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FOREWORD 

This report is part of the IAEA's programme on underground disposal of 
radioactive wastes. The programme is intended to develop and publish guide-
lines and technical reports on subjects of current interest to Member States. 
This document is intended to serve both implementing and regulatory bodies 
when an underground disposal system is being developed. The repositories 
under consideration are mined cavities in deep continental rocks for the emplace-
ment of wastes in solid and packaged form. This report is supported by another 
IAEA publication on a related subject, namely, Effects of Heat from High-
Level Waste on Performance of Deep Geological Repository Components, 
IAEA-TECDOC-319, which is focused specifically on effects due to thermal 
energy release solely from disposed high-level wastes or spent fuel. The present 
report deals with those effects occurring in the near field of the repository 
system which affect the mobilization of radionuclides and their subsequent 
migration to the far field. The document deals mainly with high-level wastes 
and spent fuel, but considers other types of wastes as well, wherever appropriate. 

The initial draft of the report was prepared at a consultants meeting 
attended by W. Bechthold (Federal Republic of Germany), R.K. Mathur (India) 
and F. Gera (Italy) from 28 February to 4 March 1983. The draft was further 
developed by F. Gera in March 1983. An IAEA Technical Committee meeting 
took place from 22 to 26 August 1983 in Otaniemi, Finland. This committee 
reviewed and revised the report which was then examined by the Technical 
Review Committee on Underground Disposal of Radioactive Wastes (TRCUD) 
at its sixth meeting in Vienna from 31 October to 4 November 1983. Further 
revisions were made with the help of P. Sargent (Canada), N. Jockwer (Federal 
Republic of Germany), F. Gera (Italy) and H. Richards (United Kingdom) at a 
consultants meeting in Vienna from 5 to 9 December 1983. 

The Agency wishes to express its thanks to all those who took part in the 
preparation of this report. 
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1. INTRODUCTION 

It is necessary to first understand the potential causes of the release and 
transport of radionuclides to the biosphere before designing an underground 
repository for the disposal of radioactive wastes, and before assessing its long-term 
capacity for isolating them. To help arrive at this understanding, the.phenomena 
relevant to repository performance have been divided into those occurring within 
the near field and those in the far field. This division has been made for practical 
reasons, in order to manage the complex problem of the prediction of the 
behaviour of both radioactive wastes and the host geological medium. While the 
performance of the whole disposal system is of paramount importance, the 
interaction between system components has to be recognized in order to evaluate 
the relevant near-field processes which influence the far field. Thus, while an 
exact definition of either the near field or the far field is not important in itself, 
what is significant is the application of a systematic approach in analysing, assessing 
and discussing the effects, phenomena and processes important to repository 
performance. Attention must thus be given to the connection between near and 
far fields because the flux of radionuclides through these zones constitutes the 
source term for transport in the geosphere. 

The IAEA has adopted the following definition of the near-field region in its 
publications on underground disposal [ 1 ]: 

The excavated repository, including the waste package, filling or sealing 
materials, and those parts of the host medium whose characteristics have 
been or could be altered by the repository or its content. 

In this document the near field is limited to that section of the host rock 
where its physical properties and chemical conditions are significantly modified 
by the repository. The actual extension of this altered zone will vary depending 
on waste type, repository design and host rock, but it will range from several 
decimetres up to a few tens of metres at the most. 

The main components of the underground disposal system are: 

(1) the waste form and package 
(2) the repository and its engineered barriers 
(3) the geological environment. 

Near-field phenomena, which are the result of repository construction and 
waste emplacement, occur mainly in the first two components and in that section 
of the host rock which is either inside the:repository or immediately around it. 
The most important primary effects from the waste are heat generation and 
radiation. 
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2. SCOPE 

This report reviews the important near-field effects of the disposal of 
wastes in deep rock formations. The repositories under consideration are mined 
cavities in deep continental rocks for the emplacement of wastes in solid and 
packaged form. The term deep is used solely to emphasize the distinction between 
the repositories discussed in this report and those for shallow ground and rock-
cavity disposal. The depths under consideration here are those greater than 
200 metres. 

Category-I wastes1 (high-level, long-lived) are the most important with 
respect to near-field effects within the repositories envisaged, but Category-II 
wastes are also important. This document gives some consideration to the near-
field effects that might result from the disposal of low-level wastes (Category III). 

A number of repository concepts have been developed for various deep-rock 
environments and some of these are considered within this report. The basic 
characteristics of waste form, container and package, buffer and backfill materials 
and potential host-rock types are discussed from the perspective of the performance 
requirements of the total repository system. Effects of waste emplacement on the 
separate system components and on the system as a whole are discussed. The 
effects include interactions between groundwater and brines and the other system 
components, thermal and thermo-mechanical effects, and chemical and geo-
chemical reactions. Special consideration is given to the radiation field that 
exists in proximity to the waste containers and also to the coupled effects of 
different phenomena. Most of the near-field effects discussed in this document 
are related to the disposal of high-level vitrified wastes and spent fuel, but when-
ever appropriate, effects specific to other types of wastes have been considered. 

3. NEAR-FIELD COMPONENTS 

3.1. DISPOSAL SYSTEM 

A deep underground disposal facility provides a succession of barriers to 
hinder and delay the transport of radionuclides to the biosphere and limit any 
consequent doses to man to levels acceptable to the regulatory authorities. For 
the purpose of performance assessment and safety analyses, a disposal system can 
be divided into three subsystems [3, 4]: 

(1) The near-field region 
(2) The geosphere (the far field) 
(3) The biosphere. 

1 For the purpose of disposal the wastes are grouped in five categories as follows [2]: 
1: high-level, long-lived; 11: intermediate-level, long-lived; III: low-level, long-lived; 
IV: intermediate-level, short-lived; V: low-level, short-lived. 
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The near-field region includes the excavated repository, with all its contents 
and those parts of the host rock that have been, or could be, significantly altered 
by repository construction or waste emplacement. The far field refers to the bulk 
of the relatively undisturbed host rock containing the repository and to any 
surrounding formations. The biosphere is that portion of the earth's environment 
where biological processes would have a dominant influence on the pathways 
followed by nuclides released from a repository. In this model the near-field 
region comprises the following components of the waste-isolation system: 

(a) The waste package 
(b) The repository, including the engineered barriers which surround the waste 

containers and seal the repository 
(c) Part of the host medium. 

Each of these three main components is discussed in some detail in the 
following sections. 

3.2. WASTE PACKAGE 

The waste package includes the waste form, its container and, where 
applicable, other engineered barriers such as an absorber material or a chemical 
conditioner, provided they are integral parts of the package. All types of wastes 
may be disposed of in a deep underground repository. High-level wastes and 
spent fuel are the most important types from the viewpoint of thermal effects. 

The basic criteria for waste acceptance have been discussed in an earlier 
IAEA document which defined the desirable characteristics of conditioned wastes 
already packaged for disposal [2]. The main functions of the waste form are to 
ensure chemical and physical stability and so to limit the leach rates of the radio-
nuclides. In addition, it is advantageous for the waste form to have good thermal 
conductivity, be resistant to mechanical shocks, possess phase stability and be 
compatible with other components of the near field. 

With respect to high-level wastes, different matrix materials and processes 
have been studied to condition the wastes in forms suitable for storage and 
disposal and most study and development work has been concentrated on a glass 
matrix. Vitrified wastes can be enclosed in a canister, for which different materials 
and methods of construction have been proposed. Spent fuel without any 
conditioning has also been regarded as a waste form for disposal, and technologies 
for enclosing spent fuel in a metallic or ceramic canister have been developed. For 
technical and economic reasons it is suggested that wastes should be disposed of 
only after a suitable period of storage, to allow shorter-lived radionuclides to decay. 

Regarding low- and intermediate-level wastes, there are several proposed 
conditioning methods: bitumen, cement and plastics may be used for solidification; 
solid and solidified wastes may be enclosed in metallic or concrete containers. The 
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package around the waste form may include canister, buffer material and special 
overpack. Concrete, which can be a backfill and construction material in the 
repository, and can be used as an encapsulating matrix for low- and intermediate-
level wastes, may change considerably the chemistry in the near-field environment 
because of its chemical characteristics. 

The main functions of the waste package include the following: 

— To delay the beginning of leaching 
— To limit the release of radionuclides 
— To reduce the radiation intensity and temperature rise. 

The waste package has to be designed taking into account the disposal 
environment and, in general, the following important properties have to be 
considered: 

— corrosion resistance 
— thermal conductivity 
— mechanical strength 
— radiation attenuation. 

A disposal system may be designed on the assumption that the wastes might 
be retrieved within a predetermined time period. It would then be essential that 
waste packages not be subjected to significant degradation during the time for 
which the retrieval option has to be kept open. In this case disposal holes might 
be lined with a sleeve, the function of which would be to maintain an open hole 
for retrieval of the waste package. This may be important if the unsupported rock 
is likely to close the boreholes, which could occur in plastic clay and rock-salt 
formations. 

3.3. REPOSITORY 

The repository is the underground facility into which the waste packages are 
emplaced. It includes the engineered barriers which separate the waste packages 
from the host rock, structural materials such as supports and hole liners, materials 
used to backfill tunnels, drifts and rooms, and materials used to seal boreholes 
and shafts. Some of these materials, such as backfills, buffers arid sealing materials, 
may have functions which contribute to waste isolation by delaying or restricting 
access of water to the wastes, by altering the chemistry of the water to minimize 
corrosion and leaching and by interacting with leached waste elements in order to 
minimize release of radionuclides from the repository. Other materials may be 
required for repository construction, but do not contribute to waste isolation, 
and these grouts and rock supports must be chosen so that they are compatible 
with the host rock and engineered barrier systems [5]. 
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The discussion in the following sections focuses on those components of the 
repository which are directly within the scope of the report. However, in order 
to control the near-field effects, the repository must be properly designed [6]. 
For example, criticality control is relevant, in principle, with regard to near-field 
effects. In a repository which contains significant amounts of fissile nuclides, 
e.g. 239Pu and 235U, there is the theoretical possibility of the assembly of these 
nuclides into critical configurations [7], The repository should therefore be 
designed in such a way that the possibility of achieving critical waste-package 
configurations is precluded. 

3.3.1. Buffer, backfill and sealing materials 

The design layout of an underground radioactive waste repository is deter-
mined by the nature of the host rock, the geological and hydrological setting of 
the repository and the nature of the wastes to be disposed. The minimum design 
for a repository must include details of underground excavations and waste 
packages, the former including rooms and boreholes for emplacement of waste 
packages. 

At a disposal sitelocated in an area such as the Nevada Test Site, USA, where the 
climate is arid and thick tuff units exist, it may be possible to construct the . 
repository above the water table [8]. The amount of water which can reach the 
waste packages would then be very limited in comparison with a repository in an 
equivalent rock unit below the water table. The minimum design for a waste 
package may be able to provide satisfactory containment and isolation of the 
wastes in such a situation without the use of additional engineered barriers. For 
repositories sited in locations below the water table, in host rocks where ground-
water circulation occurs, it may be desirable or necessary to add additional 
components to the system. Conceptual designs for repositories sited below the 
water table in granite or basalt frequently include buffer and backfill materials. 
The main functions of these materials may be to: • 

— Restrict the access of water to the waste packages 
— Modify the chemistry of the groundwater in order to reduce the potential 

for corrosion of the container and leaching of the waste form 
— Cushion the waste package and limit the stress on the package in case of 

rock movement in and around the emplacement hole 
— Retard the movement of radionuclides released from the waste package 
— Transfer heat away from the package's and into the host rock. 

Materials being considered for use as buffers or backfills include clay, sand, 
vermiculite, magnesia, crushed host rock and combinations of these, materials. 
Buffers and backfills may be emplaced at the same time as the waste packages, or 
emplacement may be delayed until the end of the operational period of the 
repository. In all cases where buffer or backfill materials are used care must be 
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taken to ensure that they are compatible with the host rock and the waste 
packages. 

Characteristics of typical buffer and backfill materials for use in deep 
repositories might thus include: 

— Low hydraulic conductivity 
— Sufficient strength to support adjacent rock 
— Sufficient ductility to avoid transferring high stress to the waste packages 
— Swelling capacity and plasticity to seal fractures 
— Favourable sorption characteristics for radionuclides 
— Stability in the repository environment of heat and radiation 
— Ability to maintain desirable physical and chemical properties for long 

periods of time 
— Ready availability with suitable construction properties 
— High thermal conductivity. 

When the repository is filled to capacity, the remaining openings will be 
backfilled and the shafts will be sealed in a manner to suit the design. Again, care 
must be taken to ensure compatibility of the shaft-sealing materials with the other 
repository components. It is possible that the shaft will be sealed by using the 
same materials already employed as a buffer and/or backfill [9], 

3.3.2. Structural materials 

In addition to the components described in Section 3.3.1, repositories will 
contain materials that were placed underground during construction and operation 
of the repository and these may not be easy to remove before closure of the 
facility. Examples are construction materials needed to support the excavations 
in the repository or for paving rooms and galleries. 

The nature and amount of structural material placed in the repository will 
depend on the properties of the host rock and on the design of the facility. Shafts 
and tunnels in argillaceous rocks will have to be lined and significant amounts of 
structural materials may be needed for this purpose. Materials such as cast 
iron and concrete have been proposed as lining in argillaceous rocks. Cement is 
the most likely material to be used for paving purposes. The compatibility of 
structural materials with the other components of the disposal system will need 
to be assessed, as well as their effect on the chemical evolution of the repository 
both over the short and the long terms. 

3.4. GEOLOGICAL ENVIRONMENT 

The geological environment consists of the repository host rock and the 
surrounding geological media. This environment forms an extremely effective 

6 



barrier for almost any radionuclide which escapes from the engineered barriers 
that immediately surround the wastes. The two properties that ensure the 
effectiveness of the geological environment as a barrier are the ability to limit the 
amount of water entering the repository and the ability to restrict the migration 
of radionuclides away from the repository. 

The geological medium to a large extent controls the chemical conditions 
of the repository and determines the movement and availability of water. Water 
may contain chemical species which are capable of corroding the canister materials; 
if the canister is breached and water is present, leaching of the waste form will 
occur. Water is the only medium by means of which leaching of the wastes will 
occur and generally is the only means by which radionuclides can be transported 
to the biosphere. 

