rates o f circulation o f fluids through specific areas 
o f argillaceous sediments or rocks will be difficult to ascertain. 

In conclusion, argillaceous sediments, especially some shales and clays, o f fer 
considerable potential f o r the installation o f a repository for radioactive wastes. 

3.3.2. Calcareous formations 

Besides the argillaceous sediments, the calcareous sediments or carbonate 
rocks are the next numerous group o f sedimentary rocks. T o the calcareous 
sediments or carbonate rocks, i.e. the limestone family, belong all those rocks 
which consist mainly o f calcium carbonate with no greater impurities than 20% 
clay minerals and 40% other non-carbonatic minerals. Limestone is the most 
important and widely distributed o f these carbonate rocks. Limestone consists 
chiefly o f calcium carbonate, C a C 0 3 . A special white to grey limestone, very 
soft and unindurated, o f specific micro-organic composit ion is called chalk. If 
some calcium is replaced by magnesium, the mineral and also the respective rock 
are named dolomite, C a M g ( C 0 3 ) 2 . A synonym for dolomite is magnesian lime-
stone. Because o f their very great compositional similarity, limestone, dolomite, 
and chalk are discussed together here. 

Normally, limestones occur in clearly defined layers or beds, varying from a 
few centimetres to many metres in thickness, which are separated by distinct 
partings. Limestones and especially dolomites are commonly jointed rocks where 
the planes o f jointing are o f ten perpendicular to the bedding. Fault zones in lime-
stone can be extensively fractured and are usually able t o transmit large volumes 
o f water. The compressive strength o f dense limestones with a low porosity is 
o f the order o f 1000 kgf / cm 2 . The stress/strain curve o f limestone shows a straight 
elastic behaviour with a minimum amount o f plasticity which results in brittleness 
o f the rock. 

Carbonate rocks are soluble in water, especially if this water contains a 
certain amount o f acid. Well known results o f this solubility are karst phenomena 
and dripstone caverns. In many regions, particularly in Europe, chalk formations 
are utilized extensively for water supply purposes; and where this is being done 
or the potential exists, chalk should be excluded from further consideration as a 
waste repository. 
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Calcareous rocks are generally not suitable in themselves for disposal o f 
high-level and alpha-bearing wastes f o r reasons given in the following paragraph. 
However, when considered in combination with other rock types which have the 
required characteristics, they may of fer adequate potential in view o f an improved 
overall situation. There is at least one documented example o f a completely dry 
limestone mine where the limestone is protected by thick layers o f shale. In such 
a situation, the waste would be emplaced in what could be considered an inclusion 
in the argillaceous formation. The shale provides the plasticity, impermeability 
and sorption characteristics. The limestone provides improved mineability, heat 
transfer and geochemistry. 

In summary, limestones and dolomites normally do not have adequate 
plasticity nor do they prevent circulation o f groundwater. In consequence, they 
are not prime candidates in considering the potential o f geological formations for 
waste disposal. In spite o f these unfavourable properties, there do exist some 
stable dry mines in limestone formations, particularly where they lie between 
water impermeable beds. This again emphasizes that a final decision regarding 
the location o f a radioactive waste repository can only be made after a very 
careful, accurate and complete investigation o f a given site. 

3.3.3. Arenaceous sediments 

Sandstones constitute another major group o f sedimentary rocks. There is 
commonly a gradation f rom the argillaceous rocks through siltstones to pure 
sandstones. The latter generally contain migrating groundwater both in their 
pore spaces and in joints. Such water-bearing materials are not acceptable for 
disposal purposes. However, in particular geological conditions where the sand-
stones are extremely fine-grained, have a significant clay content and/or are 
effectively impermeable due to cementation, consideration could be given to 
their use. As for a calcareous formation, a sandstone body which is isolated f rom 
groundwater circulation by its total enclosure in an argillaceous formation might 
be particularly attractive. 

3.4. IGNEOUS A N D METAMORPHIC ROCKS 

Igneous and metamorphic rocks usually can be considered as 'crystalline' or 
'hard' rocks. Since these rocks generally have negligible plasticity, any joints, 
fissures, fractures or faults tend to create permanent pathways for groundwater 
migration. Occasionally, over long periods o f geological time, such processes as 
rock creep or mineral deposition may close the openings. In particular geological 
situations, large masses o f 'crystalline' rocks can be free f rom circulating groundwater. 
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This section will describe only some members of the numerous groups of 
igneous and metamorphic rocks which have a potential for radioactive waste 
emplacement. 

3.4.1. Igneous rocks 

The igneous rocks can be divided into intrusives, which normally form at 
depth, and extrusives formed during volcanic activity at the surface of the earth. 
Of the intrusives, only the large plutonic occurrences are of major interest for 
waste emplacement purposes, while basalts and tuffs are of principal interest 
amongst the extrusives. 

3.4.1.1. Granite 

Granite is by far the most common of the plutonic rocks and, to date, has 
been considered most widely for waste disposal purposes. There is a great variety 
of granites, mainly named after their mineralogical constituents. However, the 
essential constituents of all granites are feldspar, quartz and, in some classifications, 
mica. Granite usually occurs in large masses divided, at least near the surface, 
into blocks by systems o f planar fractures. Joints and fissures are created in such 
a typical way during the cooling o f the granite that this phenomenon is called 
'Granit-Tektonik' in German. Granite can be considered a typical example of an 
elastically behaving rock without any amount of plasticity for the near term. 
The compressive strength of medium grain-sized granites is 1500 to 2200 kgf/cm2 . 

There is normally some groundwater present in granite formations although 
there now are good indications that in some regions such crystalline rock formations, 
particularly at a significant depth, may be free from circulating groundwater. 
Whether or not this condition would be preserved over the required duration of 
time has to be studied carefully in case a repository were to be installed in a 
crystalline rock formation. In several granite formations, the rock weathering 
along fractures has produced minerals characterized by good sorption capacity; 
this point has to be considered in the safety study and it can be a factor in 
restricting the mobility of many radionuclides. The thermal and mechanical 
effects of the repository on the hydrology of the granite body also would appear 
to require special study. 

3.4.1.2. Gabbro 

There appear to be valid reasons for examining the suitability of the inter-
mediate, basic and ultra-basic plutonic intrusions in the context o f waste disposal 
sites. For example, jointing in gabbros (ferro-magnesium igneous rock) is 
commonly far less frequent and less regularly developed than in granites so that 
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circulation of groundwater may be significantly lower. Moreover, the presence 
of the ferro-magnesium minerals in gabbros may result in a sorption capacity 
lacking in granites for certain radionuclides. 

3.4.1.3. Basalt 

Basalt is the neo-volcanic equivalent of plutonic gabbro and constitutes the 
overwhelming bulk (98%) of all volcanic rocks. Therefore, like granite, it is found 
all over the world. The main constituents of the different basalts are the ultrabasic 
minerals of the pyroxene, olivine and plagioclase feldspar groups. 

The lithological character of basalt ranges from massive to columnar to 
poorly bedded. Basalt commonly occurs in thin to thick beds as a result of its 
extrusion or flowing from a source area. Generally, basalt flows are separated 
by ash and ejecta, fossil soils, weathering zones, or highly irregular surfaces that 
permit the movement of water. Jointing is common, permitting infiltrations 
of water into the basalt. The permeability of basalts is extremely variable. Certain 
lavas, such as some found in Hawaii, can transmit very large quantities of ground-
water because of the joints and gas tubes contained within them, whereas dense 
basalt may be rather impermeable. Groundwater in contact with basalts normally 
has a high alkalinity and is saturated with alumina and silica. Like granite, basalt 
itself has no sorption capacity. However, the zeolite minerals commonly deposited 
and found in fractures and jointing of basalt formations have good sorption 
capacity although they may not be very effective in restricting the migration of 
radionuclides, since the mass and specific surface of these zeolites are small in 
comparison with the mass of the basalt and the quantity of water flow. 

The compressive strength of basalt can reach the high value of about 
4000 kgf/cm2 . Fine-grained basalts are known as the rocks with the highest 
compressive strength. The stress/strain curve of basalt comes rather close to 
that of steel. 

A thick dense basalt layer may be acceptable for the installation of a waste 
repository provided it is free from migrating groundwater and will remain so for 
the required containment period. Nevertheless, mining in such a hard rock can 
present difficult problems. Vitreous hyaloclastites, a particular type of volcanic 
rock, could be host rocks with favourable characteristics, if sufficiently thick and 
structurally undisturbed, owing to their virtually zero original permeability. 