Safe disposal of long-lived wastes requires a thorough understanding of the 
hydrogeological properties of the host rock and surrounding media. The thermal 
response of the environment after emplacement of wastes may also be an important 
factor. The upper temperature limits for repository host rocks must be deter-
mined by detailed analyses of specific repository sites. 

Repositories will generally be sited below the water table, in the saturated 
zone of the host rock. In that case, hydrostatic pressure within the repository has 
to be considered in the design of waste packages or protective sleeves. The effects 
of liquid water at temperatures over 100°C also have to be considered. If a 
repository is constructed in an area with an arid climate, it may be possible to 
choose a deep horizon which is still in the unsaturated zone above the water table. 
In this case, the waste packages will not be subjected to hydrostatic pressure or to 
liquid water above 100°C. However, the permeability of the rock units to air and 
steam must be considered in the design of the repository and of waste packages. 

Many different rock types are being considered as potential host rocks for 
geological disposal of radioactive wastes. There is no intrinsic reason why 
any rock type should be excluded from consideration, provided that suitable waste 
isolation can be achieved. The problem becomes one of designing the engineered 
system to complement and assist the basic features of the rock. Properties of the 
rock which must be considered in choosing a repository site include the size and 
homogeneity of the rock unit, physico-chemical properties, hydraulic properties, 
the mineralogy and petrology of the rock unit, thermal and mechanical properties, 
and the anticipated response to waste emplacement. 

Various properties of potential host rocks are generally considered to be 
desirable and may include the following (not all of which can be found in any 
one rock type): 

- High strength 
- High thermal conductivity 
— Low thermal expansion 
— High sorptive capacity 
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— Self-sealing capacity through plastic flow 
— Minimum amount of flowing water or brine 
— Minimum unfavourable chemical reactions between rock, fluids and the 

waste package. 

Rock types currently under investigation as potential repository host rocks 
are salt (either in salt domes or bedded formations), granite, argillaceous rocks, 
tuff and basalt. The potential host rocks differ in many properties that can have 
significant effects on the design and performance of waste-isolation systems. 
Every host rock offers a combination of potentially advantageous and disadvan-
tageous characteristics. However, in the design of a repository it should be 
possible to compensate for potential problems by appropriate design of the 
engineered barrier system. The most significant properties of the host rocks now 
being considered for potential repository development are described in the 
following sections. 

3.4.1. Rock-salt 

Large deposits of rock-salt exist in many parts of the world. Since they have 
been in contact with only limited amounts of groundwater, they have survived 
for geological time periods of, in some cases, hundreds of millions of years. The 
advantages of rock-salt formations for siting waste repositories are the absence 
of circulating water or brine inside the formations, high thermal conductivity, the 
capability of healing openings due to plastic flow and easy mining of large under-
ground excavations. On the other hand, if water comes in contact with rock-salt, 
the high solubility of the salt and the presence of variable amounts of other 
minerals (which could constitute brines with high corrosive capacity) are dis-
advantages that must be considered in the design and construction of the repository. 
Other unfavourable properties are the occasional presence of gas and brine pockets 
and the low sorptive capacity for any migrating radionuclides. However, large 
brine or gas pockets in the disposal horizon will be detected during its exploration 
and thus can be avoided or drained. The relatively high thermal expansion of salt 
has also to be taken into account in the design of the repository. In addition, the 
plasticity of salt will lead to the waste canisters being eventually subjected to the 
full stresses existing in the disposal horizon. This may result in more expensive 
waste packages or in lining of the disposal boreholes if their failure must be 
prevented for a relatively long period. 

An additional consideration in the assessment of disposal in salt is the value 
of salt deposits as sources of raw materials for the chemical industry and as storage 
media for a variety of substances. This might increase the probability of human 
intrusion in the far future once memory of the repository has been lost. However, 
in countries with a great abundance of salt deposits, and for deep repositories, 
the probability of such an event occurring can be considered very low. Addition-
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ally, the consequences of human-intrusion scenarios, provided the event takes 
place far in the future, can be shown to be minor [10]. 

3.4.2. Granite and similar crystalline rocks 

Granites, gneisses and similar crystalline rocks are abundant in the earth's 
crust and they often extend to great depths. Crystalline rocks are massive, rigid, 
and are often mined to develop mineral resources. In nature chemical and 
mineralogical changes are very slow and these rocks can be expected to not be 
altered significantly within the times considered in performance assessment of 
waste repositories. The matrices of crystalline rocks are only slightly porous,. 
have very low hydraulic conductivities and water movement in practice takes 
place only in fissures and fracture zones in the rock. When highly fractured they 
are very permeable and are not suitable for disposal of radioactive wastes. 

Radionuclides migrating with the flowing groundwater may be sorbed onto, 
or can react with, both the primary and secondary minerals on the fissure surfaces. 
They can also be sorbed by microparticles of the secondary minerals and can be 
transported as°colloids. Furthermore, the radionuclides may migrate into the 
micropores of the rock matrix by diffusion, where they may sorb onto and react 
with the inner surfaces of the pores. 

Crystalline rocks generally have good thermal conductivity and low thermal 
expansion. Many crystalline rocks contain ferrous iron minerals which may deter-
mine the redox potential of the groundwaters. 

3.4.3. Argillaceous rocks 

Argillaceous sediments are the most abundant sedimentary materials. They 
are extremely variable in physico-chemical properties as a consequence of 
differences in mineralogical composition, consolidation history, chemistry of 
interstitial fluids and many other factors. The term argillaceous sediment applies 
to a wide range of formations including clays, claystones, marls, shales and slates. 
A common feature of all argillaceous rocks is that they contain a large proportion 
of clay minerals with low thermal conductivity. Hydrothermal alteration of some 
clay minerals at temperatures as low as 80 to 10Q°C could, however, give rise to 
stability problems and should therefore be carefully investigated. Argillaceous 
materials are also characterized by low permeability and high retention capacity; 
as a result they can be very effective barriers against radionuclide migration. 

Clays are plastic and contain an important, amount of water (in some cases 
up to 25 to 30%); their compressive strength is usually low. Thus mining opera-
tions are more difficult than in hard rocks and any deep underground excavation 
will almost certainly need to be lined. However, plastic clays have the capacity to 
accommodate tectonic - or, during repository construction, induced -
displacements without a significant increase in permeability. 
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The water content of marls, shales and slates is lower than for plastic clay, 
so these materials are harder and can be fractured; mining operations are easier, 
but self-sealing capacity may be limited in these well-consolidated materials. The 
composition of clay waters needs to be thoroughly known when evaluating 
possible corrosion problems. 

3.4.4. Tuff 

Tuff is a rock formed by the accumulation of glassy fragments erupted from 
volcanoes. The rock units are nearly horizontal when formed and may be quite 
thick. The fragments may have been hot enough to become joined together 
forming a partially or completely welded unit. Subsequent interaction with water 
may have resulted in devitrification of the glass and the formation of minerals 
such as quartz and feldspar. Further interaction with water may result in the 
formation of zeolites and clay minerals. Welded, devitrified tuffs have a fairly 
high density, compressive strength and thermal conductivity; they have low to 
moderate porosity and are generally somewhat fractured. Non-welded tuffs have 
lower density, strength and thermal conductivity, and are generally quite porous 
and non-fractured. Zeolites, which are more common in non-welded tuffs, have 
good sorptive characteristics for most waste elements. Hydraulic properties of 
tuffaceous rocks may vary widely depending on the degree of welding, porosity 
and fracture characteristics. 

3.4.5. Basalt 

Basalt is a rock formed by the cooling of molten material erupted from a 
volcano. On cooling, the rock material contracts and develops a system of 
vertical joints. Those currently considered as candidates for radioactive waste 
disposal are continental flood basalts which occur as thick, extensive horizontal 
flows. Basalts are relatively hard rocks with high compressive strength. They 
may contain considerable amounts of glassy material, which may devitrify in 
response to the thermal field of the repository. Layers of other rock types may 
occur interbedded with the basalt flows. The thermal conductivity of basalts is 
moderate, and increases generally as the proportion of glass decreases. Some 
basalts have good sorption characteristics for waste elements, as discussed in 
Section 4.8. The hydraulic properties of basalt depend on the extent of fracturing 
and jointing in the rock. Rubble zones and interbeds may provide highly 
permeable regions in a rock section which otherwise is of low permeability. 
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4. NEAR-FIELD EFFECTS 

Near-field effects can be differentiated according to primary and secondary 
sub-effects, and grouped on the basis of their origin, occurrence, influence and 
character. Figure 1 shows one schematic way of outlining and presenting near-
field effects in the case of a typical hard-rock repository. 

4.1. CORROSION OF CANISTER AND OVERPACK MATERIALS 

4.1.1. Introduction 

The waste package consists of the waste form, its canister and, where 
applicable, other local engineered barriers such as over pack, absorber material 
and chemical conditioners, provided they are integral parts of the package. The 
overpack may be added for shielding purposes and to prolong the time period of 
integrity of the waste package within the environment of the repository. The 
canister and overpack materials are intended to withstand corrosion in the 
repository environment for different times according to the particular design. In 
some countries waste-package designs for high-level wastes aim at a lifetime of 
more than 1000 years, but designs for much longer lifetimes are also considered. 
In other disposal concepts there is no particular requirement on the lifetime of 
the canister since the other barriers in the system are considered more than 
adequate to provide the required isolation. 

In order to achieve long-lasting waste packages, several approaches are being 
explored. Materials which are thermodynamically stable in the conditions of the 
repository will not undergo chemical attack and could normally be considered to 
be corrosion resistant. Failure would be due to mechanical reasons or to corrosion 
by some unforeseen corrosive agent reaching the near field. There are some 
materials which, although thermodynamically unstable, form protective coatings. 
In a repository these will be attacked chemically and will corrode at a rate deter-
mined by the properties of the protective layer. They are sometimes called 
kinetically stable materials. A further group of materials under consideration are 
those which corrode at a known rate, known as 'consumable' materials. 

4.1.2. Concept based on thermodynamically stable materials 

Thermodynamically stable materials can be subdivided into non-metallic 
and metallic materials. Several non-metallic materials have been tested for use 
in salt repositories [11, 12], The compounds A1203 , Zr0 2 , MgAl204 were found 
to have low corrosion rates (less than 0.2 jum/a) at temperatures of 200°C in a 
35% brine and SiC has also been tested with similar results [11,12] . No pitting 
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FIG.l. Near-field effects from the disposal of high-level wastes in a deep underground repository. 



corrosion was observed in any of these materials. The solubility of alpha-
aluminium oxide in water at temperatures below 100°C is very low. The 
dissolution rate due to hydration is slow at moderate temperatures and, on the 
basis of the dissolution rate alone, a long lifetime can be predicted. These 
materials may, however, fracture by slow crack growth and any design incorporat-
ing these materials should take this effect into account. 

The choice of metals which are thermodynamically stable when in contact 
with water is limited. Gold, silver and platinum are excluded because of their 
high costs. Copper is being considered in Sweden as a canister material for spent 
fuel [13]. Copper will not be attacked by water itself at temperatures less than 
100°C, but may corrode due to dissolved oxygen and sulphides and, under certain 
conditions, possibly also due to sulphates. However, this last reaction is known 
to be so slow that in practice it is of no importance. The projected lifetime for 
the copper canisters in the Swedish repository setting is well in excess of 
100 000 years, taking into account that radiolysis is negligible for wall thicknesses 
above 60 mm. 

4.1.3. Concept based on kinetically stable materials 

These materials, which include titanium and titanium alloys, lead, stainless 
steels and nickel-chromium alloys, owe their stability to the formation of a dense, 
stable oxide film which limits further access of the corrosive agent. Average 
corrosion rates have been determined by means of laboratory experiments. 
Several such studies have been performed, in several different waters and brines 
and at various temperatures [11, 14, 15]. For many of the candidate materials 
in this group, processes such as crevice corrosion, radiation-enhanced corrosion, 
stress-corrosion cracking, pitting and hydrogen embrittlement may depend strongly 
on the particular repository conditions and thus may be a cause of uncertainty in 
long-term predictions. 

4.1.4. Concept based on consumable materials 

Cast iron and mild steel are attacked by water as well as by other oxidizing 
agents in the water. Canisters or overpacks made of these types of material owe 
their length of life to the relationship between their thickness and the corrosion 
rate. The latter is dependent on temperature, but not necessarily on the transport 
rate of corrosive agents. Because of their thickness, these canisters or overpacks 
would provide significant shielding and, consequently, radiolysis outside the 
waste package would be greatly reduced. 
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4.1.5. Concept based on other materials 

Some waste forms, particularly low- and intermediate-level wastes, may be 
packaged in concrete cylinders cast into steel canisters. The integrity of these 
waste forms is derived from the stability of the concrete and not from the canister, 
The concrete is expected to degrade very slowly in the repository, but will release 
radionuclides also by diffusion, initially through the porosity of the concrete and 
ultimately through fractures; these processes are discussed in Section 4.2.3.3. 

4.2. LEACHING OF WASTES 

4.2.1. Introduction 

Wastes will eventually come into contact with water or brine, either of which 
will react chemically with the waste matrix and cause some radionuclide dissolu-
tion. The rate of reaction between the water and the wastes depends on the waste 
form, the water composition, the ratio of water volume to exposed surface area, 
the effective flow rate of the water past the wastes, the temperature and other 
factors such as radiolysis. 

As the waste matrix is degraded radionuclides are released and may migrate 
away from the wastes. Some radionuclides (such as technetium and many of the 
actinides) may, in some waters (especially in reducing groundwater), have very 
low solubility and will precipitate in place when the matrix is degraded. They will 
then be carried away at a rate determined by the water flux or, if negligible, by 
their diffusion and depending on their solubility. On the other hand, in waste 
forms such as spent fuel some nuclides, such as iodine and caesium, are concen-
trated at the surface and may be released rapidly after water gains access to the 
waste form. 

The composition of the water which is in contact with the wastes depends in 
turn on the composition of the interstitial water in the host rock. It can be 
modified by the presence of buffer and backfill materials, by the waste package, 
its corrosion and by radiolysis products. The flux of water past the wastes is 
determined to a large extent by the groundwater flow in the far field, as this will 
control the total amount of water which reaches the repository. The flow rate 
past the waste package may be further limited by the introduction of low-
permeability barriers. Very low-permeability buffer materials will reduce the 
water flow to very low values, so that'diffusion will control the rate of exchange 
of chemical species between the wastes and the water flowing outside the barrier. 
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4.2.2. Waste form 

Several waste forms are considered. Those discussed here are the following: 

(a) For high-level wastes (Category I): 
— spent fuel 
— vitrified wastes (borosilicate glass). 

(b) For low- and intermediate-level wastes (Categories II and III): 
— concrete 
— bitumen. 

Many countries have plans to vitrify high-level wastes (Category I) by incorporat-
ing them into borosilicate glass, e.g., Argentina, Belgium, Canada, the Federal 
Republic of Germany, France, India, Italy, Japan, Sweden, the United Kingdom and 
the United States of America. Borosilicate glass consists of silica and set proportions 
of sodium and boron oxides. Fission products and actinides are introduced into 
the glass in the form of oxides. The amount of fission-product oxides may vary 
from 8 to 25% of the total volume. Most of the uranium and plutonium originally 
present in the spent fuel will have been removed during reprocessing, but the other 
transuranium elements, such as neptunium, americium and curium, are left in 
the wastes. 

Disposal of spent fuel is also considered to be a viable option in some 
countries. Spent fuel that may be considered for underground disposal consists 
of 95 to 98% uranium oxide, but some fuels are also made out of metallic 
uranium. The remaining 2 to 5% consists of fission products and transuranium 
elements. Spent fuel contains greater amounts of radioactive substances than 
high-level wastes. 

Intermediate-level wastes (Category II) consist of those waste products which 
contain significant amounts of actinides and fission materials, but which impose 
a much less significant thermal burden on the host medium. These wastes are 
typically fuel cans from which the fuel has been removed, ion-exchange resins 
from water reactors and sludges and evaporator concentrates from reprocessing 
plants. They are mixed with concrete or bitumen matrices and cast into canisters, 
typically 200 L in volume. In the particular case of ion-exchange resins they may 
be embedded in polyester or epoxy resin. 

Low-level wastes (Category III) are actinide-contaminated materials which 
do not contain significant amounts of fission products. These may be embedded 
in matrix materials and also cast into containers. 

Various other waste forms such as synthetic minerals, ceramics and polymers, 
are being studied at the laboratory pilot scale. They may have special properties 
such as high radiation or heat resistance or very low solubility, which may make 
them suitable waste-immobilization matrices. 
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4.2.3. Leaching and dissolution mechanisms 

The significance of leaching and dissolution depends on the particular 
hydrogeological conditions near or around the wastes. If the rate of movement 
of water is slow compared to the leaching or dissolution rate, then the net mass 
transport of radionuclides will be governed by their solubility and be independent 
of their rate of release from the wastes. Conversely, if dissolution or leaching is 
slow compared to the rate of movement of water, then the overall release rate 
will be governed by the leaching or dissolution rate. With the possible exception 
of salt and perhaps unsaturated zone disposal, most geological concepts for 
high-level waste disposal include surrounding the containers with a highly 
impermeable barrier such as clay. This severely restricts the availability of water 
to leach or dissolve the wastes. Therefore, under these conditions, a solubility 
and diffusion-controlled model is more appropriate than models based on data 
from laboratory leaching measurements involving comparatively large volumes 
of water. However, these latter models have led to conservative conclusions. 
Currently, extensive experimental work in many countries is being devoted both 
to the measurement of the release of radionuclides from wastes under specific 
disposal conditions and to the use of those data in models for the assessment of 
the safety of the overall disposal system. 

4.2.3.1. Leaching mechanisms of spent fuel 

It has become apparent from the relatively few reported studies on spent-fuel 
leaching that at least two major processes occur and that these are greatly modified 
by the fuel's irradiation history [16—18]. These processes are: 

(i) An assumed congruent dissolution of the U 0 2 which releases those radio-
nuclides in solid solution. 

(ii) An almost instantaneous release of soluble nuclides of caesium and iodine 
which are assumed not to be in solid solution, but present in easily accessible 
regions of the fuel pellets either at the pellet-cladding gap or in cracks or 
porous regions. 

Obviously, understanding and quantifying the second process is of major 
importance, since it affects the release rate of 129I. Canadian and Swedish research 
has demonstrated that the instantaneously released fraction of caesium and 
iodine is proportional to the fuel's operational linear power density [16, 17], 
This fraction is normally from a few per cent up to about 10% of the total content; 
however, for some fuels it can be as high as 30%. 

Models for the congruent dissolution of fuel are usually based on the 
solubility of U 0 2 in a limited amount of water. This solubility can vary by several 
orders of magnitude depending on the redox chemistry of the groundwater [19]. 
Under oxidizing conditions U 0 2 solubility is limited to about 360 mg/L by the 
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availability of carbonate (about 275 mg/L). However, uranium fuel-leaching 
experiments indicate uranium contents as low as 0.5 to 10 mg/L in oxidizing 
groundwater [20]. These apparent lower solubilities can be explained by assuming 
either the existence of solid phases such as uranate, N a 2 U 2 0 7 , or adsorption of 
the uranium from solution onto the geological material in contact with the 
groundwater. 

The overall model for the release of radionuclides from spent fuel must take 
into account the previously mentioned processes, together with the effects of 
radiolysis (see Section 4.3), limited availability of water, diffusion through any 
buffer materials and the possible presence of a redox front [21 ]. Some parts of 
this model need confirmation by means of in situ tests and field measurements. 

4.2.3.2. Leaching of borosilicate glasses 

Borosilicate glasses have been observed to be subject to a number of different 
leaching mechanisms depending on the leaching fluid and the environmental 
conditions. Among the most commonly observed of these mechanisms are ion 
exchange, matrix dissolution, precipitation, pitting and surface-layer exfoliation. 
In -the process of ion exchange, selected constituents are leached out from the 
glass. It is generally accepted that this involves an exchange between hydrogen 
and hydronium ions from the solution with mobile ions such as Na+ and Ca++ in 
the glass. This reaction results in the development of a surface layer that is 
compositionally and (probably) structurally different from the unreacted glass [22], 

Network dissolution is the result of the attack of the glass structural bonds 
by the hydroxyl ion. It is most significant in high-pH solutions, where dissolution 
of silica takes place. In congruent dissolution all constituents are extracted into 
solution in the same ratio as they are present in the glass. In film dissolution a 
surface film is formed that has a different composition from the bulk of the glass 
and in which the film determines the proportions of the constituents that are 
dissolved. There are indications that fragments of surface film detach and enter • 
the solution as colloids [23]. 

Pitting is a phenomenon of local attack that is strongly influenced by 
surface heterogeneities, stresses or defects, while surface-layer exfoliation involves 
the flaking off of surface layers formed by ion exchange. Stable film formation 
has-been observed in some instances [24], The depletion and protective layers 
can act as sorbing layers for some radionuclides. Finally, radionuclides with low 
solubility in the leaching waters are not leached at the same rate as other 
constituents because they form precipitates as the glass matrix dissolves away. 

Because of the large number of different mechanisms involved it is very 
difficult to define leaching tests that are representative of the intrinsic behaviour 
of the glass. Standard tests, such as the Soxhlet tests, are suited to compare 
different glass compositions and not to predict accurately the behaviour of a 
particular glass composition in a given environment. 
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For borosilicate glasses, Soxhlet-type leach rates usually fall in the range 10_ s 

to 10~8 g -cm - 2 d_1 at temperatures below 100°C. It is not uncommon, however, 
to observe values outside this range. Efforts have been made in several countries 
to develop methods that determine leach rates that are appropriate as input data 
for safety analyses. 

4.2.3.3. Leaching of concrete 

In the case of concrete-based waste forms, very little is known about the 
mechanism of radionuclide release and how the material variables combine to 
give a particular performance. However, one report [25] describes the leaching 
of caesium and strontium from clinoptilolite dispersed in a cement matrix. 
A quantitative agreement was obtained between the model and the measured 
release data. Under some environmental conditions, e.g. at higher magnesium-
chloride concentrations in salt brines, long-term behaviour of concrete waste 
forms may be determined by disintegration of the waste form, which can lead to 
an increase of radionuclide release [26]. 

Very little data appears to be available for the release mechanisms of actinides 
from concrete waste forms. Full-scale leach testing of concrete waste packages in 
France [ 27] at 20°C has shown that the concentration of plutonium in the water 
from such waste forms is about 10"12 M. The behaviour of the actinides and other 
significant radionuclides in these conditions needs to be further studied. 

4.2.3.4. Leaching of bitumen 

Bituminized wastes are a heterogeneous mixture of small and large waste 
particles suspended in a continuous matrix of bitumen. The thickness of the 
bitumen film surrounding each waste particle is a function of the waste loading 
and the particle-size distribution. When bituminized wastes are brought into 
contact with water, there is slow transport of water into the product, either by 
molecular diffusion or through pores by capillary forces. The sorption of water 
is associated with swelling and formation of water-filled pores, microcracks or 
zones forming channels and connections between waste particles through which 
radionuclides can migrate out of the product [28]. Swelling may be significant 
in the case of bituminized ion-exchange resins. During the bituminization process 
the resin particles might become dehydrated and, when they come in contact 
with water, consequently have a potential for swelling. Depending on resin 
concentration and available void volume, this swelling might lead to a buildup 
of high pressure and a subsequent disruption of surrounding barriers. 

Changes in the product itself due to ageing or radiation effects might lead 
to increased brittleness of the product and so to increased leach rates, though 
radiation fields at doses up to 108 rad or even lO10 rad have little effect on the 
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leach rate [29],2 Biodegradation of the product due to a variety of microorganisms 
might occur, resulting in the production of gases and organic compounds which 
might affect leach rates and the behaviour of the other barriers. 

4.3. RADIATION EFFECTS 

Radiation emitted by the decay of radionuclides in wastes could have a 
number of possible effects, the importance of which will be very dependent on 
the specific details of the particular concept of waste disposal. For example, 
very durable, thick metallic containers would retain almost all the radiation 
within them. Gamma-radiation effects outside such containers can be ignored. 
Alternatively, the gamma fields outside thin containers of spent fuel or 
immobilized high-level wastes could be appreciable and their effects would need 
to be assessed. It should be noted that interim storage of immobilized wastes 
prior to disposal will substantially reduce the gamma fields and the rate of heat 
generation. In this section, potential radiation effects in the wastes, the containers, 
any buffer or backfill present, and effects on the host rock will be discussed in 
general terms. 

In vitrified, high-level wastes the most significant radiation effects will be 
from alpha-recoil radiation damage to the glassy matrix. By using short-lived 
alpha emitters such as 244Cm and 238Pu, it has been shown that the expected 
accumulative radiation damage only increases leach rates by factors of 1 to 3 
[ 3 0 - 3 3 ] , With regard to spent fuel, the radiation damage occurring during 
storage or disposal is negligible compared to that which occurs during irradiation 
in the nuclear reactor. Both intermediate-level and low-level wastes may release 
some gases and sometimes swell as a result of radiation effects. Direct effects of 
radiation on most candidate container materials are considered negligible. The 
indirect effect due to radiolysis of groundwater and brines is more likely to be 
important. 

Outside the waste packages the impact of radiation on buffer material and 
host rock is small and limited to a small area. Owing to the shielding capacity 
of solid matter, radiation will be absorbed completely within a distance of about 
1 m from the waste container. However, changes may occur in water or brine in 
the vicinity of the waste packages due to radiolysis, which will produce ionic 
species with high corrosive capacity. It is possible that the combined effects of 
radiation, temperature and the presence of container-corrosion products may 
show that leaching of waste forms can be modified considerably. It is important 
that overall systems tests be adopted to assess these possible synergistic effects. 

Many experiments have been conducted in laboratories using high gamma 
radiation on rocks to ascertain the effect on rock properties such as permeability 

2 1 rad = 0.01 Gy. 
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and thermal conductivity. Laboratory experiments on Climax granite show that 
a dose of 109 rad does affect some of the mechanical properties of rocks. The 
ultimate compressive strength of irradiated rock dropped by 20% with respect 
to unirradiated rock and Young's modulus under differential stresses greater than 
20 MPa decreased by approximately 5 to 10%. Young's modulus at lower stresses and 
the Poisson ratio at all stresses were both found to be affected by the irradiation; 
tensile strength was not affected. The study concludes that the radiation effects 
in a repository in granite would be significant only in the presence of high dif-
ferential stresses [34], However, low doses will not have any effect on granites 
if there is no water content in the rock. 

Preliminary experiments on the effects of gamma irradiation of Boom Clay 
have indicated that G(H2) values range from 0.16 to 0.10 mol H2 per 100 eV 
between 5 X 108 rad and 2 X 109 rad. Under increased gamma doses, an increased 
SO"4" concentration was noted; C 0 2 was also formed: at maximum gamma doses 
the C02-to-H2 molecular ratio was as high as 0.17. These phenomena are due to 
oxidation of pyrite and organic material, both of which are present in Boom Clay. 
It is expected that the formed H2, as well as trace amounts of CH4, will easily 
diffuse in the host medium. More quantitative experiments on the effects of 
gamma- as well as alpha-radiolysis products on the physico-chemical equilibria 
in the interstitial clay water are now being conducted [35], 

Rock-salt, which is suitable for disposing of high-level radioactive wastes, 
consists principally of the main mineral halite (NaCl) and of the minor minerals 
polyhalite Ca2K2Mg(S04)4 • 2H 2 0, kieserite MgS04- H 2 0 and anhydrite CaS04 , 
plus traces of clays, bitumen and carbonates. Laboratory experiments in which 
rock-salt was irradiated up to 108 rad indicated that besides hydrogen and oxygen 
the components H2S, HC1, C 0 2 and CH4 were generated [36]. As radiation 
effects will occur only in an area of 50 cm around the emplacement borehole, 
these compounds may migrate to the borehole and react with the container and 
the solidified wastes. 

Radiolysis of fluids such as groundwaters and brines has the potential to have 
major effects on container corrosion, waste-form dissolution and leaching and 
radionuclide transport. Gamma radiolysis and alpha-beta radiolysis for breached 
containers also need to be addressed. 

The major molecular products from the radiolysis of water are H2, 0 2 and 
H 2 0 2 , the relative yields of which are a function of the composition of the 
groundwater and the type of radiolysis. In addition, concentrated brines will 
generate HC1, Cl2, oxides of chlorine and other products such as CH4, H2S and 
C0 2 due to minor minerals in the salt; similarly, the actual products depend on 
the nature of the brine [37, 38]. 