3.4.1.4. Tuffs 

Rocks originating from the consolidation of materials ejected by volcanic 
eruptions are called tuffs. When pyroclastic materials are mixed or interbedded 
with sediments, the resulting rocks are called tuffites. Tuffs accompany many 
volcanic rocks in the form of plateaus or accumulation cones. In consequence, 
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tuffs generally have the same mineralogical composition as their associated 
volcanic rocks and are named after them. Tuffs are sometimes dense and compact. 
However, their compressive strength o f 200 to 300 kgf / cm 2 is fairly low compared 
to other volcanic rocks. Devitrification o f the abundant glass particles contained 
in tuffs frequently leads to the formation o f zeolite minerals. Consequently, 
tuffs can be characterized as having a good sorption capacity. 

Whether a tuff formation can be considered as a candidate for siting a radio-
active waste repository is mainly dependent on the extent and on the thickness o f 
that formation. Only if these are large enough, other factors like content and 
migration o f groundwater may be further considered. 

3.4.2. Metamorphic rocks (gneiss and schists) 

Gneiss and schists are named here as two important member-groups out o f 
the very large family o f metamorphic rocks. They are very variable, and sometimes 
show marked fissility, or latent fissility, which may provide avenues for the 
migration o f groundwater. On the other hand, there also exist very coherent and 
impermeable gneiss and schists, and an increasing interest is being shown in these 
rocks for disposal o f radioactive wastes. An additional factor is that these are 
c o m m o n rocks representing very large volumes, and therefore have very small, 
if any, resource potential. 

The compressive strength o f metamorphic rocks is strictly related to their 
foliation and schistosity. In consequence, there normally exist two values for 
the compressive strength o f these rocks, one parallel and one perpendicular to 
the planes o f fissility. Nevertheless, many o f them can be considered as hard rocks, 
having only negligible plasticity. 

The great difference between individual metamorphic rock formations makes 
it necessary to consider each formation separately for its potential for waste 
disposal. Once a promising formation is found, one would have to conduct 
exploratory investigations at chosen sites as for every other geological formation. 
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4.1. TOPOGRAPHY 

In general, low relief and gently sloping terrain should characterize the 
topography at waste repository sites. Since rail and/or highway transportation 
must be provided for such facilities, it is essential that topography be amenable. 
In some instances, the surficial features o f an area reflect the subsurface conditions. 
Thus, irregular topography may indicate complex geological and hydrological 
conditions in the subsurface while more regular surface terrain may be suggestive 
o f flat-lying, undisturbed rocks at depth. In some circumstances, however, the 
higher relief characteristics of some host-rocks could be used to advantage for 
providing a more horizontal access to suitable sites for repositories. For thick 
bodies o f salt that may be candidates for waste emplacement, it is essential that 
low to moderate relief prevail at and near such sites as extreme relief may create 
differential loading on the salt formation that could trigger salt flow and diapirism. 

For repository sites in coastal regions, the surface elevation should be above 
the highest level to which marine incursions are likely to extend during the operating 
life at the repository. Provided their topography meets that requirement, some 
off-shore islands may contain suitable repository sites. 

4.2. TECTONICS AND SEISMICITY 

As all rocks are adversely affected by major crustal disturbances, areas of 
tectonic stability and low seismicity are favoured for waste disposal facilities. 
In addition, surface and shaft handling facilities or surface entrances into the waste 
repository chambers are susceptible to damage during violent earthquakes. In 
extreme cases, fault movements and associated earthquakes could lead to temporary 
disruption in operational activities and even possibly to breaching the geological 
containment for some types o f rocks. A credible consequence could be a flooding 
o f the waste repository due to a shaft failure where it passes through an aquifer. 
On the other hand, there is no documented evidence o f extensive structural damage 
by earthquakes to deep mines. 

In the long term, the major geological risk for the integrity o f a repository 
would be a fault occurring through the disposal zone. For the more plastic 
behaving rocks, such as salt and possibly clay and shale, any fractures are likely 
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to be healed and geological containment sustained. However, for the brittle rocks, 
such as granite and limestone, fractures commonly lead to passageways for the 
free circulation o f groundwater and thus to some reduction in the effectiveness 
o f the rock to contain the emplaced wastes. In general, regions having a long 
geological history o f tectonic stability also exhibit a low frequency and intensity 
o f seismic events. Conversely, those areas that have experienced mountain-building 
episodes in recent geological time also are likely to have a high incidence o f 
historical earthquake activity. 

In assessing the tectonic state and seismicity o f selected areas, regional 
classifications can be determined by relating to the occurrence and distribution 
o f historical earthquakes and through specialized geological studies. Micro-
seismic studies may be employed to identify localized instabilities. 

4.3. SUBSURFACE CONDITIONS 

4.3.1. Depth o f disposal zone 

Owing to weathering processes, most non-plastic rocks that lie within a hundred 
metres under the land surface contain an abundance o f open fractures that are 
capable o f transmitting water. This, coupled with the slow but relentless removal 
o f the land surface through erosion, makes it imperative that prospective rock 
zones for a radioactive waste repository lie at depths o f at least two to three 
hundred metres. Thus, with the exception o f some areas having arid climates, 
most o f the waste emplacement levels will be found below the substratum o f 
local water-table aquifers. Because o f a pronounced acceleration in the rate o f 
plastic flow o f rock salt as the pressure increases with depth, it is prudent to 
restrict mechanical mining operations in salt to depths o f no more than about 
1500 metres. However, solution-mined openings in salt could probably be main-
tained long enough for waste disposal to maximum depths o f 3000 metres. For 
shale rocks, it is expected that stable openings could not be formed below 
1500 metres f rom the surface. The brittle rocks such as limestone, granite and 
basalt could undoubtedly be mined at depths considerably greater than 1500 metres, 
but the increased costs o f testing, evaluating and actually developing disposal 
space at these great depths would appear to limit greatly their potential for 
repository use. From the above it is clear that the most c o m m o n depths for 
disposal would range f rom about 300 to 1500 metres; however, slightly shallower 
and somewhat deeper rocks may also be suitable under certain conditions. 

An additional consideration that might have some bearing on desirable 
depths o f disposal is the increase o f ambient temperature with depth in the earth's 
crust. In areas o f normal geothermal gradient the temperature increases about 
30°C for every kilometre o f depth. However, there are many areas where geothermal 
gradients significantly higher or lower have been observed. Exceptional geothermal 
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gradients can be as high as 80 to 100°C per kilometre o f depth, but these cases 
always occur in areas o f recent volcanism where waste repositories could not be 
located anyway. 

4.3.2. Formation configuration — Thickness and extent 

In general, the formation must be of such vertical and lateral extent that 
any fractures emanating from the immediate surroundings o f the emplaced 
wastes will be absorbed or buffered so as not to reduce the effectiveness o f the 
containment characteristics o f the host rock. In addition, the host rock must 
be extensive enough to provide for adequate heat dissipation. Generally, for 
plastic rocks like salt and shale, a smaller volume o f rock would be needed to 
absorb and heal fractures than would be needed for the brittle rocks like limestone, 
granite and basalt that deform elastically. In cases where the brittle host rocks 
are completely surrounded by more plastic behaving rocks, it is likely that the 
host rocks could be less extensive. 

4.3.3. Consistency, uniformity, homogeneity or purity 

In general, a high degree o f homogeneity or consistency is a desirable feature 
o f rocks being considered for emplacement o f radioactive wastes. However, the 
limits o f acceptability o f nonhomogeneity cannot be stated with certainty but 
can vary greatly depending on such things as the type o f host rock, the nature 
and characteristics o f the 'contaminating' rocks and minerals, the types o f waste 
and the design o f underground waste emplacements. For sedimentary rocks like 
limestone, salt and anhydrite, it is c ommon to find rather homogeneous layers 
that are 30 centimetres or more in thickness separated by thin partings o f shale 
and/or other minerals. The nature and location o f these partings are important 
in mining and frequently, when they are widely spaced, are used to accommodate 
a smooth and continuous roo f for the workings. On the other hand, closely 
spaced shale partings may promote roo f instability as the bulk o f the rock tends 
to separate along these partings and subsequently fails. 