For those concepts of high-level waste disposal in which credit is taken for 
the container, it is sometimes conservatively assumed that oxidizing conditions 
prevail due to the more rapid diffusion of hydrogen away from the source. 
Therefore, corrosion of container materials is assessed under these conditions. 
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Assuming that container lifetime is at least a few hundred years, gamma-
radiolysis effects following container breaching can be ignored and only alpha-
radiation effects on waste leaching and dissolution need be considered. Recent 
work in Canada [39] and Sweden [40] suggests that for spent fuel some oxidation, 
and hence enhanced dissolution, can occur. The oxidizing conditions are assumed 
to exist for some distance outside the wastes, but are reduced by reaction with 
ferrous iron which would be present in granites and some clays. At the redox 
front, uranium, the actinides and technetium would precipitate due to their 
considerably reduced solubility under reducing conditions. For brines in salt 
that have migrated to the containers, the conservative assumption would be to 
assume oxidizing conditions. 

Gas generation within the waste containers can cause high pressure and 
contribute to canister failure. Release of radiogenic gas from the canister might 
further pressurize the surrounding zone and affect the buffer, the plugging of 
disposal holes and the nearby host rock. In high-level wastes the most important 
gas generated is helium. Proper design of canisters is required so that they have 
extra capacity to retain the gas and so that they do not allow excessive pressures 
to build up. 

4.4. THERMAL EFFECTS 

Heat generation results from the decay of the radionuclides incorporated in 
wastes. Heat generation is an important feature of high-level wastes and spent fuel, 
but can also be significant for some intermediate-level wastes. The major part of 
the heat results from beta/gamma emitters. The heat generation from these 
beta/gamma emitters will decrease drastically in the first few hundred years after 
discharge from the reactor (see Fig.2). After this period, heat will be generated 
mainly by the decaying alpha emitters. Due to the higher actinide content of 
spent fuel, the long-term heat generation will be more important than in high-
level wastes [41 ]. 

The specific heat generation in a repository is dependent on the time between 
discharge of the fuel elements from the reactor and emplacement of the wastes in 
the repository. For high-level wastes, it will also depend on the concentration of 
radionuclides incorporated into the waste form. 

The heat will flow from the waste form through the surrounding container 
and buffer materials to the host rock, thus producing a temperature field in the 
repository and its surroundings. The elevated temperatures will result in chemical 
and physical effects on the repository components. Thermo-mechanical effects 
are dealt with in Section 4.5, and the chemical and mineralogical changes are 
discussed in Section 4.6. 

The actual temperature distribution depends on the type and age of wastes, 
on the waste form and container, on buffer and backfill materials, on the type of 
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Time since fuel discharged f r o m reactor (years) 

FIG.2. Heat decay of spent fuel and immobilized high-level wastes [41 ]. At the time of 
emplacement, both the spent fuel and high-level wastes are assumed to be ten years out of the 
reactor core, as well as having an initial thermal loading of 269 W/package. 

host rock, and on repository design. Peak temperatures in the repository will be 
reached a few tens of years after emplacement of high-level wastes and somewhat 
later for spent fuel. Computer programs capable of predicting the temperature 
field to be expected in the repository have been developed in several countries. 
Comparisons between calculated values and observed temperatures in both 
laboratory and in situ experiments have shown these programs to be accurate [42]. 

4.4.1. Thermal effects on the waste form 

4.4.1.1. Spent fuel 

For most repository concepts, thermal effects on spent fuel are unlikely to 
be of any significance at the comparatively low temperature constraints currently 
proposed for disposal, compared with those present during reactor irradiation. 
However, some disposal concepts may permit higher temperatures to be achieved. 
At temperatures in excess of about 375°C, the potential for stress rupturing of the 
Zircaloy cladding increases significantly [43]. Such rupturing would destroy the 
integrity of the cladding. Furthermore, in the presence of oxygen, the U02 fuel 
can oxidize to U3Og at temperatures as low as about 200°C. The oxidation of the 
fuel is accompanied by a relatively large increase in volume which will cause total 
degradation (cracking and crumbling) of the fuel [44], 
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4.4.1.2. High-level was tes 

The highest temperatures will occur in high-level wastes. Temperature rises 
in alpha-bearing wastes are very low and can be neglected. The primary effects 
on the waste form may be phase separations and devitrification, which may 
increase its physical and chemical properties and potentially alter its leachability 
(see Section 4.2). 

Devitrification is in most cases a special type of phase separation. At the 
temperatures expected to exist in a repository, this process generally will be very 
slow. Devitrification rates are, however, to a high degree influenced by the 
composition of the waste form. Experiments have revealed that at temperatures 
below 600°C no devitrification in borosilicate glass occurred in a two-year period 
[45]. However, in view of the long time span of interest, very slow processes and 
the long-term evolution of the waste form have to be taken into account. 

4.4.1.3. Low- and intermediate-level wastes 

Activity in low- and intermediate-level wastes is normally so low that heat 
generation from decay of radionuclides can be neglected. However, in intermediate 
active wastes containing fuel-cladding hulls, structural elements, feed clarification, 
sludges, etc., heat generation in the waste form requires a storage configuration 
ensuring heat distribution in the host rock so as to avoid unacceptably high 
temperatures in the matrix material. 

Rock temperatures in deep repositories may be as high as 40 to 50°C due 
to the geothermal gradient. At these temperatures microbial activity will be 
enhanced, which will lead to degeneration of organic wastes, from which gases 
in the waste packages will be produced. On the other hand, this microbial activity 
will lead to a lowering of the pH value of any fluids that possibly exist in the near 
field, thus increasing the corrosive potentials of these fluids. 

4.4.2. Thermal effects on buffer and backfill materials 

Buffer and backfill materials are used to separate the waste canisters from 
the host rock and to fill up openings in the repository. In addition to the 
previously described functions of controlling leaching and restricting radionuclide 
migration, plastic buffer materials protect waste containers from physical damage 
that could be caused by stresses and displacements in the host rock. 

In some concepts for repositories in granite, gneiss, basalt, etc., the buffer 
may be bentonite clay placed around waste canisters and the backfill is clay mixed 
with sand or crushed rock. Other clays such as illite and kaolinite are also being 
investigated for this purpose. The stability of these materials at elevated tempera-
tures depends on the chemical composition of the groundwater and the 
temperatures. For groundwater with a high potassium and low sodium content, 
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it has been shown that bentonite clays will alter to illite at temperatures as low 
as 100°C or lower. At higher temperatures, the rate of transformation increases 
[46], At temperatures near 300°C or above, dehydrated bentonite clays undergo 
an irreversible collapse of their crystal structures. Subsequent to such collapses, 
the clays are unable to swell during resaturation [47]. 

For a repository in clay, depending on emplacement concepts, either no 
buffer will be used or waste packages will be immersed in a backfill made out of 
clay or a mix of clay and cement. In the first two cases, the preceding considera-
tions on buffer materials in hard-rock repositories would apply. In the latter case, 
the thermal effects on cement compounds might dictate lower temperature limits. 

In a salt repository the first choice for backfill material is crushed salt. Owing 
to the creep of rock-salt under elevated temperatures and pressures, the crushed 
salt will recrystallize, thus forming a compact body surrounding the waste 
packages. 

4.4.3. Thermal effects on host rocks 

4.4.3.1. Rock-salt 

Thermal effects on the host rock can be divided into those on the main 
mineral halite itself (see also Section 4.5) and those on the minor and trace 
minerals, water and gases adsorbed on the crystal boundaries or in inclusions. 
One particular characteristic of rock-salt is the decrease of thermal conductivity 
with increasing temperature (5.2 W-m_1-°C_1 at ambient temperature, 3 W-nT'^C - 1 

at 200°C). Another characteristic is the tendency of several minerals possibly 
present in rock-salt to dehydrate at elevated temperatures, thereby producing 
fluids or gases. For example, carnallite dehydrates in an open system at the 
relatively low temperature of 80 ± 20°C depending on air humidity [48]. In a 
closed system, at pressure above 4 MPa, incongruent melting of the carnallite 
occurs which leads to a saturated MgCl2 brine and solid KC1. But rock-salt, 
which is suitable for disposal of high-level radioactive wastes, must be free from 
carnallite layers, which should be at least 60 metres from the disposal zone [49]. 
Other minerals to be considered are polyhalite and kieserite, whose dehydrations 
begin below 200°C, but whose maximum is between 250 and 300°C. Besides 
the water of the hydrated minerals, the other components which will be liberated 
are H2S, HC1, C0 2 and CH4. This liberation begins at ambient temperature with 
maxima between 200 and 350°C simultaneously with dehydration of the minor 
minerals. Figure 3 shows the liberation of an irradiated and an unirradiated salt 
sample with change in temperature [37], The total amount of all volatile 
components besides the water is less than 1 g per kg of salt. Figure 4 shows the 
frequency distribution of the water content of rock-salt, from the Asse Salt Mine, 
and of areas which are suitable for the disposal of high-level radioactive wastes 
[ 50], Bedded salt may contain up to a few per cent water from fluid inclusions, 
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FIG.3. Liberation of the gas components H20, H2S, HCl, C02 and CHc, with change in 
temperature of an irradiated and an unirradiated sample. Mineral composition: 95 wt% halite, 
5 wt% anhydrite (poiyhalite and kieseritej [37], 
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FIG.4. Distribution frequency of the water content of 202 rock-salt samples [50], 

whereas in diapiric salt the amount of water from fluid inclusions is low compared 
to the amount derived from the hydrated minor minerals. 

If these inclusions contain only brine they migrate up the thermal gradient 
towards the heat sources (wastes). But if they contain gas besides the brine, or 
if a gaseous phase is generated in the vicinity of the heat source, the inclusions 
migrate down the thermal gradient and may lead to transport of radionuclides 
through the salt [51]. The inflow of brine from fluid inclusions, the liberation 
of water from the hydrated minerals and the liberation and generation of gases 
into the disposal borehole all lead to corrosion of the container and leaching of 
the solidified waste, which may lead to dispersion of radionuclides in the disposal 

4.4.3.2. Granite and similar crystalline rocks 

Granites and similar crystalline rocks that are suitable for waste disposal are 
massive bodies with closed joints and fractures at depths. If heat-generating wastes 
were emplaced in this rock, the main effect would be thermal expansion of rock 
and water due to the generation of a transient thermal field. The heat load has to 
be considered when designing repositories, taking into account the presence 
or absence of discontinuities, the stiffness of the rock and the respective properties 
of solid rock and interstitial water [52] (thermo-mechanical effects are dealt with 
separately in Section 4.5). Heating may decrease the viscosity and density of 
water and increase the hydraulic conductivity of some fractures, thereby initiating 
a thermally induced flow of water due to convection. 

zone. 
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4.4.3.3. Clay 

The thermal effects of waste emplacement in clays are imperfectly known 
since no in situ experiments at representative depths have been carried out yet. 
In preliminary concepts of disposal in clays, this difficulty has been overcome 
by assuming rather conservative temperature rises in the host rock so as to reduce 
any possible effects, usually by assuming disposal of fairly old wastes, that is, 
after storage periods that have exceeded 50 years. On the other hand, a lot is 
known about heating of clays in unconfined conditions either in the laboratory 
or the firing of clays for the production of pottery, tiles, etc. 

Different clay minerals will react differently when exposed to increasing 
temperatures. Loss of pore (free) water starts immediately; in fact, clays may 
start dewatering as soon as they are exposed to air. Some clay minerals, for 
example smectites (including bentonite), contain interlayer water, which is more 
strongly bound and is lost only at higher temperature. Loss of bound water starts 
at temperatures as low as 80°C. Structural water is then lost at significantly 
higher temperatures. During heating of the clays structural changes take place 
and smectites, for example, transform into mixed layer minerals and eventually 
into illite. 

If temperatures in the host rock in a clay repository are limited to 100°C, 
the only effects expected are those related to the thermal expansion of inter-
stitial fluids and solid particles forming the matrix of the rock. This is expected 
to result in a pressure gradient and some flow of pore water away from the heat 
sources. If the temperature was allowed to significantly exceed 100°C, then 
vapour might be formed and pressures might reach much higher values. In this 
case the possibility of cracking and the magnitude of the phenomenon would 
need to be investigated. In addition, at temperatures in excess of 100°C, the . 
possibility of hydrothermal reactions with associated mineralogical and other 
physico-chemical changes would need to be investigated. 

The in situ experimental programmes now under development in some 
countries should provide data on the thermal effects in deep argillaceous 
materials [35]. 

4.4.3.4. Tuff 

In a fractured porous (about 10% by volume) rock mass such as tuff, it is 
important to understand the behaviour of water when heat is applied, because 
water flow affects the thermal properties of the rock mass and the resultant 
temperature profile. This is especially true for a repository in. the unsaturated 
zone (above the water table), where a relatively large amount of water may be 
present (up to approximately 80% saturation), but boiling behaviour is controlled 
essentially by atmospheric conditions. In this case, heating causes substantial 
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increases in water-vapour pressure with the potential for drying out large portions 
of the rock mass surrounding the wastes. 

Vapour transport also causes a large transfer of heat due to the removal of 
the heat of vaporization and its subsequent release upon vapour condensation. 
The flow of water vapour is controlled by the thermal flux and the hydraulic 
properties of the rock (permeability of the fractures and matrix as a function of 
water content) and the boundary conditions. Even in the absence of heat, the 
potential exists for substantial removal of water from the rock simply due to 
drying caused by ventilation of the repository. 

In the case where the waste-emplacement boreholes are 'open', the heated 
water vapour is removed from the rock and carried out of the system by ventilation, 
or the vapour condenses and flows along the fractures away from the heat source. 
The result is a volume of dry rock (lower thermal conductivity) surrounding the 
waste-containing boreholes. This has been confirmed by a field experiment carried 
out in an unsaturated, welded tuff [53]. The experiment was designed to provide 
an initial assessment of the thermally induced behaviour of water. A small-
diameter (about 10 cm) heater was operated in tuff at a power level of between 
1 and 0.75 kW for 63 days. A series of experimental holes were designed to 
collect water should it migrate during the operation of the heater. Prior to turning 
on the heater, the holes were dry. Immediately after the heater was turned on, 
water began to collect in the holes and continued to do so for the entire 63 days. 
Water collection ceased shortly after the heater was turned off. In all, more than 
60 L of water were collected. Subsequent chemical analyses of the water and 
mathematical analyses of the water movement provided good qualitative support 
for mass transport by water-vapour diffusion. 