Hydrated minerals or other rock constituents that react adversely with waste 
products can be detrimental, especially for high heat generating wastes. Heat 
dissipation may also be adversely affected in rocks that contain significant 
quantities o f certain impurities, especially when they occur as discrete and 
continuous interbeds near to the disposal horizons. Ore bodies or potentially 
mineable minerals that are associated with the host rock can detract f rom the 
usefulness o f such rocks for waste emplacement as would interbeds o f differing 
rock types known to contain circulating groundwater. 
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4.3.4. Nature and extent of overlying, underlying and flanking beds 

Although the primary geological containment for radioactive waste emplace-
ment in rock formations exists, for the most part, within the host rocks, it is 
apparent that additional protection and/or containment may be gained through 
impervious beds that might surround the host rocks. Thick beds o f shale and/or 
other plastic behaving rocks that are impermeable to the circulation o f groundwater 
are generally preferred as they may deform without fracturing to accommodate 
the subsidence and/or buckling, for instance, due to thermal expansion o f the 
host rocks. Perhaps least desirable surrounding rocks are those that contain large 
quantities o f circulating groundwater, especially in the overlying beds, as these 
waters have the potential to f lood the waste-filled cavities should unexpected 
fracturing occur in the host rocks. Most rocks contain some open passageways 
for circulating water near to the land surface but, where separated by 300 metres 
or more o f impervious rock, the potential hazard o f this water to the emplaced 
wastes should be minimal. 

4.4. STRUCTURE 

4.4.1. Dip or inclination 

In bedded sedimentary rocks, excepting salt diapirs, the preferred dip or 
inclination o f strata for waste emplacement should be generally less than a few 
degrees, as the design o f underground workings and subsurface waste transport 
operations favour low haulage grades and nearly horizontal mining levels. Also, 
to maintain consistency and uniformity, it is desirable to restrict excavations to 
specific stratigraphie horizons or beds that almost always run parallel to the dip 
o f the strata. Sudden and frequent reversals in dip would therefore be disfavoured. 
Steep dips indicate that the rocks have been subjected to severe tectonic stresses 
that commonly fracture brittle rock and create passageways for the circulation o f 
groundwater. Thus, even though underground openings could probably be 
designed to accommodate steeply dipping beds, their utility for waste disposal 
would be lessened as a result o f the increased potential for circulation o f ground-
water. Also, the 'protective' covering o f impermeable, overlying beds would not 
generally be present in steeply dipping formations. For plastic rocks, like salt 
and some argillaceous sediments, deformations accompanying moderate to steeply 
dipping beds would tend to have a minimal ef fect on water movement as fractures 
commonly would be healed and thus would not be open to circulating groundwater. 
However, for brittle rocks like limestones and anhydrite, fractures would not heal 
readily and would therefore enhance any movement of water in the formations. 

Igneous and metamorphic rocks, because o f their modes o f origin, are 
generally more lithologically consistent than sedimentary rocks. Thus, the dips 
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or inclinations o f planar features, like faults, joints and other structures o f these 
crystalline rocks, may affect their suitability for waste disposal more than their 
lithological variations. Nevertheless, the preferred orientation o f these features 
cannot be generalized but would be governed by the local and regional geological 
settings o f special study areas. 

4.4.2. Faults and joints 

In general, faults and joints have a deleterious effect on rocks that are 
candidates for waste emplacement as these features cause physical discontinuities 
in rock masses. They can affect the initial mining as well as the structural stabilities 
o f such openings once they are excavated. More importantly, they constitute the 
principal pathways for water circulation in many rocks, especially crystalline 
rocks. In case faulting through the disposal zone were to occur after closure o f 
the repository, plastic formations should be able to maintain their integrity 
whereas containment could be compromised in brittle rock. 

Major faults that can be traced for hundreds o f kilometres on the earth's 
surface generally disrupt rocks over broad zones at least several kilometres in 
width and most assuredly should be avoided entirely in selecting areas for waste 
repositories. On the other hand, some minor flexuring occurs in most rocks and 
its significance in siting can only be evaluated in the light o f such things as its 
nature and extent, rock types, hydrology etc. In general, faults and joints 
are more open and thus freer to transport groundwater near the land surface than 
at depths o f hundreds o f metres. However, depth alone is not sufficient to 
guarantee 'tightness'. Independent appraisal must be made o f the fault and joint 
systems at individual sites, especially in the brittle (crystalline) rocks. In many 
metamorphic rocks, however, secondary infilling (crystallization) o f joints and 
fractures and other processes, such as melting and subsequent recrystallization as 
well as annealing, may provide a suitable watertight situation. Nevertheless, 
geological perturbations adversely affect the integrity o f brittle rocks more than 
the plastic behaving ones for a waste repository. 

In summary, favoured areas for waste repositories are those having no or few 
faults or joints which, if they are present, are locatable, so that they can be 
avoided or circumvented in the excavations for waste emplacement. 

4.4.3. Diapirism 

In extreme cases where thick bodies o f salt or other natural plastic behaving 
rocks exist at depth under sufficient differential pressures, mass flowage o f these 
rocks may produce diapiric structures like domes and anticlines. These types o f 
structures may be especially suitable for waste disposal, provided that it can be 
determined that they are stable and flowage will not be rejuvenated during the 
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hazardous life-time o f the wastes. The energy from heat generating wastes affects 
too small a volume o f the formation and persists over too short a time to initiate 
or reactivate diapirism. Nevertheless, for some salt and argillaceous deposits 
that are thick, deeply buried and exhibit extreme surface relief, geological 
examinations must be made to ascertain that incipient diapirism is not at present 
taking place and that geological processes during the next hundred thousand years 
or so will not create conditions conducive to such movements. 

4.5. PHYSICAL A N D CHEMICAL PROPERTIES 

The physical and chemical properties o f rocks are extremely important in 
establishing the utility o f various types o f geological formations for the emplace-
ment o f radioactive wastes as they determine such things as the circulation o f 
groundwater, the dissipation of radiodecay heat, the effects o f radiation, the 
stability o f mined openings, the waste form, and any man-made barriers used to 
contain the radionuclides. 

4.5.1. Permeability, porosity and dispersiveness 

Rocks that possess low permeabilities (interconnecting pore space) are 
favoured for radioactive waste disposal. This is primarily related to the preference 
for utilizing dry excavations for waste emplacement. Except for argillaceous 
strata and some chalks, rocks having low primary permeability also possess l ow 
primary porosities (intergranular and/or interstitial voids). However, the movement 
o f fluids through porous media actually is dependent on the effective or 'kinematic' 
porosity. It determines the real (mean) velocity o f displacement o f the fluids 
in porous media. This effective porosity can be considerably lower than the total 
porosity. It can be defined as the (Darcy) velocity of filtration divided by the 
mean velocity measured in situ by means o f tracers. 

Primary porosity is generally low ( < 5%) for many rock types such as salt, 
limestone and granite while interconnecting pore space (primary permeability) 
generally is extremely low for these same rocks. These conditions commonly lead 
to dry excavations; however, should fractures exist in these rocks, their perme-
abilities may be increased greatly owing to these fractures (except for self-healing 
rocks like salt and some shales) which thereby enhances the free circulation o f 
any groundwater present. A more thorough discussion o f the influence o f 
permeability and porosity on water circulation is given in section 4.6. 

The dispersiveness o f the permeable medium is also a very important para-
meter, for it governs the dispersion o f the dissolved substances which are migrating 
with the moving water. It is expressed by the dispersion coeff ic ient, which is 
itself linked to the velocity o f displacement o f the fluid and can be measured by 
means o f tracers. 
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4.5.2. Inclusions of gases and liquids 

Inclusions o f small amounts o f gases and liquids may occur in many evaporites. 
For high-level, heat generating wastes, these inclusions can adversely affect 
repository operations through rock decrepitation and migration o f brine toward 
heat sources or waste containers. In some rock salt deposits at temperatures 
below the decrepitation point o f the salt, approximately 250°C, small brine-filled 
cavities (size ranging from a few millimetres down to microscopic) may migrate 
toward heat sources, possibly combining into larger brine-filled cavities as they 
migrate. The mechanism o f migration o f the fluid in the cavity is the diffusion 
o f sodium and chloride ions from the hot to the cold side o f the cavity due to 
the slightly greater solubility o f NaCl at the higher temperatures. Migration rates 
are directly proportional to temperature gradient and increase with increasing 
temperatures. Where these brine-filled cavities represent less than about 1% o f 
the salt volume, the maximum inflow o f brine around buried waste containers 
would be expected to be small and would probably cease after a few tens o f 
years, having some ef fect on radiolysis and container corrosion but otherwise 
being insignificant. 

For most other rock types, migration o f fluids by the foregoing mechanism 
would probably be inconsequential. However, localized fracturing o f the rocks 
could occur should the rocks be heated beyond their decrepitation points. 
Isolated brine or other fluid inclusions should not adversely affect the disposal 
o f low heat generating wastes in rock salt or any other rock types. 

Frequently, in mining in sedimentary rock sequences, small pockets o f gas 
are encountered that cause blow-outs and/or f loor and ceiling buckling. In most 
cases, rock pressures immediately around the openings can be relieved by drilling 
relief holes into the floor or ceiling. Once encountered, the gas, if it exists in 
small quantities, may be discharged through the normal ventilation system o f 
the underground workings without deleterious effects. In extreme cases, where 
rich beds o f carbonaceous materials are interbedded with rocks like shale and 
salt, seeping o f methane or other hazardous gases may persist which would be 
extremely difficult to combat in operations requiring the use o f men and equipment 
in the underground workings. Geophysical methods are available to locate gas-
filled cavities prior to their being encountered by mining. 

4.5.3. Rock mechanical behaviour 

For all rocks that are potentially suitable for the emplacement o f radioactive 
wastes, it must be established that the transient and permanent rock deformations 
(displacements, strains and stresses) induced in the rocks will not produce 
conditions leading to a breach o f the integrity o f the long-term containment. 
These deformations are produced by the natural closure o f the mine openings, 
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rooms and other excavations and, in the case o f heat generating wastes, by the 
thermal expansion o f the affected rocks. Plastic behaving rocks like salt and 
some shales generally creep, especially over long periods o f geological time, to 
fill subsurface openings without fracturing. The wastes contained in these types 
o f rocks are therefore eventually encapsulated by the host rock and, since open 
fractures do not occur, circulating groundwaters are prevented from contacting 
the wastes. 

For the most part, subsurface excavations in brittle rocks may be expected 
to resist complete closure for the duration o f the hazardous life o f most radio-
active waste products. However, some localized spalling and deformation o f the 
walls and roo fs o f such openings would occur over long periods o f time that 
would probably modi fy the shapes and sizes o f the original cavities. Backfilling 
would minimize the extent o f rock collapse. Should such excavations fail 
mechanically through collapse or other rapid deformations, it is apparent that 
fracturing could proceed upward and, in extreme cases, might reach the land 
surface. This could lead to the circulation o f groundwaters in the disposal 
zone and hence to some loss o f geological containment. In general, the deeper the 
excavations the greater the overburden pressure and hence the greater the 
deformations. Conversely, at shallow depths the rock loading and resulting 
deformations may be less but there also would be less cover rock to absorb any 
fractures emanating f rom the disposal cavities. 

4.5.4. Thermal effects 

The solidified high-level wastes may be cooled for some period o f time in a 
storage facility to take care o f the initially high occurrence o f fission-product 
decay heat and allow the product to reach thermally stable temperatures. Though 
the heat generation rate would have come down significantly after this cooling 
period, there still would be considerable heat generation (up to a few tens o f 
watts per litre) which would be superimposed on the ambient temperature existing 
at the depth o f disposal. 

Preferably, rocks to be utilized for the disposal of high-level, heat generating 
waste should possess thermal properties that promote rapid dissipation o f the 
radiodecay heat and whose stabilities are not adversely affected in the presence 
o f elevated temperatures. R o c k salt possesses rather high thermal conductivities 
in comparison with some other earth materials but it also is known to exhibit 
accelerated rates o f creep at elevated temperatures. The latter characteristic o f 
accelerated creep is generally desirable in the case o f certain plastic behaving 
rocks as this advances the healing o f excavated cavities that contain the wastes 
and enhances the sealing o f the rooms, shafts and boreholes. Conversely, for 
brittle behaving rocks, accelerated deformation at elevated temperatures would be 
detrimental as it might lead to fracturing and some loss o f geological containment. 
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For argillaceous rocks, heat loading may cause significant, and perhaps undesirable, 
changes in physical properties, at least in the vicinity o f the repository. 

To determine the effects o f imposed thermal loading on the temperature 
distributions and the structural stabilities o f various host rocks, the appropriate 
thermal transport and mechanical strength related properties, including thermal 
conductivity, specific heat, coefficient o f expansion, rupture stress and creep 
rate, must be investigated and determined. This particularly must be done if 
clay minerals are present. 

4.5.5. Sorption capacity 

Although completely dry environments are preferred for the emplacement 
o f radioactive wastes, some water-saturated argillaceous rocks, like clay, mudstone 
and some shale, that transmit water only at extremely slow rates, may also be 
acceptable host rocks. These water-saturated host rocks must possess high ion-
exchange and water retention/sorption capacity as this property, associated with 
the extremely low hydraulic conductivity, would assure the long-term containment 
o f the waste. For competent rocks like limestone, granite and basalt that transmit 
water only along fractures and hence possess extremely low effective sorption 
capacities, it is imperative that the waste remain isolated from circulating ground-
water. Nevertheless, sorption could provide a secondary geological barrier against 
the dispersal o f radioactivity should the primary geological containment be 
accidentally or otherwise breached. In particular cases other phenomena, such 
as mineral precipitation and co-precipitation from groundwater, might contribute 
to restricting the geochemical mobility o f certain radionuclides. Therefore, it 
is important that the sorption potential and groundwater flow be carefully 
examined at each individual site. Additionally, the effects o f heating on the 
sorption capacity o f each host rock should be examined. 

4.5.6. Mineral sources of water 

Significant quantities o f hydrated minerals may create undesirable conditions 
in rocks that are candidates for the emplacement o f high-level, heat generating 
wastes as these minerals release water at elevated temperatures. One o f the most 
troublesome o f those minerals is gypsum (CaS0 4 • 2 H 2 0 ) , which occurs in varying 
quantities, especially at shallower depths in evaporate sequences. This mineral 
is known to dehydrate at atmospheric pressure in the temperature range o f 
110 to 200°C under conditions o f relatively rapid heating. Furthermore, under 
conditions o f very slow heating, such as would occur in an actual disposal facility, 
it is anticipated that the gypsum would dehydrate at even lower temperatures 
or, at least, in the lower range o f reported temperatures. Gypsum contains 
21 wt% water. Hence, one cubic metre o f pure gypsum would be capable o f 
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releasing around 480 litres o f water. A number o f other hydrated saline minerals 
have been recognized in evaporite sequences, including such minerals as polyhalite, 
carnallite, bloedite and epsomite. Locally the quantities o f such minerals may 
be significant. Most o f these minerals dehydrate at higher temperatures than does 
gypsum. Nevertheless, should these minerals be present in close proximity to 
the disposal horizon, the quantities, distributions and characteristics o f dewatering 
must be determined. 

In addition to hydrated evaporite minerals, it is recognized that pore water 
and sorbed water held in and on clay minerals may be driven o f f at temperatures 
well under 200°C. When these minerals or other hydrated materials occur in 
the vicinity o f the disposal zone they must be considered as potential sources 
of water. Such factors as the rate o f dewatering and the mechanism(s) and path(s) 
by which the freed water might escape or be recombined must be evaluated. 

4.5.7. Radiation effects 

Energy may be stored in irradiated solids owing to the molecular disorder that 
is induced by radiation damage. When the solid is heated subsequent to its 
irradiation, energy is released as the molecules pass through various stages o f 
reordering. In some cases, all o f this energy can be released with a relatively 
low initiating temperature. It is known that gamma-radiation energy can be stored 
in salt and perhaps other rocks. Furthermore, the amounts stored would depend 
not only upon dose but also upon the rate at which the dose is accumulated and 
upon the salt temperature. Thermal annealing is probably the most important 
factor in limiting the stored energy in rock salt exposed to high radiation doses 
and correspondingly high temperatures. Studies of irradiated salt indicate that 
annealing will completely suppress the formation o f significant amounts o f stored 
energy at temperatures above about 150°C. Furthermore, at temperatures 
appreciably less than 150°C where thermal annealing is small, the total dose would 
be relatively small. Thus, at the maximum, only a moderate amount o f stored 
energy will accumulate in salt exposed to high-level radioactive wastes. 