If the boreholes are sealed, the pressure gradient forces the water vapour 
out radially from the heat source into the rock where it condenses at tempera-
tures below 100°C. The results are substantial increases in the level of saturation 
in the rock surrounding the waste-emplacement boreholes (in some cases 
approaching 100%) and an increase in the 'effective' thermal conductivity of the 
rock mass during this period. 

Of equal importance is the rate at which the dry regions of rock reacquire 
water as the thermal pulse decays away. It is only then that corrosion of the 
waste canister and leaching of the waste form can begin. The driving forces for 
rewetting the rock are primarily the infiltration rate and the matrix capillary 
forces. 

4.4.3.5. Basalt 

Continental flood basalts that are under consideration for waste disposal 
consist of massive thick flows of rock, frequently exhibiting columnar jointing. 
They may be interbedded with sedimentary layers; and generally have flow tops 
that are less dense than the main body of the flow. Placement of heat-generating 
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wastes into such basalts will cause perturbation of the water contained in joints 
and fractures, and thermal expansion of the rock. If any glass is present in the 
rock, it may crystallize and cause changes in the physical and chemical properties 
of the rock. Thermo-mechanical effects are dealt with separately in the next 
section. 

4.5. THERMO-MECHANICAL EFFECTS 

Heating of the surrounding media due to decay of the radionuclides present 
in the waste canister will start as soon as the wastes are emplaced in the repository. 
The heat is expected to expand the rock mass, leading to stress in the rocks in the 
near field of the repository. In an excavated repository the rock is already exposed 
to overburden stresses and possibly to tectonic stresses, on which thermally 
induced stresses will be superimposed. The effect of the stress change will depend 
on waste distribution and repository layout, the rate of heat generation and the 
physical characteristics of the host rock. The effects can be evaluated using 
considerations based on rock mechanics; laboratory and in situ experiments are 
required to obtain data for use in the analytical model of the repository. 

A large amount of data is available on thermo-mechanical effects in salt 
formations. Models have been developed and have been checked against results 
from in situ experiments in salt mines using waste canisters and electrical heaters 
[42], In hard rocks, such as granites, experiments have been conducted to deter-
mine the stress-strain behaviour of the rock. Noteworthy are results from the Stripa 
Mine in Sweden [54] and from Climax granite [55] and Hanford basalt [56] in the 
United States of America. Owing to the presence of microfractures and joints 
in these rocks, strain has been absorbed by fractures and theoretical data differ 
from the experimental data. In situ experiments have been planned in other rock 
formations. Furthermore, many thermo-mechanical codes are being developed 
for determination of hole stability and rate of closure, canister movement, pillar 
stability, effects of groundwater flow, stress strains in the rock mass and failure 
of the rock [57], 

4.5,1. Rock-salt 

Temperature increases due to the emplacement of high-level waste packages 
in rock-salt lead to expansion and softening of the rock-salt adjoining the canisters, 
thus inducing stresses and deformations in the rock-salt itself, as well as exerting 
pressure on the waste packages. For the. computation of these effects computer 
codes are being developed in which finite-element techniques are employed. 
Simultaneously, in situ experiments are being carried out, in which the behaviour 
of the salt in response to heating is being investigated [58], 
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FIG.S. Deformation of rock-salt [5P]. 

The deformation behaviour of rock-salt can be characterized according to 
Fig. 5. The three curves show typical sections, called primary, secondary and 
tertiary creep. With increasing load and increasing temperature, the creep 
characteristics shown in curve 1 continuously change to those shown in curve 3. 
The dependency of the secondary creep rate on stress and temperature can be 
described by an Arrhenius function. 

The behaviour of the rock-salt under thermo-mechanical loading is influenced 
by inhomogeneities in the salt, e.g. layers of anhydrite. Therefore, the relevant 
data for the repository layout should be measured on the salt from the actual 
disposal formation. Using these data as inputs, calculations have to be carried 
out for the determination of the relevant maximum permissible temperatures and 
resulting stresses. In these calculations the long periods of time and the dimensions 
of the repository, including the boreholes, tunnels and disposal rooms, have also 
to be considered. Based on these calculations, the layout of the repository can 
be defined. Design parameters can be the concentration and age of the wastes, 
the dimensions of the waste packages, the depth and spacing of boreholes, and the 
dimensions and spacing of tunnels, storage rooms and pillars. The suitable 
combination of these parameters, in which economic aspects have also to be taken 
into account, will guarantee a proper repository design. 

In situ investigations of the behaviour of rock-salt in response to heating have 
been, and are being, carried out in several countries. In the Lyons Salt Mine 
(Project Salt Vault) [60], both electrical heaters and spent fuel were used, while in the 
Asse Salt Mine a series of tests is being performed in which electrical heaters are 
inserted into boreholes. These investigations have shown that the elevated tem-
perature and higher plasticity will close a gap of 5 cm in the emplacement 
boreholes within three months [61 ]. The pressure load on a borehole casing due 
to heating (in the range of 190 to 310°C) was measured to be 36 ± 5 MPa [42]. 
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As a result of the thermal expansion and higher plasticity, much greater 
convergence rates in the galleries and chambers and greater stresses in the host 
rock in the disposal area have been measured [62, 63]. 

Normally, high pressure has little or no impact on corrosion of container 
materials and leaching of wastes. However, in a repository, a combination of 
different effects has to be taken into account: by radiolysis corrosive gases 
( 0 2 and Cl2) are generated, whose solubility in water or brine increases with 
increasing pressure. Hence the corrosive capacity of the brine will increase. 

4.5.2. Granite and similar crystalline rocks 

Thermo-mechanical effects on hard rocks such as granites have been 
extensively investigated in situ at a number of sites. The Stripa Mine in Sweden 
has been used to evaluate and develop techniques for the measurement of near-
field effects amongst other parameters necessary to evaluate repository sites. 
The original co-operative Sweden - USA agreement has led to the more recent OECD/ 
Nuclear Energy Agency (NEA) co-ordinated project [64, 65]. Other sites where 
similar work has or is being done are the following: 

- The Climax Mine in granite at the Nevada Test Site (USA) is used for rock-
mechanics studies. Eleven canisters of commercial light-water reactor fuel 
and additional electrical heater simulators have been placed in boreholes 
beneath tunnels to study temperature distributions, displacements and 
stresses in granite, and to investigate any effects associated with the intense 
radiation from spent fuel. 

- The Colorado School of Mines (CSM), under the sponsorship of the US Office 
of Nuclear Waste Isolation, has established a hard-rock test facility in a mine 
at Idaho Springs, Colorado. This is in jointed gneiss and lies under 
approximately 100 metres of rock cover, but above the water table. 

- In the UK, a programme of field studies on heat transfer and fracture 
hydrology in granite is being conducted at a site in Cornwall. A heater test 
has been operated for three years and fracture hydrology is studied by 
pumping water into fractures from cored boreholes at 200 metres depth. 

- In France, boreholes have been drilled to a depth of 500 and 1000 metres 
in a granite mass. These have been used for fracture assessment, hydrology 
tests, and geochemical monitoring. 

- In Argentina, a siting study is under development. Two hundred granitic 
formations have been identified and detailed site-investigation work is being 
performed in Gastire, in the south of the country. Fifteen boreholes have 
been drilled to depths of 300 and 800 metres [66]. 

Much of this work has been summarized in Refs [64, 6 7 - 6 9 ] , Tests at 
the Stripa Mine in Sweden, at the Climax Mine in the USA and.in Cornish granite 
in the UK have investigated the temperature and stress distributions near a heater 

31 



simulating high-level wastes. Three experiments to simulate the thermal effect of 
radioactive wastes have been carried out at depths of 340 metres in the Stripa Mine. 
One experiment involved an array of eight electrical heaters, scaled to simulate in 
one year the thermal conduction field around radioactive waste canisters over a 
period of a decade. The other two experiments each involved a single electrical 
heater to simulate the short-term effects in the rock. The temperature distributions 
have proved to be consistently within predictions on the basis of thermal conduction 
through the rock matrix. The observed temperatures are very close to those 
calculated by a linear heat-conduction model. There is some evidence of slightly 
greater heat flow above the midplane of the heaters, but this is interpreted as 
being due to induced convection around the heater. The accurate prediction of 
temperatures above 100°C indicates that the phase change from water to steam in 
these media is not an important contributor to heat transfer. 

Displacements associated with thermal expansion of rock have been 
monitored in the Stripa and Climax Mine tests. The displacements are small, of 
the order of one or two millimetres, over a distance of several metres from the 
heater. These measurements have shown discrepancies between observed values 
and those calculated on the assumption of an unfractured monolithic rock matrix. 
With high rock temperatures, differences are seen between displacements adjacent 
to the upper and lower sections of a heater, and there is hysteresis in the thermally 
induced expansion and contraction cycles. These effects are attributed to irre-
versible movement of fractures in the rock. The closing of fractures may provide 
an explanation for the anomalously low values of rock displacements during 
heater experiments at Stripa. Thermally induced rock movements in fractured 
granite are small, non-linear, and not yet predictable. The phenomenology of 
jointed rock response to heating is not yet fully understood. 

The stresses and stress changes in deep granite environments are important 
in excavation of cavities and in assessments of their stability. The in situ stress at 
Stripa has been measured by two techniques: overcoring and hydraulic fracturing 
in vertical boreholes to depths of 400 metres. The vertical stress is approximately 
equal to the weight of the overburden, but the major horizontal stress is several 
times larger. Underground stress measurements reflect the effects of old mine 
excavations and experimental drifts. These measurements have demonstrated that 
existing techniques can be used to give data of sufficient accuracy for repository 
design. Stress measurements should be made at an early stage in site characteriza-
tion. When underground workings are available, higher-resolution measurements 
should be used to follow local stress variations. The two techniques are proven 
and complementary: hydraulic-fracturing measurements show less scatter and 
provide an integrated value over a larger scale; overcoring gives a more detailed 
and accurate stress measurement. There is, however, a need for further develop-
ment of instruments and techniques for stress-change measurements. 

Investigations have been made by the Colorado School of Mines of the extent 
and degree of disturbance around an underground excavation. A variety of tech-
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niques, such as crosshole ultrasonics and permeability and deformation 
measurements, have been used, and emphasis has been placed on developing 
appropriate instrumentation. Changes in stress and damage are difficult to resolve, 
but there is a preliminary indication of a disturbed zone extending about 
one metre from the excavation, with an altered permeability. 

The large-scale buffer mass test at Stripa is concerned with the validation of 
predictive modelling of the temperature, pressure and water uptake into compacted 
bentonite around electrical heaters and into a sand/bentonite mixture used to 
refill the tunnel above the heater assemblies. Installation of all components of 
the test was completed successfully in early 1982, and all heater assemblies have 
been operating for over six months. The temperature fields in the heater holes 
reached an almost steady state after approximately one month, with the 
recorded temperatures being well within the predicted range. The water uptake in 
the heater holes, as interpreted from moisture gauge signals, has taken place in 
reasonable agreement with predictions, confirming that the pattern of water-
bearing fractures in the rock largely determines the rate and distribution of the 
water uptake. The moistening of the tunnel backfill is also so far in fairly good 
agreement with predictions. It has been demonstrated that the backfill has 
remained in good contact with the rock roof of the tunnel. Water saturation of 
the bentonite and backfill is taking place, but calculations indicate that full 
saturation of the entire backfill will not be achieved during the test. The bentonite 
swelling pressure in the test holes has shown a steady increase, correlated with 
water uptake. The most interesting phase of the test started in late 1982 with 
excavation of the compacted bentonite from the test holes. Careful sampling of 
water content will allow a more accurate validation of model predictions [65]. 

Research at the Stripa Mine has demonstrated the following: 

— Heat transfer in fractured rock is by conduction and is predictable 
— Thermally induced rock movements are non-linear and are not yet completely 

predictable 
— There is a need for further instrument development for stress-change 

measurements 
— Accurate fracture mapping is required in order to model thermo-mechanical 

rock responses 
— Preliminary results indicate that the behaviour of bentonite as a buffer 

material is in agreement with predictions 
— Large-scale underground tests are a necessary complement to laboratory 

experiments. 

In summary, the thermo-mechanical effects measured at Stripa were either 
in agreement with or less than those predicted by current theories. The coupling 
of thermo-mechanical effects to hydraulic conductivity has not been determined. 
The Stripa experience suggests that fractures would close rather than open; 
however, this could be dependent on geometry. The nature of the coupling of 
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thermo-mechanical effects to hydrogeology is crucial and it is being addressed in 
current research plans, such as those at the Canadian Underground Research 
Laboratory [64]. 

4.5.3. Qay 

The thermo-mechanical behaviour of clays under repository conditions is just 
beginning to be investigated [70]. First experimental results indicate that a 
temperature rise from 10 to 80°C seems to have no influence on the permeability. 
This seems to be the case also for compression-decompression cycles between 
1 kg/cm2 (0.1 MPa) and 9 kg/cm2 (0.9 MPa). 

Construction of a repository in clay may present some mining problems, 
since the clay exhibits plasticity and may need appropriate support in the 
galleries. A technique that has been used to improve the geotechnical properties 
of the material during excavation is freezing. Recent experiments have shown, 
however, that it is possible to dig galleries at 250 m without freezing, though this 
demonstration is currently only valid for the local circumstances met in Mol, 
Belgium [71]. In situ tests to investigate the behaviour of deep clays at tempera-
tures ranging between ambient temperature and slightly above 100°C are planned 
in Belgium and in Italy. 

4.5.4. Tuff 

Evaluation of the thermo-mechanical response of tuff has been limited 
primarily to computer-code calculations using input data determined in the labora-
tory [72]. Very limited information was obtained from the In Situ Tuff Water 
Migration/Heater Experiment [53]. The calculations for welded tuffs, above or 
below the water table, show that excavation- and thermally induced strains around 
the waste-emplacement boreholes or the rooms were accommodated mainly by 
movement along the pre-existing fractures. None of the calculations predicted 
new fracturing of the intact rock at any time of the repository life. Furthermore, 
the depth into the rock around the rooms at which movement along pre-existing 
fractures was calculated to occur was only a few metres, well within standard 
rockbolt and wiremesh support capabilities. Factors of safety calculations for 
the pillars were high, ranging from 1.5 near the rock wall to, in some cases, 
greater than 10 at the midpoint of the pillar. 