The problem o f radiation effects on the rocks does not occur for alpha-bearing 
wastes; it has to be considered only for the disposal o f high-level wastes. As there 
are only few data on how the radiation affects rocks other than salt, it is essential 
to establish the identity and magnitude o f radiation effects on the various types 
o f rocks that would be otherwise potentially suitable for the disposal o f high-level 
radioactive wastes. 
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4.6. H Y D R O L O G Y 

4.6.1. Surface waters 

The mere presence o f surface streams, lakes, ponds etc., above otherwise 
suitable repository sites, would not necessarily rule out their use. However, it 
must be ascertained that these waters would not interfere with the short-term 
operation o f a disposal facility or jeopardize the long-term geological containment 
o f any emplaced wastes. Water catchments, in which a significant proportion of 
the base-flow o f surface streams is contributed f rom solid or superficial geological 
deposits, may be in hydraulic continuity with host-rocks. In such situations, 
particular attention should be paid to monitoring procedures during the initial 
investigations and 'demonstration' phases for a repository. Flood plains or other 
locations that are vulnerable to flooding are especially difficult to develop as 
extreme conditions could lead to filling o f underground excavations through 
water f l ow down open shafts, boreholes etc., unless unique design precautions 
were utilized. Recreational, scenic and even industrial interest in large lakes 
and streams may also promote public resentment for competing waste disposal 
sites in such locations. 

Over long periods o f geological time, surface streams may be expected to 
undergo radical changes in their flow regimes. Under extreme conditions of 
erosion, deep incisions may be cut into the rocks, while for extended periods 
o f stream aggradation (deposition) thick beds o f sediments may accumulate. 
In aiiy event, it is clear that the effects of the future behaviour o f surface streams 
must be predicted to ensure that geological containment can be maintained f or 
the required period o f time. 

4.6.2. Groundwaters 

Circulating groundwater poses the main real threat to the containment o f 
radioactive wastes placed in geological formations. Thus, the nature and 
characteristics o f water bearing formations that lie in proximity to a potential 
disposal zone, as well as the host rock for the repository, are critical elements 
in establishing its suitability. 

In many areas, especially in arid environments, groundwater is an extremely 
important commodity as it may be the principal source o f water for municipalities, 
industry, and agriculture. Thus any actions that would threaten contamination 
o f these waters (even remotely) would naturally be unfavourably received by 
the general public, especially in the affected regions. Therefore, extensive deposits 
o f fresh groundwater that lie above or below otherwise acceptable waste repository 
sites could adversely affect the availability o f such rocks for waste emplacement. 
The hydrogeological conditions in many offshore islands ensure hydraulic 
isolation f rom extensive mainland aquifers and may be advantageous in this respect. 
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4.6.2.1. Nature and occurrence of groundwater flow 

Generally, the host rock for radioactive wastes should be free of circulating 
groundwater although overlying and underlying formations may contain water 
bearing zones. For plastic behaving rocks like salt and shale, the vertical as well 
as the horizontal distances between circulating groundwater and waste emplace-
ment zones can generally be less than those for brittle rocks. This is due to the 
self-healing characteristics of plastic rocks. Thick bodies of rock salt that lie 
at relatively shallow depths commonly are in contact with circulating groundwater 
along their uppermost boundaries. In these instances, the disposal levels should 
lie at least around a hundred metres below the water zones and/or at such 
distances that the projected rates of dissolution of the salt, which incorporate 
projected possible hydrological and climatic changes, will not expose the waste 
during its hazardous period. Water bearing zones are much less common at the 
base of thick salt formations; however, should they be present, waste emplace-
ment zones should also lie about a hundred metres above these waters and/or at 
an appropriate distance to ensure long-term containment of the wastes. 

Ideally, for hard, brittle rocks any overlying and/or underlying aquifers 
should be separated from the host rock by thick bodies of impermeable shales 
or other aquicludes. In some cases it may be necessary to choose host rocks 
containing some water for waste repositories. However, under these conditions 
it would be imperative to demonstrate that the radionuclides, if mobilized, 
would move at such a slow rate that significant quantities of them would never 
reach the biosphere. 

4.6.2.2. Direction, velocity and volume of groundwater flow 

To properly assess the hydrological regimes at candidate sites for waste 
repositories, determinations must be made of the directions of water flow, linear 
velocities and volume rates of such movement, both in the host rocks, where they 
may be permeable, and in other rock types which may intervene between them 
and the biosphere. Thus, it will be necessary to determine, in the field, the three-
dimensional geometry of the several rock types, the porosity and hydraulic 
conductivity of each type and the hydraulic gradients in and between them. 
Data that are representative in three dimensions should be sought, within and 
beyond any zone which might be dedicated to, or conceivably might be invaded 
by radionuclides. 

Horizontal and vertical hydraulic conductivities (permeabilities) must be 
determined separately for rocks that may be anisotropic. However, the move-
ment of fluids through semi-permeable formations in hydraulic continuity with 
permeable strata is commonly vertical, being controlled by the hydraulic pressure 
in the permeable formations. In such circumstances, the horizontal permeability 
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is o f minor interest. Directional values need to be determined only for those 
formations in which fluid movement is likely to take place in two or three dimensions. 

Conventional methods o f investigation to determine the hydraulic properties 
o f rocks may be ineffective, especially when the rocks possess very low con-
ductivities. Recognition should be given to the increased volumes o f groundwater 
flow which will result from the reduction o f the viscosity o f the groundwater 
brought about by the thermal ef fect o f the high-level wastes. Commonly , ad hoc 
test procedures will need to be adopted. These special tests might include such 
processes as pumped circulation between boreholes combined with an isotopic tracer, 
injecting water at less than critical pressure, pumping boreholes with depth zones 
isolated between packers and so-called slug tests. The use o f an isotopic or other 
tracer may be useful for the in situ evaluation o f effective (or kinematic) porosity, 
based on the observed mean velocity of water displacement, but not for the 
evaluation o f permeability. However low the real values for permeability and 
for the velocity o f displacement o f fluids in rock which may be regarded in 
practice as 'impermeable', the quantities o f fluids able to traverse layers o f this 
type o f rock are almost always significant in the very long term and cannot be 
considered negligible. 

In general, groundwater velocities in and around a potential waste repository 
cannot be measured directly but can be estimated since they are proportional 
to hydraulic conductivity, to effective porosity and to gradient. Actual velocity 
at a particular point may deviate considerably f rom the computed mean, according 
to variations o f effective porosity and permeability within any one water bearing 
medium. For instance, actual velocities in crystalline rocks can be expected to 
range widely because o f variations in the geometry o f the fractures. Theoretically, 
any combination o f conductivity and gradient leading to a hydrological regime 
that promotes extremely slow groundwater velocities at a potential waste repository 
and/or prevents the escape o f radionuclides to the biosphere f or the required 
periods o f containment would be acceptable. However, errors and uncertainties 
are inherent in such determinations since future geological processes, climatic 
changes and actions induced by man can drastically alter hydrological regimes. 
It is therefore believed that a much greater reliability o f containment would exist 
for disposal schemes utilizing host rocks that are virtually impermeable than 
exists for water bearing rock systems which depend predominantly on low ground-
water velocities for limiting the dispersion o f noxious, soluble constituents in 
the waste. 

Some argillaceous sediments which, for all practical purposes, are generally 
considered impermeable, behave in reality as semipermeable membranes. The 
energy necessary to drive water through the membrane can be provided by 
compaction o f the sediments, by hydraulic gradients, or even by thermal or 
electrical potential gradients. When water is transported by molecular diffusion 
through a semipermeable membrane, an ion-filtration mechanism operates which 
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leads to salinity gradients in the fluids. Consequently, osmotic pressures can exist 
in sequences o f argillaceous sediments. With the mining o f an opening in a mass 
o f argillaceous rocks, a point sink could be created that may draw fluids into 
the opening by virtue o f pressure differentials. Should the opening be filled with 
fluids then the drawing force o f the point sink would ultimately diminish to 
the point where the fluid movement would again become that which existed 
before the mining perturbation. In this case, a phase discontinuity would exist 
between the cavity and the surrounding rock. Nevertheless, the transport o f 
radionuclides in argillaceous sediments would be expected to be extremely small, 
but this probably would need to be demonstrated through laboratory and even 
in situ tests in the host rock o f interest. It should also be mentioned that, in 
certain cases, osmotic phenomena can locally modi fy the direction o f ground-
water flow. 

4.7. FUTURE GEOLOGICAL EVENTS 

In general, geological processes work slowly to form mountains and otherwise 
generate prominent physiographic changes on the earth's surface. However, some 
processes like faulting and related earthquakes, volcanic activity and glaciation 
can cause dramatic changes in landforms, locally as well as regionally, within 
geologically short periods o f time. The future occurrences o f these events must 
be considered in site selection investigations. Based on geological history, the 
general location and maximum effects o f these events can be predicted. For 
example, within the order o f a hundred thousand years' time-span being considered, 
it is reasonable to expect at least another glacial episode. During the last glacial 
age which took place around 20 000 years ago, ice sheets covered about half o f 
North America and all o f northern Europe. These areas underwent profound 
alteration as a consequence o f scouring and deposition, and isostatic adjustment 
to loading and unloading. The areas not covered by glacial ice were affected by 
drastic climatic changes. Some large new lakes and streams were formed while 
others underwent pro found modifications in deposition and erosion, occasionally 
in a catastrophic manner. In association with these changes in the surficial water 
flows there were corresponding changes in the groundwater regimes. 

The occurrence o f permafrost in many regions also caused major changes in 
the mechanical properties o f rocks to a variable but occasionally significant 
depth. Conversely, extensive regions were f looded by the sea during interglacial 
episodes with many changes in environmental conditions. So far as practicable, 
the design and construction o f the repository should provide for the possible 
onset o f conditions resulting from such gross climatic changes, which indeed 
could be much more catastrophic than a break o f a radioactive waste repository. 
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4.8. GENERAL GEOLOGICAL A N D ENGINEERING CONDITIONS 

The geological and hydrological factors which were discussed in detail in 
the previous sections are those that decide the possibility o f installing a radio-
active waste repository in a geological formation. In addition, there also exist 
some other factors o f quite different nature which may have some implications, 
if not on the type o f a geological formation, then at least on the selection o f 
a specific site. These factors can originate from the location o f the site, f rom 
man's former and future activities, f rom the construction and operation o f the 
repository and, finally, f rom possible ecological impacts. 

4.8.1. Site area and buffer zone 

The surface area which is needed for the installation and operation o f an 
underground waste repository is not large. There only have to be some logistic 
installations for acceptance o f the waste transports, the receiving, unloading, 
decontamination and repackaging inspection, the shaft-sheds and hoist-houses, 
and finally the buildings which hold the normal facilities necessary to operate 
any industrial plant. The total site thus will have an extent which might be 
comparable to that o f a small to medium sized chemical plant. 

The area needed underground certainly is larger than the surface area, but 
compared with many mining excavations, e.g. the extension o f potash mines 
in bedded potash-salt formations, a waste repository in a geological formation 
is quite small. For example, calculations for radioactive wastes generated in the 
United States o f America indicate that a Federal waste repository installed in 
a bedded rock salt deposit, accepting solid waste generated by the nuclear power 
industry up to the year 2000, would need no more than about two square kilo-
metres o f area for the disposal o f an estimated 4000 cubic metres o f solidified 
high-level waste, about one square kilometre for an estimated 700 000 cubic 
metres o f solid alpha-bearing waste and three square kilometres for an estimated 
175 000 cubic metres o f solid waste contaminated with both fission products 
and alpha-emitting transuranics.2 

When a waste repository contains wastes with very long half-life (alpha-
bearing wastes), it is not possible to envisage measures capable o f protecting 
this repository against any possible disadvantageous future activities o f mankind. 
In such a case, the safety o f the repository has to be based only on the characteristics 
o f the formation itself, and it is important to consider any possible future access 
to the site formation when designing the repository (adequate depth, nature o f the 
surrounding rocks etc.). It is, therefore, reasonable to create an underground 
buffer zone around the waste repository. 

2 BLOMEKE, J.O., NICHOLS, J.P., McCLAIN, W.C., Managing radioactive wastes, 
Phys. Today (Aug. 1973) 36. 
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No figures can be suggested here for the necessary width and depth o f a 
buffer zone. Such figures are completely dependent on the type o f geological 
formation and on the location o f the repository. However, the buffer zone should 
have an extent which, in connection with those factors outlined in section 4.9, 
would guarantee that the waste repository will not be damaged f rom outside 
activities. It is the task of the buffer zone to protect the repository against 
accidental breach by man, not to protect the environment against any negative 
consequences of the repository. The safety o f this repository, i.e. the confinement 
o f the wastes for the required periods o f time, has to be maintained by the 
geological formation itself. 

4.8.2. Pre-existing boreholes and excavations 

A careful survey must be made throughout every area or site to determine 
whether or not either the host rock or rocks in actual or potential hydraulic 
continuity with it contain pre-existing boreholes, mine-shafts, solution cavities 
or other man-made excavations. All such artificial 'entries' into the rock materials 
represent potential migration paths for groundwater, or even f looding by surface 
waters. It will be essential to ensure that all such boreholes or other structures 
are plugged and sealed effectively. More severe constraints may be necessary 
where large-scale cavities have been excavated and safety distances will have to 
be defined. If an existing mine is being considered for disposal purposes, the 
same foregoing safety measures will have to be taken. 

4.8.3. Exploration boreholes, shafts, tunnels and excavations 

It must be recognized that, to ensure satisfactory exploration o f a potential 
site, it will be necessary to drill exploration boreholes, and probably to sink 
shafts, drive tunnels and excavate cavities. It will generally be necessary to 
develop an appropriate back-filling and sealing technology matched to the 
particular host rock. The same system may be applicable to the pre-existing 
boreholes and excavations referred to in section 4.8.2. 

4.8.4. Spoil disposal 

A minor problem o f the construction o f a waste repository in a geological 
formation is the disposal o f those quantities o f spoil rocks which are generated 
by sinking shafts, driving the underground tunnels and excavating rooms. Certain 
amounts o f these rocks can be used to back-fill the rooms in which the wastes 
are placed. The surplus might be sold, e.g. if the repository is installed in a 
geological formation with rocks or minerals of commercial value. If this is not 
possible, the spoil rocks can be disposed o f on surface dumps or by other means. 
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There is enough experience available today, especially f rom general mining 
operations, regarding how to cultivate those dumps and in this way to integrate 
them again into the natural environment. 

4.8.5. Waste transportation 

Waste transportation is an important part o f the total waste management 
system. It is, however, not the task o f this b o o k to deal with the special problems 
of the transportation o f radioactive materials. The Regulations for the Safe Trans-
port o f Radioactive Materials, published by the IAEA (Safety Series No.6) , is 
an appropriate basis to treat this aspect. However, it must be underlined that 
transportation considerations and procedures are different for high-level wastes 
and for alpha-bearing wastes. For alpha-bearing wastes, transportation does not 
bring up any particular difficulties and adequate casks already exist. Transportation 
o f solid high-level waste would be similar to the transportation o f irradiated 
fuel elements. For the selection o f a waste repository site, however, it is important 
either that there already exist proper systems o f transportation like railways or 
highways or that they can be constructed. 

4.8.6. Ecological effects 

As outlined several times in this book , the main reason for the choice o f 
geological formations for the disposal o f radioactive wastes is that properly selected 
sites in deep geological formations can provide maximum assurance that these 
wastes will be confined until the radioactivity associated with them has decayed 
to innocuous levels. Nevertheless, the ecological effects, which might occur in 
connection with the construction, operation, and existence o f such a repository, 
have to be carefully investigated and evaluated, such as those connected with 
disposal o f the spoil as mentioned in section 4.8.4. Special attention must be 
given to the circulation o f groundwater, for this is the most important medium 
o f radionuclide transport in geological formations. No realistic possibility o f 
atmospheric release exists once the repository has been sealed. 

4.9. ECONOMIC A N D SOCIAL CONSIDERATIONS 

Although the primary purpose o f this book is to present factors for technical 
evaluation o f a site for emplacement o f high-level and alpha-bearing wastes in 
geological formations, many other considerations enter into the final site selection 
process. Some o f the economic and social factors that must be considered are 
discussed briefly in the following paragraphs. 



48 SELECTION FACTORS 

4.9.1. Resource potential 

The geological formation under consideration or the overlying or under-
lying formations may contain useful minerals or other natural resources. The 
responsible governing authorities should weigh the present or potential need 
for extracting these materials against the need for the waste repository and 
the availability o f other formations for waste disposal. If the resource happens 
to be in the formation being considered for use as the repository, the installation 
of that facility would preclude future extraction o f the resource, at least within 
the area o f the repository. Any extraction from other regions o f the formation 
could be undertaken only after thorough evaluation and under carefully established 
controls. Items to be considered in these evaluations are the compatibility o f 
the operations, impact on the repository horizon resulting from the extraction 
operations and the possibility o f contaminating the resource by the repository contents. 