In the In Situ Tuff Water Migration/Heater Experiment, stress meters at a 
distance of approximately one metre from the heater recorded stresses approxi-
mately 60% lower than those predicted by the computer models. Examination 
of the surfaces of the heater hole revealed no additional fracturing or spalling 
for rock that had been heated to approximately 240°C. 
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4.5.5. Basalt 

Testing of the thermo-mechanical properties of basalt has taken place in the 
laboratory and in the Near Surface Test Facility (NSTF) at Gable Mountain, 
Washington, USA. The effects of heat transfer through the rock mass from heat-
generating waste canisters are sufficiently well understood to predict temperature 
distributions in the rock as a function of time. The behaviour of massive rock 
subjected to thermal stresses is not yet fully understood, nor is the thermo-
mechanical behaviour of joints and fractures. However, the thermal properties 
of the rock mass experiencing stresses sufficient to close joints and fractures are 
not expected to be significantly different from the thermal properties of the intact 
rock. Full-scale heater tests have been run at the NSTF to determine in situ 
thermal conductivity of the rock. The result of 1.7 W-m - 1 • is within the range 
of laboratory-measured values [73]. This result tends to confirm the belief that 
in situ thermal effects can be adequately modelled using conductivity values 
measured in the laboratory. 

4.6. CHEMICAL AND MINERALOGICAL CHANGES 

Development of underground openings will disturb the natural relations 
between the host rock and groundwater (water, brine). Existence of the openings 
themselves will introduce oxygen and also cause changes in in situ stresses and 
hydraulic gradients. The use of such structural materials as concrete and steel, 
as well as emplacement of the waste packages which could include introduction 
of metallic canisters or sleeves and buffers or backfills into the repository, 
provide the potential for changes in host-rock mineralogy and groundwater 
chemistry. The heat generation associated with wastes will enhance this potential 
for change. Changes in minerals may affect the water chemistry as well as 
altering the hydrological flow properties. 

Crystalline rocks such as granite and gneiss are stable up to very high tempera-
tures, but in the presence of fluids these minerals may transform at moderate 
temperatures and pressures. The alteration of minerals and the reaction rate depend 
also on the texture, density and microstructure of the rock. Rock-salt may contain 
a number of hydrated minerals; on dehydration their chemical characteristics 
change and some of them, after losing water, transform completely. 

Although not dealt with in detail in this report, the changes in chemical 
composition of aqueous fluids are of obvious importance. In what follows, the 
implications of these changes for the various host rocks will be briefly discussed. 

4.6.1. Rock-salt 

Rock-salt in many cases contains, besides the main mineral halite, the minor 
minerals anhydrite, polyhalite and kieserite in amounts ranging up to 10 wt% and 
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traces of clay minerals, carbonates and bitumen ranging up to 0.1 wt% [49], 
These minerals occur as thin layers or are distributed homogeneously in the main 
mineral halite. Additionally, free water and gases can be contained in small 
inclusions with diameters of less than 1 micrometre up to some millimetres, or 
can be adsorbed on crystal boundaries. Areas which contain significant amounts 
of carnallite are to be avoided for disposing of high-level radioactive wastes as this 
mineral dehydrates in an open system at 80 ± 20°C and liberates, besides water, 
HC1, which may be very corrosive to some barrier components [48]. In a closed 
system, at pressures above 4 MPa, incongruent melting occurs and saturated 
MgCl2 brine and solid KC1 are generated. 

The thermal dehydration of the minor minerals polyhalite and kieserite begins 
at less than 200°C and the liberation of the components adsorbed to the crystal 
boundaries occurs slightly above ambient temperature [48]. As the disposal zone 
is affected by elevated temperatures, a part of these volatile components will be 
liberated [36]. The amounts released to the disposal holes and the galleries depend 
on the porosity and permeability of the host rock in the disposal zone. The zone 
of rock-salt influenced by gamma radiation is comparatively small, as 99% is 
adsorbed within 50 cm around the emplacement boreholes. Therefore radiation 
does not have an influence on the stability of the disposal area. Radiation of rock-
salt, however, causes further generation of volatile and corrosive components and 
may lead in the long term to dispersion of radionuclides. 

The liberated water from hydrated minerals, and from fluid inclusions which 
penetrate the borehole, contains (if it is a brine at all and at a temperature of 
200°C) about 55 wt% of soluble components. The pH value of such a brine is 
less than 6 and may be reduced to less than 2 by thermal decomposition and 
radiolysis [49], 

Gases which are liberated out of the rock-salt or generated by elevated 
temperature or gamma radiation are H 2 , 0 2 , H2S, C0 2 , HC1, CH4 and Cl2. These 
gases can cause corrosion if they come into contact with metallic containers [50]. 

The whole situation with regard to chemical and mineralogical changes in 
the host rock depends on what happens to the liberated and generated volatile 
components. They may be trapped in the crystal lattice or on the grain 
boundaries because the diffusivity and permeability are too low for migration 
into the emplacement hole or out of the host rock. If a borehole is sealed and 
if the host rock is impermeable, the whole system may pressurize itself up to 
the lithostatic pressure. It may also be that an equilibrium will be established 
between liberation or generation and recombination or resorption. 

4.6.2. Granite and similar crystalline rocks 

Granites are composed mainly of quartz and feldspar with micas (muscovite 
and biotite) and small amounts of other accessory minerals. All these minerals 
are stable if heated to high temperatures in the absence of water. However, at 
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10 MPa and in the presence of water, mica breaks down at 315°C forming 
potassium feldspars. Feldspars can also form at lower temperatures. Fluid 
inclusions in quartz may vaporize at high temperatures, expanding the grains and 
exerting high pressures, and ultimately breaking of the grains may occur. 

Granites, when free from open fractures, are generally considered to be low-
porosity, relatively impermeable rocks. Owing to heat and thermal stresses, the 
sealed fractures at depth may open up forming pathways for the water in and out 
of the repository. In the presence of water, granite behaves in a different way and 
as the fluid/rock ratio increases, the geochemistry changes rapidly. Because of 
fluid pressure, namely, intergranular static fluid pressure, fissure or void pressure, 
or thermally induced fluid pressure, the rock becomes more or less saturated. At 
this pressure, and with high temperatures, minerals may transform and become 
soluble in water, causing complex chemical reactions. Owing to these considera-
tions, present designs for repositories in granite assume that temperatures in the 
rock will always be below 200° C. 

4.6.3. Argillaceous rocks 

Argillaceous rocks show great variability as a consequence of variations in 
composition and consolidation history. Clays may contain various amounts of 
non-clay minerals such as carbonates and quartz. They range from unconsolidated 
clay to shale and to highly consolidated and metamorphosed slates. Heating of 
argillaceous rocks leads to loss of water. At 400°C most water has been lost from 
clay minerals, which affects the nature of the minerals. Mineralogical changes 
have been observed in clays subjected to increased temperature and pressure due 
to their depth of burial. Smectite minerals are transformed into illite. Kaolinite, 
potassium feldspars and calcite disappear in favour of chlorite, dolomite and quartz. 

Any such changes could be significant for the performance of buffer and 
backfill materials, e.g., bentonite might change into illite, lose some sorption 
capacity and contract. Illitization starts below 100°C, but significant changes 
that might affect the physical and chemical properties of the materials are not 
produced over the relatively short time intervals existing until temperatures of 
150°C are reached [74]. The alteration zone may extend a certain distance from 
the heat source. Argillaceous formations that have been exposed to thermal 
metamorphism due to intrusion of magma are being studied as examples of 
extreme thermal changes [75]. These formations have undergone advanced 
metamorphisms and have turned into hard and water-poor rocks, behaving like 
crystalline rocks when subjected to high temperature, pressure and radiation. 
Carbonates and sulphates are more stable at higher temperatures, but they may 
destabilize due to the presence of C 0 2 and S. Organic matter present in recent 
clays may form oxygen and sulphur which enter the fluid phase. If oxygen 
activity is high in the clays, the chloride and sulphide phases break down at 
200°C. The pH change will also affect the carbonates and mica minerals at more 
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than 300°C. Some minerals present in clays, such as gypsum, may dissolve and 
decompose between 70 and 250°C [76]. 

Thus, the water lost from clay materials, and any other hydrous minerals, 
and the activity of 0 2 , H 2 , C0 2 and S, etc., may affect the container-corrosion 
rate and degrade the waste form. However, low temperatures up to 150°C are 
not expected to affect the integrity of a clay repository. Present designs for 
repositories in argillaceous formations assume that 100°C will not be exceeded 
in the host rock. 

4.6.4. Tuff 

Tuff is formed by the accumulation of glassy fragments erupted explosively 
from a volcano. Depending on the conditions of the eruption, the resulting rock 
may be glassy or microcrystalline. The only tuffaceous rock which is currently a 
candidate for repository development is a welded, devitrified tuff consisting of a 
very fine-grained intergrowth of quartz, cristobalite and alkali feldspar, with minor 
amounts of smectite clay. 

The proposed repository would be above the water table in the unsaturated 
zone. The candidate rock would have a porosity of about 10% and 1 to 3 fractures 
per metre [77]. In the ambient state the pores are partially filled with water. 
Heating caused by waste emplacement will eliminate the water from the pores. 
Because the pressure in the pores at repository depth is approximately 1 atm, 
liquid water cannot return to the region until the rock cools to below 100°C. 
Therefore, there are two thermal periods to consider: (1) an initial period of 
dry heat at temperatures above 100°C, and (2) the period when liquid water 
re-enters the pore space and establishes a partially saturated environment at 
temperatures below 100°C. 

Two of the minerals in the tuff will undergo alteration during the dry heating 
period. Smectite clays contain some water in their structure. When heated above 
100°C, this water will be eliminated and the clays will contract by up to 50% [78]. 
The typical abundance of clay in rock is less than 2%, so the total effect on the 
rock will be small. The second mineral which may be altered by dry heat is 
cristobalite, which undergoes a phase transition (alpha ->• beta structure) at 
temperatures above approximately 200°C. Calorimetric measurements place the 
transition in pure cristobalite at 252 ± 15°C [79], Cristobalite with some 
impurities or original disorder may undergo the transition at somewhat lower 
temperatures. The transition is accompanied by a volume increase of 3.8% [80], 
Since cristobalite's abundance in some sections of the rock may be as much as 
40%, a total volume increase of up to 1.6% is possible. Some of this increase 
in volume may be compensated for by the decrease in volume due to clay 
dehydration, and some may be taken up by a reduction in porosity. Only a very 
small volume of rock (less than 1 m radius) immediately around the waste 
canisters will experience temperatures above 200°C [81 ]. 
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The reaction of the tuff with typical groundwater has been studied experi-
mentally [82]. After three months of reaction at 90°C, there is no alteration 
of the minerals on a scale detectable by electron-microscope analysis. The water, 
which originally contained Na+ (45 pp'm), Ca++ (12 ppm), NO"3 (8 ppm), 
CI" (8 ppm), SO4" (16 ppm), and very low amounts of Al, B and Fe, is only slightly 
altered by reaction with the rock. The main effects are a decrease in Ca++ to 
approximately 4 ppm and in HC0 3 to approximately 90 ppm due to the precipita-
tion of calcite. Magnesium is effectively removed from solution. Silicon in 
solution rises slightly to approximately 45 ppm and the pH increases from an 
original value of 7 to about 8.5 (pH measured at 22°C). Other species in solution 
are essentially unaltered. The changes observed in the rock-water system at 90°C 
are very small, and should have a negligible effect on the performance of materials 
in the repository. 

4.6.5. Basalt 

Basalt is a volcanic rock which results from the cooling of flows of molten 
material. These rocks can exist as relatively thick flow units, sometimes separated 
by other interbedded material. In the Basalt Waste Isolation Project concept, the 
candidate horizons are basalts which contain a high proportion of glassy material 
(up to 50%). Crystalline phases include major plagioglase and pyroxene and 
minor magnetite. Ambient hydrostatic pressure at the proposed repository level 
is 11.3 MPa and ambient temperature is 62°C [83]. The oxidation state in the 
repository is expected to be controlled by the magnetite iron-bearing glass buffer 
system. 

The response of the basalt to heating in the presence of groundwater has 
been studied experimentally [56]. Major effects on the rock include devitrifica-
tion of the glassy material and the formation of zeolite minerals. Plagioglase, 
pyroxene and magnetite would be relatively unaffected by hydrothermal alteration. 
The main changes in water chemistry as a result of hydrothermal reaction are an 
increase in potassium and silica in solution. 

4.7. HYDROGEOLOGICAL PROPERTIES OF THE HOST ROCKS 

Water is the most important transport medium for any radionuclides released 
from the waste package. Therefore, one of the basic requirements for siting a 
repository in a geological medium is that very little groundwater circulates in the 
rock. Depending on the nature of the host rock, this requirement can be satisfied 
in varying degrees. Thus, while many salt formations are entirely free from 
circulating groundwater, hard rocks and argillaceous sediments contain some 
groundwater which will flow depending on the hydraulic properties of the rocks 
and existing hydraulic gradients. 
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The phenomena of interest in this discussion are those modifying ground-
water flow in the near field. They are due to four basic mechanisms: 

— Introduction of low permeability barriers 
— Draining effect of underground excavations 
— Change in the physical properties of the host rock 
— Heating caused by the wastes. 

4.7.1. Rock-salt 

Rock-salt is characterized by extremely low permeabilities. In addition, its 
physico-chemical properties ensure that most discontinuities are sealed by plastic 
flow and recrystallization. It is only in particular circumstances that sealing of 
fractures may fail to occur, for example at shallow depth and when the rate of 
salt removal by water is greater than the rate of sealing. Another possibility 
for fluid migration in a salt body is along layers of greater permeability, such as 
anhydrite. These possibilities can be avoided by careful site investigation and by 
building the repository at an adequate depth. The only water present in the near 
field is therefore the water contained in intergranular interstices and as fluid 
inclusions. Most brine pockets are microscopic in size; however, in particular 
cases cavities and porous zones containing up to many cubic metres of brine 
have been observed. 