4.9.2. Land value and use 

A comparatively small area will be required for the surface operations. 
This area will probably be comparable to, and in the same location as, that 
required for construction o f the surface facilities. Although the remaining land 
surface above the entire repository area need not be reserved f rom other uses, 
some restrictions may have to be imposed, depending upon the type o f formation 
being considered for the repository as well as the types o f surrounding formations. 
Such restrictions could include any activities which would be expected to adversely 
affect the safety o f the repository such as drilling, blasting, ponding o f water etc. 
While such activities might not be precluded, they would be permitted only after 
thorough evaluation and perhaps under specifically authorized and controlled 
conditions. The possible restrictions should be considered thoroughly before 
making a final decision on the selection o f a possible disposal site, taking into 
account the best national and local projections on land use, including the needs 
for industrial, urban, agricultural and recreational activities. Generally the disposal 
site should be deep enough so that there should not have to be restrictions on, or 
surveillance o f , surface or near-surface activities. 

4.9.3. Population density 

If a site is considered satisfactory after careful evaluation o f the repository 
horizon using the technical factors outlined herein, the existence o f the repository 
should not pose any hazard to the general public and therefore, f rom that stand-
point, population density is o f little importance. However, the construction and 
above ground operations such as receiving and handling the waste containers, 
decontamination and repackaging, as required, are o f such type that they would be 
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difficult to locate in an urban area. As noted later, it would be advantageous to 
have normal community activities available in the vicinity, but the presence o f a 
large community, industrial activities etc. over the repository may introduce 
complicating factors. The introduction o f restrictions in an existing population 
area on activities, such as well drilling or ponding, may not be feasible. 

4.9.4. Jurisdiction of the land 

The jurisdiction over the land, or ownership, may in some countries be a 
significant factor with respect to economics and public acceptance. Presumably, 
the use o f land already under the control o f the authorities that would operate the 
repository would simplify the site planning and evaluation efforts, possibly shorten 
the time period required for activation o f the facility and reduce the problems 
associated with the withdrawal o f land from other uses. The control o f land by 
other authorities or private interests may introduce problems in land acquisition 
or use which must be thoroughly considered as part o f the overall site evaluation. 
Once a site is selected as a repository for radioactive waste, it should be ensured 
that its control is transferred to appropriate national government authorities. 

4.9.5. Existing rights 

Appropriate records should be reviewed to ascertain all existing rights, 
e.g. mineral rights or rights o f way or easements above the proposed repository 
area. Each o f these rights would have to be evaluated to determine if exercise o f 
the right would be incompatible with, or adversely affect, the safety o f the disposal 
operations. If possible interference were to exist, the availability o f alternative 
repository sites would have to be balanced against the cost o f buying the rights. 
The extent to which such rights in areas over other parts of the formation o f 
concern must be considered will depend upon the type o f formation and other 
geological and hydrological factors. 

4.9.6. Accessibility and services 

Accessibility to a site for movements o f personnel and materials during 
construction as well as the movement o f operating personnel and radioactive 
waste during the waste emplacement phase is o f importance. A site served by 
existing highway and railroad systems would be most desirable. On the other 
hand, it may not be desirable to locate the repository near a heavily travelled 
highway or busy railroad because o f the congestion that might result f r o m the 
introduction o f additional traffic. The availability and cost o f electric power and 
communications service should also be considered. An existing community 
within reasonable commuting distance will provide, to some degree, a base o f 
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the necessary community services, i.e. construction labour and operating staff, 
housing, transient services such as hotels and restaurants, supporting service industry 
and established civic, cultural and service organizations and groups which will 
reflect and communicate public opinion. If the repository is to be operated as a 
demonstration facility with provision for tours, proximity to transient services 
becomes more important. 
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Actinides 

Absorption 

Adsorption 

Alpha-bearing waste 

Anhydrite 

Anion 

Anisotropic 

Anticline 

Aquiclude 

Aquifer 

Arenaceous 

Argillaceous 

Elements with atomic number 89 to 103. (They are 
radioactive.) 

Incorporation within the physical or molecular structure, 
like water in a sponge. 

Adhesion o f ions or molecules to the surface o f solid 
bodies with which they come in contact. Adhering to a 
surface. 

Waste containing alpha-emitting radionuclides, usually 
actinides. 

A mineral, anhydrous calcium sulphate, CaS0 4 . 

An atom or group o f atoms with a negative electrical charge. 

Having physical properties that vary in different directions. 

A fo ld or strata bend that was formed convex upward. 
In simple anticlines the beds are oppositely inclined. 

A porous formation which is capable o f absorbing 
water slowly but will not transmit it fast enough to furnish 
an appreciable supply for a well or spring. 

A water-bearing stratum or formation below the surface 
of the earth. 

Applied to rocks that have been derived f rom sand or 
that contain sand. 

Applied to all rocks and substances composed o f clay, 
or having a notable proportion o f clay in their composit ion. 

Borosilicate glass A supercooled liquid based on a random lattice o f silica 
tetrahedra, modified with boron and other cations. 

Brine Water saturated or strongly impregnated with salt. 
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4P 

Calcareous 

Cap rock 

Carnallite 

Cation 

Cladding 

Clastic 

Clay 

Competent rocks 

Compressive strength 

Concession 

Containing calcium carbonate. 

A disc-like plate over all or part o f the top o f most salt 
domes. It is mainly composed o f anhydrite and gypsum, 
and sometimes dolomite and sulphur. 

A salt mineral, KC1 • MgCl2 • 6 H 2 0 

An atom or group o f atoms with a positive electrical 
charge. 

The metal containment of the nuclear fuel matrix. 

Consisting o f fragments o f rocks or o f organic structures 
that have been moved individually f rom their places o f 
origin. 

Thin crystalline fragments o f minerals that are essentially 
hydrous aluminium silicates or occasionally hydrous 
magnesium silicates, with sodium, calcium, potassium and 
magnesium cations. Besides the mineral, clay, also denotes 
a natural material with plastic properties which is essentially 
a composit ion o f fine to very fine clay particles. Clays 
differ greatly mineralogically and chemically and conse-
quently in their physical properties. However, most o f 
them have good sorption characteristics. 

Those beds or strata which, during folding are able to lift not 
only their o w n weight but also that o f overylying beds or 
strata without appreciable internal flowing. 

The load per unit o f area under which a solid b lock fails 
by shear or splitting. 

An area where the right is given to a single person or a 
company for prospecting for mineral deposits. 

2> 

Darcy 

Decrepitation 

Diapir 

Unit o f permeability measured by the rate at which a fluid 
o f standard viscosity can move a given distance in a given 
interval o f time under a standard pressure differential. 

The breaking up, usually violent and with a crackling noise, 
o f mineral substances when exposed to heat. 

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 fo lds or 
anticlines. 
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Diapirism Geological process o f forming a diapir. 

Dip The angle at which a stratum or any planar feature is 
inclined f rom the horizontal. 

Dolomite A mineral, C a M g ( C 0 3 ) 2 . Also applied to those rocks which 
approximate the mineral dolomite in composit ion. 

S 

Ecosystem 

Ejecta 

Epsomite 

Evaporite 

Extrusive 

The complex o f a biological community and its environ-
ment functioning as an ecological unit in nature. 

Material thrown out by a volcano. 

A mineral, MgSÛ4 • 7 H 2 0 , c ommonly called Epsom salt. 

A sediment which is deposited f rom aqueous solution as a 
result o f extensive or total evaporation o f the solvent. 

Applied to those igneous rocks derived f rom magmas or 
magmatic materials poured out or ejected at the earth's 
surface. 

Fault 

Feldspar 

Filtration 

Fissility 

Fission products 

Fissure 

Flexure 

Fluidized bed technology 

A fracture or fracture zone along which there has been 
displacement o f the sides o f geological strata relative to one 
another, parallel to the fracture. 

A group of abundant rock-forming minerals. 

The process o f separating solids f rom liquids or liquids 
moving through the interstices o f a solid medium. 

The property o f splitting easily along closely spaced 
parallel planes. 

The primary fragments or nuclei, together with their 
radioactive decay products, that result f rom the fission 
o f heavy nuclei, such as uranium-233 and -235 or 
plutonium-238, -239 and -241. 