It is obvious that during repository construction large brine accumulations 
will be looked for with great care and then either emptied or avoided. On 
completion of the repository any water present in the near field will occur in small 
inclusions. The overall water content in rock-salt is usually of the order of 1 — 2% 
in bedded salt and usually well below 1% in diapiric salt. In addition, water of 
crystallization can be present in minerals such as polyhalite and carnallite, and 
these can be dispersed through the halites as impurities or accumulated in discrete 
layers. Water of crystallization is released at specific temperatures for the different 
minerals and could be significant in the near-field environment. Any water present 
in the host rock (and not contained in intercommunicating pores) will not be 
affected very much by the excavation itself. In the temperature field surrounding 
a disposal hole the liquid inclusion as well as the liberated water from the hydrated 
minerals migrate up the thermal gradient to the wastes, where they react with the 
containment barriers and also with the wastes [50, 84]. As a result of the compo-
nents liberated out of the salt, or the gases generated by corrosion and radiolysis, 
the residual volumes in the borehole and the intergranular pores in the vicinity of 
the borehole are pressurized. If the borehole is not sealed gas-tight, then liberated 
radionuclides could be distributed by a gas flow out of the emplacement borehole. 
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4.7.2. Granite and similar crystalline rocks 

The circulation of groundwater in hard rocks is controlled by the extent, 
characteristics and interconnection of fracturing and by the regional hydraulic 
gradient. The hydraulic conductivity of hard rocks ranges over many orders of 
magnitude. Thus, at one extreme there are water-bearing bodies of granite, 
basalt or other igneous or metamorphic rocks that have a large density of open 
fractures, and can be considered as aquifers, while at the other end of the range 
some masses of gneiss or granite are characterized by low hydraulic conductivity 
comparable with that of clay. 

A hard-rock body considered suitable for radioactive waste disposal should 
transmit only a little groundwater through fractures, most of which are closed 
as a result of the overburden pressure and infill. Typical hydraulic conductivities 
to be expected in sUch an environment lie in the range 10~9 to 1CT10 m/s [85], 
The flow will be controlled by the hydraulic gradient and by existing flowpaths, 
that is spacing, orientation and interconnection of the fractures. In practice, the 
flow through the porous matrix of the rock will be negligible. The construction of 
a repository in such a geological environment will modify groundwater flow even 
before any wastes are placed underground. During construction and operation, and 
for some decades after closure, the excavation will be at atmospheric pressure, and 
a significant gradient will exist between the excavated rooms and the water in the 
rock. This gradient will depend on hydrogeological conditions in the area and as a 
result of this gradient, groundwater will flow into the openings, from where it will 
be removed by ventilation and pumping during construction and operation. 

After closure of the repository the regional groundwater flow will slowly 
return to original conditions. However, the presence of the repository could have 
significant local effects. For example, the backfill material will have different 
permeability as compared with the rock it replaces. If the backfilled openings 
have greater permeability than the surrounding rock, all flowpaths intersected by 
the excavations may be interconnected, which may be quite different from the 
original situation. The buffer material surrounding the waste packages will be a 
porous mass with permeability somewhat lower than that of the surrounding rock. 
The flowpaths will most likely go around the buffer masses and most exchanges 
between water in the host rock and water in the buffer will take place by diffusion. 
Owing to the mining operations the rock nearest the cavities may have become 
more hydraulically conductive. This may lead to a local increase in flow rate in the 
zone near the cavities. 

Heat generation in wastes will further complicate the system; the hydrologi-
cal consequences of heating may be significant in themselves. For example, at 
higher temperatures water viscosity is reduced and solid materials can have an 
influence on flow. Thermal expansion of rock blocks can produce stresses, 
resulting in either closing or opening of the different fractures. Consequently, 
the permeability of a specific fracture might either increase.or decrease, depending 
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on its orientation in relation to thermally induced stresses. In addition, there may 
be important local and temporary buoyancy effects due to the density difference 
between warm and cold water. Some theoretical calculations have shown that 
buoyancy effects may be sufficiently strong to overcome the regional hydraulic 
gradient and produce convection cells capable of causing relatively rapid vertical 
flow of deep water [86]. 

This brief discussion is sufficient to indicate the complexity of modelling 
hydrogeological effects of a repository in hard rock. Detailed assessments of 
these effects are possible only for specific sites when both the original hydro-
logical conditions and the layout of the repository are known. Fortunately, in 
many instances, simplifying assumptions may be possible, particularly when 
it can be shown by modelling and sensitivity analysis of the overall system and of 
the radiological impact of the repository on the environment, that the near-field 
processes are negligible compared with the dominance of those in the far field [87], 
On the other hand, the properties of the near field determine the amounts and 
rates of radionuclide release to the far field. This is discussed in more detail 
in Section 4.8. 

4.7.3. Argillaceous rocks 

Argillaceous rocks are usually characterized by very low permeabilities. The 
porosity can vary from high values in young, unconsolidated sediments to low 
values in well-consolidated materials. Other physical properties vary, following 
more or less the state of consolidation and porosity. Thus, while unconsolidated 
clays are usually plastic and soft, highly consolidated ones are much harder. In 
some cases the latter show brittle behaviour and, like hard rocks, can be intersected 
by a network of fractures. Additional factors affecting the physical properties 
of clays are the mineralogical composition and variation in particle size. 
However, regardless of their specific properties, most clay layers are considered 
impermeable and in hydrogeology are usually referred to as aquicludes, in contrast 
to aquifers that contain and yield water supplies. 

Neglecting, for the time being, hard argillaceous rocks, which may have 
groundwater circulating through fractures, it can be stated that clay layers in 
which water moves through the pores behave like semipermeable membranes. The 
permeability of semipermeable membranes can be different for different fluids; 
as an example, many clay layers that are able to prevent the escape of hydro-
carbons, because of the capillary pressures in liquid and gaseous phases, can be 
penetrated by water. The energy necessary to drive water through clays can be 
provided by compaction of the sediments, by hydraulic gradients, or even by 
thermal or electrical potential gradients. When water moves through clays by 
diffusion, an ion-filtration mechanism operates which leads to salinity gradients 
in the fluid phase. Consequently, osmotic pressures can exist in a sequence of 
argillaceous sediments and influence the flow regime. 
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Because clays are sedimentary materials, variations may exist in the direction 
vertical to stratification even over short distances; horizontal variations, on the 
other hand, take place over much greater distances because they are usually due to 
changes in sedimentary conditions within the basin. As a result, argillaceous rocks 
may be anisotropic and the permeability in the vertical direction may be 
significantly different from the horizontal. However, in consideration of the facts 
that the horizontal dimensions of clay formations are usually much greater, and 
that the flow of groundwater through the clays is usually driven by head differences 
in the overlying and underlying aquifers and is, therefore, essentially vertical, it is 
reasonable to focus attention on the vertical permeability. Typical values for 
argillaceous sediments fall in the range 10"10 to IO"13 m/s [88]. Despite the low 
permeability of argillaceous rocks, hydrogeological calculations show that with 
common hydraulic gradients the volume of groundwater going through clay bodies 
over long periods may be significant, thus necessitating careful study of the hydro-
geological properties of clay formations in which a waste repository may be sited. 

After waste emplacement, and after backfilling and sealing of the.repository, 
near-field conditions may be different depending on design specifications. For 
example, in a repository based on a matrix of boreholes drilled from the surface, 
the waste containers would be stacked to make a long column and may be in 
contact with the rock. In the case of a mined repository the waste containers 
can be placed either in disposal holes drilled from the galleries or within the 
galleries themselves. In this latter case, various materials can be placed between 
the waste containers and the clay formation. The hydraulic properties of a system 
composed of tunnels with their lining, plus waste packages immersed in some kind 
of backfill, will be different from those of the undisturbed clay formation. 

Any opening or mass of porous material with a permeability greater than the 
host rock left in the clay formation, after sealing of all connections with the 
surface, would initially act as a point sink. This would lead to a flow of water 
from the rock formation because of the pressure gradients. The process would be 
opposed by the high temperatures generated by the wastes. Eventually all 
openings and pores in the backfill would become filled with fluids which will be 
in equilibrium with formation water pressures. At this point the regional water 
flow in the host rock would return to that which existed before the mining 
perturbation. 

Waste containers can be placed in boreholes, drilled either from the surface 
or from mined tunnels, so that they would be directly in contact with the clay. 
It is assumed that the top of each borehole would be plugged immediately after 
disposal and no direct connections would exist either with the surface or with the 
galleries. The hydrogeological consequences of such an arrangement can be divided 
into those within the formation and those in the borehole. In both cases the main 
effects are due to the heat generation in the wastes and depend on the maximum 
temperature that will be reached at the interface between rock and waste con-
tainers. If the temperature is sufficiently high to produce vapour, open spaces 

4 3 



in the borehole will be pressurized and a pressure gradient away from the borehole 
will be generated. 

Considering clay, in particular, it is clear that heating will cause thermal 
expansion in pore fluids and in the solid matrix. Preliminary modelling studies 
indicate that a radial flow would be caused by the volume increase of pore water. 
This flow would be increased by high vapour pressures in the boreholes. 

If temperatures were not high enough for vapour to be produced, the flow 
would still occur, but only because of thermal expansion. The pressures that could 
be generated in the formation around the waste containers, the mechanical effects 
of these pressures and the alterations that the clays might undergo are not yet 
known. In situ experiments are being designed to answer these questions. When 
the effects of the thermal changes end, groundwater flow will return to the 
conditions that existed before the formation was disturbed. 

Provided that connections between the repository and the surface are back-
filled and that no new flowpaths are generated by tectonic movements, mining, 
closure-related movements and thermal effects, then any expected near-field 
effects will probably be local and short-lived and can be considered to be irrelevant 
to the overall safety of a repository in argillaceous sediments. 

4.7.4. Tuff 

Tuffaceous rock may occur as porous non-welded, partially welded and 
welded units. Tuffs that are welded generally have low matrix permeability; 
however, the presence of fractures in these units may increase their effective 
hydraulic conductivity. For a repository sited below the water table a rock unit 
that is low in fractures and has a low matrix permeability is desirable. Above the 
water table the presence of fractures can be a desirable feature, since these fractures 
may help to drain the repository and prevent accumulation of standing water. 

Water which interacts with welded, devitrified tuffs at elevated temperatures 
shows little change in chemistry [82]. This is because the minerals present have 
low solubility and reactivity. Non-welded and partially welded tuffs, which may 
contain substantial amounts of glass, clay minerals and zeolites, would be expected 
to produce larger changes in water chemistry. Clay minerals may dehydrate when 
heated to temperatures above 100°C, but will rehydrate readily when the tem-
perature drops, provided they have not experienced temperatures above 200°C 
[47], Repository design can ensure that temperatures to which zeolites will be 
exposed are kept below that which will cause alteration of these minerals. 

4.7.5. Basalt 

Hydraulic conductivity in basalts depends largely on the degree of fracturing 
present. The matrix conductivity for the Columbia River Umtanum basalt is 
0.01 m/a, while that in the fractured flow levels at the top of the formation is 
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3 ml a. Following emplacement of high-level wastes, the temperature of the rock 
will rise and the water contained near the repository will be driven away. The 
approximate volume of dried rock associated with one high-level waste package 
is 3 X 103 m3 . This represents the removal of about 3 X 103 L of water [83]. 
The time for resaturation of the rock following repository closure is expected to 
be about 300 years. 

Water flow, after resaturation has occurred, will depend on the density and 
orientation of fractures, including the original fractures, as well as those induced 
by the thermo-mechanical response of the rock. Flow direction, which may be 
horizontal or vertical, will depend on the local hydraulic gradient. 

4.8. TRANSPORT OF RADIONUCLIDES TO THE FAR FIELD 

As defined earlier, the far field begins where the perturbations caused by 
repository excavation and waste emplacement are no longer sufficient to modify 
the conditions originally existing in the geological environment. Once the waste 
radionuclides reach groundwater circulating outside the near field, they can then 
be assumed to be transported along pathways that may be stable or variable 
depending on the scenario. For a number of disposal concepts and repository 
designs the far field can be such an effective barrier that time and the rate of 
release from the waste package and transport in the near field probably have 
relatively little influence on the outcome of the safety assessment. Conversely, 
it is also possible to design disposal systems, particularly for low- and intermediate-
level wastes, with such effective barriers in the near field that radionuclide release 
would be minimal, making reliance on far-field barriers much less important in 
controlling the eventual radiological impact of the repository. The relative 
efficiency of barriers in the near and far fields depends on the characteristics of 
specific repository sites. The focus in this report is on potential transport mechanisms 
in the near field, which are obviously dependent on repository design and types 
of host rock. 

4.8.1. Rock-salt 

If normal scenarios are considered, that is, no fluids enter the near field from 
outside the repository, then the only fluids that could serve as transport media for 
radionuclides would be formation water in both liquid and vapour phases and gases 
derived either from the host rock, the wastes, or produced by radiolysis. With 
the exception of radiogenic helium, no gas would be added by the breakdown of 
high-level waste forms. In the case of spent fuel, some gaseous fission products 
could be released if containers were to start failing relatively soon after disposal. 

The pressure in the residual volume of the borehole would be increased by the 
gas components liberated out of the rock-salt or generated by thermal cracking 
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or radiolysis. The resulting pressure gradient on galleries above the boreholes, or 
to the far field, forces a flow away from the waste containers, if it is assumed that 
both the borehole sealing and the host rock are permeable to gas. If the containers 
have already failed, radionuclides may be transported into the galleries. 

The different conditions to be considered during the life of a repository are: 

— Closure of all openings is complete and waste packages are surrounded by a 
significant thickness of salt which is isotropic 

— The repository has been backfilled and sealed, but closure of the excavations 
is not yet complete 

— The mined parts of the repository are still open. 

It is anticipated that disposal holes will be sealed. In any case, it is likely that 
the backfill will have higher permeability than undisturbed salt and thus any 
migration of fluids into the rooms would preferentially take place along the disposal 
holes. The rate of fluid migration in each disposal hole would be determined by 
the pressure gradient and by the permeability along the flowpath. Migrating 
fluids would eventually reach the floor of the gallery, from which any further 
migration would depend on the conditions in the repository. For instance, if 
there was still adequate ventilation, water would evaporate and vapour would be 
removed by this ventilation, together with any gases entering the gallery. Because 
the potential quantities of brines and gases entering the boreholes will be small, 
transport of radionuclides into the galleries will take place at very low flow rates. 

In the potential conditions outlined above, the amount and type of brine 
in contact with the wastes, and the pathways for the inflow of brine to the buried 
wastes, have to be determined. When all openings are closed and all waste packages 
are surrounded by salt, only water or brines already present in the host rock 
before the repository operation was started could contact the waste. It is most 
unlikely that water or brine will reach the wastes as a result of engineering failure. 

If water intrusion into the shaft or other mine openings occurs before closure 
of the excavations is complete, or the mined parts of the repository are still open, 
the galleries will be filled with water, and this will become a saturated brine. As a 
result of convective cells in the brine and pressure buildup by convergence of the 
openings, the brine may be transported in the open tunnels, thus reaching salt 
layers of different composition, where redissolution may take place (see also 
Sections 4.2 and 4.4). If the circulating brine is not saturated, the flowpaths will 
be widened by dissolution of salt. 

In the case of circulating brine, release of radionuclides will be influenced 
by the condition of the waste packages and by the corrosive potential of the brine, 
i.e. its chemical composition, by the corrosion and leaching resistance of the 
waste packages and by the flow rate of the brine along the waste packages. Owing 
to heat generation from the wastes (in turn causing a convective flow of brine) and 
owing also to convergence of the openings, radionuclides released from the wastes 
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could migrate within the repository and even escape the host rock. These situa-
tions may result from flooding of the repository before complete closure of the 
excavations. It is well known that many abandoned salt mines are flooded; it is 
also known that flooding of those mines has been either intentional or caused by 
an inflow of water through the shaft or by mining too close to the edge of the 
salt body. 

It is not generally agreed that a flooding scenario needs to be considered in 
the safety assessment of a salt repository. Some experts claim that by carefully 
following procedures and by employing effective engineering methods, the proba-
bility of flooding can be made so low that the scenario becomes rather improbable. 
On the other hand, others take the conservative approach that the consequences 
of any scenario that cannot be ruled to be impossible must be considered. It is 
obvious that in the case of flooding of the repository, the hydrological conditions 
in the near field would be greatly different. It must also be kept in mind that 
these salt deposits could be exploited as resources in the future, using flooding 
techniques. 

In this hypothetical case the near-field conditions would be strongly 
dependent on the repository layout, e.g. spacing and depth of the boreholes, 
dimensions of the disposal rooms, spacing and dimensions of the galleries, sealing 
and backfilling of disposal boreholes and rooms, and on the time at which the 
flooding of the repository is assumed to occur. Both the volume of open spaces 
in the repository, allowing the water or brine to penetrate to the disposal zone, 
and the heat generation, causing convection cells in the remaining openings, are 
dependent on the time of flooding. On the other hand, the repository layout 
determines potential pathways and the spatial distribution of heat sources. 

Modelling of near-field hydrogeological conditions in the case of flooding 
of the repository would require complete knowledge of all conditions involved. 

4.8.2. Granite and similar crystalline rocks 

The release rate of radionuclides from the waste form is influenced by the 
conditions of the near field in several ways. In the particular case of a repository 
in hard rock, we are more likely to encounter flowing water than in the case of a 
salt repository. In a situation with relatively high water flow, the reaction rate 
between the fluid and the waste form may determine the dissolution of the matrix. 
Some nuclides may be released faster due to quick migration in the waste form, 
while others may precipitate or be sorbed on waste-alteration materials and thus 
not be transported immediately out to the far field. 

In low flow situations, many of the actinides - uranium, thorium, neptunium, 
and perhaps americium and technetium - which have very low solubilities in 
reducing groundwaters (normally expected in deep crystalline rocks) will move 
away from the wastes in very small quantities. 
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The chemical environment may be altered by the presence of the wastes, 
and oxidizing conditions may result from radiolysis. In such waters, uranium, 
neptunium and technetium will become significantly more soluble provided that 
complexing agents (HC0 3 or fulvic or humic acids) are present in the water. 
Plutonium, on the other hand, will decrease in solubility and precipitate [89]. 
The oxidizing environment may extend some distance downstream. The moving 
radionuclides would precipitate at the redox front and be carried downstream of 
the front in the concentrations resulting from their solubilities. To some extent 
the nuclides precipitating at the redox front may form colloids. In this case, they 
might be transported downstream in higher concentrations than those resulting 
from their solubilities. 

Fissured crystalline rocks at repository depths (500 m and deeper) have 
hydraulic conductivities of the order of 10"10 to 10"9 m/s [85], Hydraulic 
gradients at repository depths are less than those close to the surface. In crystalline 
rock plutons, hydraulic gradients of less than 1% are expected. These figures give 
estimated groundwater fluxes of 0.003 L m ~ 2 - a - 1 to 0.3 L m - 2 a - 1 . When there is 
no low-permeability buffer around the waste package, the size of the emplacement 
hole will determine the flow rate contacting the wastes. With a 10 m 5 effective 
cross-sectional area in the flow direction of the emplacement hole, the flow rate 
reaching the wastes is 0.03 to 3 L/a. The figures give, for example, a dissolution 
rate for borosilicate glass of 0.006 to 0.6 g/a for each waste package if a solubility 
of 200 mg/L is used. This range is more than two orders of magnitude lower than 
that determined by the dissolution reactions. 

In reducing waters the solubility of uranium is considerably lower than under 
oxidizing conditions, 0.1 to 1 Mg/L. This is substantiated both by observations in 
nature [90] and calculations based on laboratory measurements [91 ]. With this 
solubility range the dissolution rate is in the range 3 X 10"3 to 3 jum/a for one waste 
package if the assumptions given above are used. Except for some mobile elements 
such as ruthenium, caesium and iodine, this is well in accordance with the observa-
tions of the natural reactors in Oklo [92], where uranium oxide and the other 
actinides have stayed in place for 1800 million years. 

The use of a buffer with permeability less than the surrounding host rock 
further limits the water-flow rate past the waste form. At low flow rates, dissolved 
species will migrate faster by diffusion than by flow when steady state is reached, 
which means that the flow rate will no longer limit the transport of radionuclides 
[93, 94]. The water which moves in the zone surrounding the low-permeability 
buffer will take up the radionuclides emerging from the buffer. The uptake will 
be limited by the depth to which the radionuclides penetrate into the flow water 
by diffusion, this penetration depth being determined largely by the residence 
time of the water flowing past the buffer in the hole. The flow rate of contamin-
ated water is proportional to the flux, the penetration depth and the flow 
porosity of the rock. The penetration depth also depends on the flux and porosity 
as these factors determine the residence time of the water at the buffer. 
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Besides a fairly low diffusivity for many of the important radionuclides, 
bentonite also has good sorption properties. The presence of a buffer may thus 
limit the leach rate by slowing down the removal of dissolved species and thus 
maintaining a high concentration of the species near the wastes. Species such as 
silica, uranium and other solubility-limited radionuclides, will then dissolve at 
slower rates. A thick buffer with low permeability and diffusivity can thus be a 
rate-determining barrier for the transport to the far field by effectively slowing down 
the leaching process and by retarding radionuclide transport. In addition to 
this, the buffer also sets a limit on the transport rate during the stationary phase 
of leaching. The importance of the buffer as a rate-determining barrier will be 
dependent on the geometry of the repository. From calculated examples [95], 
the resistance to migration is 3 to 50 times larger in the water in the host rock 
than in the buffer. A thicker buffer and/or different flow rates and porosities 
in the host rock may of course change this situation. Recent measurements of 
anion diffusivities indicate that anions have a considerably lower effective 
diffusivity in compacted bentonite than cations [96]. The relative importance 
of the bentonite buffer for limiting migration is larger for anions than for cations 
during the stationary phase of the release. 

Under naturally occurring conditions, a low flow rate in hard rock will be 
a strongly limiting factor in releasing the radionuclides to the far field. Should 
the hydraulic situation change and the flow rate increase very much, a low-
permeability buffer and backfill barrier can still remain an important factor in 
limiting radionuclide transport to the biosphere. 

4.8.3. Argillaceous rocks 

Assuming that no abnormal events take place and that the permeability of 
the clay formation is not significantly modified during the time frame considered 
in the analysis, the transport of radionuclides to the far field will result from 
groundwater flow and diffusion. It is anticipated that in a clay environment the 
waste packages will keep their integrity for at least a few hundred years and that 
contact between wastes and groundwater will start when the thermal effects 
induced by the wastes have disappeared. It must be pointed out that heat from 
the wastes would initially reduce the contact between canisters and circulating 
groundwater by creating a pressure gradient away from the heat sources. It is 
possible to calculate the extent of radionuclide mobilization and migration, 
assuming that radionuclide release will start when groundwater flow is back to 
normal. The leaching of wastes would be controlled by the flow rate of available 
water. 

In very low flow conditions the amount of water which may be contamin-
ated is not limited to that flowing through the hole proper and directly contacting 
the wastes. By diffusion the dissolved species may reach a considerable distance 
out into the water-filled pores of the clay. In this situation, the flow of 
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contaminated water may be about two orders of magnitude larger due to 
diffusional effects for species which are not retarded by sorption in clay [97 ]. 
Retarded species will not diffuse as far; the water flow contaminated by such 
species would vary between the two extremes. 

Assuming that the solubility of silica controls waste dissolution and that the 
maximum flow rate is active in waste leaching, up to 100 g of glass would be 
dissolved in 1000 years in each disposal hole. 

Considering now the extent of possible migration owing to the water flow 
alone, the water would travel 25 metres in a million years, assuming that the 
total porosity of the clay coincides with the effective porosity. Sorbed species 
would travel shorter distances, depending on actual sorption processes [98 ]. As an 
example, plutonium, assuming a retention factor of 5000 [99], would travel only 
a few millimetres. 

Much greater migration distances would result from diffusion. Calculations 
show that diffusion would be the process controlling migration in a geological 
environment, with hydraulic properties assumed for a plastic clay formation. 
For example, diffusion would cause the sorbed species in plutonium to travel 
several metres in a million years. Non-sorbed species, such as iodine, in the same 
time period could diffuse as far as a few hundred metres and partially escape 
from the disposal formation. If radioactive decay is considered, the analysis 
shows that in a clay repository, 129I is the only radionuclide that would migrate 
to the far field. All other waste radionuclides would be effectively retained within 
a few metres of the repository. 

This analysis is only meant as an example; particular sites would have to be 
assessed on the basis of site-specific parameters. Particularly important could be 
variations in water-flow conditions owing to the presence of fractures, which might 
exist in stiff clay formations. 

4.8.4. Tuff 

The rate of movement of radionuclides from the near field into tuff will 
depend, as in other rock types, on the reaction rates between groundwater and 
available radionuclides and on the magnitude and direction of fluid flow. 

Tuff consists predominantly of the relatively stable minerals quartz, cristo-
balite and alkali feldspar, these providing little geochemical retardation. Associated 
with tuffs are layers of ash, which may consist largely of a particular mineral 
species, such as zeolite (e.g. clinoptilolite). This type of deposit will probably 
act as a sorptive barrier between a repository in tuff and the biosphere. If similar 
mineral species occur within the tuff host rock, then sorption processes will occur 
nearer to the source. Tuff is so variable in composition that only these generaliza-
tions can be made and site-specific information is essential to make even 
preliminary model assessments of radionuclide movement. 
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Thermal effects are likely to be restricted to the immediate vicinity of the 
repository, and useful information may be available from areas where hydrothermal 
effects have resulted in mineralogical changes in the past. 

4.8.5. Basalt 

The transport of radionuclides away from the repository in basalt will occur 
as a result of water flowing through fractures. The main transport paths will be 
along major fractures; microfractures will allow transport of material to the rock 
matrix, where the radionuclides in solution or suspension may react with, or be 
sorbed by, the minerals in the rock. 

Basalts generally contain magnetite ( F e 3 0 4 ) and its reaction with ground-
water will produce an oxidization state appropriate to the F e 0 - F e 2 0 3 buffer. 
This should result in low oxidation states for elements such as Tc and Np and 
reduce the mobility of those radionuclides. 

Hydrothermal alteration of basalts which originally contained a significant 
proportion of glass will result in the formation of clays and zeolites. These 
materials can then act as ion-exchange and sorptive media, which will provide 
a retardation effect on the migration of radionuclides. 

5. CONCLUSIONS 

Many different kinds of repository systems are currently under consideration, 
under development or, for certain types of wastes, even in operation. These 
systems are based on different host rocks and on different repository designs. 
The importance of near-field effects in the isolation of radioactive wastes varies 
greatly among the various concepts. In simple terms, repositories located in 
host rocks characterized by a certain potential for radionuclide transport will 
require that other components of the disposal system compensate for this by 
preventing or restricting mobilization of radionuclides. The near-field effects 
discussed in this report are fairly well understood for certain types of host rocks 
and repository designs, together and when considered separately. However, the 
various individual near-field effects have to be considered together in order to 
assess the potential transport of radionuclides to the far field. Coupling of the 
various effects is the most difficult part of the assessment, one requiring additional 
work in order to reduce uncertainties regarding the performance of the various 
near-field components. For example, it was seen that thermo-mechanical effects 
in a hard-rock repository may affect the permeability of the rock and the ground-
water flow in a way that may be difficult to model satisfactorily. In addition, the 
chemical environment may be changed by the presence of wastes and oxidizing 
conditions may result from radiolysis. On the other hand, the engineered barriers 
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surrounding wastes can be designed in such a way that any uncertainty about the 
coupling of near-field effects and about the long-term behaviour of the various 
components will be counterbalanced by their great capacity to isolate the critical 
radionuclides. 

Deep in situ experiments are still needed. These will help to clarify, for example, 
certain near-field effects, as well as to quantify the impact of certain parameters. 
All of this will aid in the integration of near-field effects in the performance 
assessment of the entire disposal system. Large projects are being realized in 
several countries which will improve the understanding of near-field phenomena, 
and promote dissemination of this specific knowledge. The development of 
specific disposal systems, in particular for high-level, long-lived wastes, will 
necessitate complex and extended site-specific investigations. In general terms, the 
increase in knowledge and the maturity of technology will improve the safety of 
waste disposal. Experimental data will help permit verification of models, many 
of which are often based only on laboratory experiments and theoretical 
considerations. Listed below are examples of activities, either ongoing or planned, 
which can contribute to a better understanding of near-field effects: 

— Investigations of groundwater flow in different geological environments. 
— Studies on the migration of radionuclides in various rocks and in various 

hydrogeological conditions. 
— Verification of models; in particular, identification, quantification and 

confirmation of certain parameters. 
— Investigation of different buffer materials, including buffer mass tests and 

comprehensive analyses of the results. 
— Heat-transfer experiments in various potential host rocks. 
— Study of thermally induced rock movements. 
— Improvement of methods for evaluation of rock behaviour, including effects 

of rock stress and fracture generation. 
— Examination of the chemical and physico-chemical behaviour of certain 

important radionuclides, for example, mechanisms of dissolution, leaching 
and migration of actinides. 
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