An extensive crack, break, or fracture in the rock. 

A bend in strata; a broad domical structure. 

Technology to suspend solid particles (a loose bed o f 
material) in a rapidly moving upward stream of gas f o r 
enhancing chemical or physical reaction. 

Foliation The laminated structure resulting f rom segregation o f 
different minerals into layers. 
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Gabbro 

Geothermal gradient 

Gneiss 

Gradient 

Groundwater 
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A plutonio or any coarse-grained dark igneous rock. 

The change in temperature o f the earth with depth, 
expressed either in degrees per unit depth, or in units o f 
depth per degree. 

t 
A coarse grained rock in which bands rich in granular 
minerals alternate with bands in which schistose minerals 
predominate. 

Slope, particularly o f a stream or land surface. In more 
general terms, a change in value o f one variable with 
respect to another variable. 

The water which permeates, in an unbroken sheet, the rock 
masses of the earth, filling their pores and fissures. 

Gypsum A mineral, C a S 0 4 • 2 H 2 0 . 

ЗГ 

Hoist 

Host rock 

Hyalo-

Hyaloclastite 

Hydration 

Hydraulic conductivity 

A power-driven windlass for raising salt, rock or other 
material f rom a mine and for lowering or raising men and 
material. 

The wall rock o f a storage or disposal cavity or o f an ore 
deposit. 

Prefix meaning glass. 

A glass-like intrusive rock. 

The chemical combination o f water with another 
substance. 

Ratio o f f l ow velocity to driving force for viscous flow 
under saturated conditions o f a specified liquid in a porous 
medium. 

J 

Igneous rocks 

Inclination 

Rocks formed by solidification o f hot mobile material 
termed magma. 

The dip o f a bed, fault, vein, or other tabular b o d y 
measured f rom the horizontal. 

Indurated In a geological sense, hardened by heat, pressure and also 
cementation. 
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Ingestion 

Intrusive rock 

In situ 

Ion 

Ion exchange 

Ion-exchange resins 

Irradiated fuel 

The intake into the body by way o f the digestive tract. 

A rock that consolidated f rom magma beneath the 
surface o f the earth. 

In its natural position or place. 

An atom or group o f atoms with an electrical charge. 

A reversible exchange o f one ion with another either in a 
liquid or on a solid surface or within a crystalline lattice. 

Natural or synthetic minerals and organic polymers 
that exhibit ion-exchange characteristics. 

Nuclear fuel that has been exposed to irradiation in a 
nuclear reactor. Irradiated fuel contains considerable 
amounts o f radioactive fission products. 

Isostatic adjustment Equalization o f pressure f rom all sides. 

/ 
Joint A small fracture in rock generally more or less vertical 

or transverse to bedding, along which n o appreciable rock 
movement has occurred. 

Ж 

Karst phenomena Features that are characteristic o f the karst district o f the 
Adriatic Coast; a limestone plateau marked by sinks, or 
holes, interspersed with abrupt ridges and irregular 
protuberant rocks; usually underlain by caverns and 
underground streams. Karst phenomena are formed by 
dissolution o f near-surface soluble rocks. 

& 

l imes tone A bedded sedimentary deposit consisting chiefly o f 
C a C 0 3 ; a general term for that class o f rocks which 
contain at least 80% of the carbonates o f calcium or 
magnesium. 

Lithologie Refers to the physical characteristics o f rocks determined 
by microscopic study. 
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Л 

Marl A calcareous clay. 

Metamorphic rocks Includes all those rocks which have formed in the solid 
state in response to pronounced changes o f temperature, 
pressure, and chemical environment, which take place, 
in general, in depths below the shells o f weathering and 
cementation. 

Mica A silicate mineral group with sheet-like structure, 
characterized by perfect (basal) cleavage. 

Olivine A mineral series. Solid solutions o f M g 2 S i 0 4 with Fe2 S i 0 4 . 
An important rock-forming mineral. 

Osmosis 

Osmotic pressure 

The passage of a solvent through a membrane f rom a dilute 
solution into a more concentrated one, the membrane being 
permeable to the molecules o f the solvent but not to the 
molecules o f the solute. 

If a pure solvent is separated from a solution by a 
membrane permeable only to molecules o f the solvent, 
the extra pressure which must be applied to the solution in 
order to prevent flow o f solvent into it by osmosis is 
known as the osmotic pressure of the solution. 

Parting 

Permeability 

Permian time 

Plagioclase 

Plasticity 

A small joint in a rock or a layer o f rock. 

The permeability o f a rock is its capacity for transmitting 
a fluid. It is measured by the rate at which a fluid of 
standard viscosity can move a given distance in a given 
interval o f time. (See Darcy.) 

A geological period extending f rom 280 t o 2 3 0 million 
years ago. 

A mineral group consisting chemically o f alumino-silicates 
o f Na and Ca. One o f the commonest rock-forming 
minerals. 

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

Pluton, plutonic Rock formed by solidification of a molten magma deep 
within the earth. 
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Polyhalite 

Porosity 

Pyro clastic 

Pyroxene 

A salt mineral, K 2 S 0 4 • 2CaS0 4 • M g S 0 4 - 2 H 2 0 . 

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

A general term for the class o f rocks made up o f frag-
mentai volcanic materials that have been explosively or 
aerially ejected from a volcanic vent. 

A mineral group, general formula ABSi j O e , where A is 
chiefly Mg, F e " , Ca and Na, В chiefly Mg, F e " and Al 
and Si may be replaced in part by Al. The group includes 
some o f the commonest rock-forming minerals. 

3 

Quartz A mineral, silicon dioxide, S i0 2 . 

Radiation stability 

Radiodecay heat 

Radiolysis 

Radionuclide migration 

R o c k burst 

Rock salt 

R o c k structure 

Capability o f a material to withstand the impact o f ionizing 
radiation without changing its essential characteristics. 

Heat that is generated within a radioactive material by 
transformation f rom the absorbed radiation energy emitted 
by the decay of the radionuclides. 

Chemical decomposition by the action o f ionizing 
radiation. 

The movement o f radionuclides through porous and 
permeable rock by groundwater flow, superimposed by 
adsorption-desorption processes on rock and mineral 
surfaces, and by diffusion. 

A sudden and often violent failure o f masses o f rock in 
mines, quarries and tunnels. Types o f failures vary f rom 
splitting o f f o f small slabs o f rocks o f a mine wall to the 
collapse o f large pillars, roofs or other massive portions o f 
the mine structure. 

A salt mineral, sodium chloride, NaCl, also named halite. 

The sum total o f the structural features o f and under a 
land area or mineral deposit. 

s r 

Salinity 

Salt dome, salt stock 

A measure o f the total dissolved solids in a saline water. 

A structure resulting f rom the upward movement o f a salt 
mass, generally due to diapirism. 
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A medium or coarse grained metamorphic rock with sub-
parallel orientation o f the micaceous minerals which 
dominate its composition. 

That variety o f foliation that occurs in the coarser grained 
metamorphic rocks, generally the result o f parallel arrange-
ment o f platy and ellipsoidal mineral grains. 

Relating to vibrations o f the earth, generally caused by 
earthquakes. 

A laminated densely packed sediment in which the 
constituent particles are predominantly of the clay grade. 

A very fine-grained consolidated clastic rock composed 
predominantly of particles o f silt grade. 

A fine-grained metamorphic rock possessing a well 
developed fissility. 

Characterized by having the properties o f either absorp-
tion or adsorption or both. 

That branch o f geology which treats o f the formation, 
composit ion, sequence, and correlation of the stratified 
rocks as parts o f the earth's crust. 

A section o f a formation that consists o f approximately 
the same kind o f rock material. 

Pertaining to the rock structure and external forms 
resulting f rom the deformation of the earth's crust. 

The physical features o f a district or region; especially, 
the relief and contour o f the land. 

Elements with atomic numbers above 92. 

A rock formed o f compacted volcanic fragments, generally 
smaller than 4 mm in diameter. 

Indurated rocks composed o f a mixture o f pyroclastic and 
sedimentary detritus, especially ash and fine sediment. 

Upper Permian geological period. 

A generic term for a group o f hydrous alumino-silicates 
o f Na, Ca, Ba, Sr, and K, characterized by their easy 
and reversible loss o f water o f hydration. Many are also 
characterized by a significant capacity f o r ion exchange. 
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