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Since the mid-1970s, the Swedish Nuclear Fuel and Waste Management Company
(SKB) has been carrying out geoscientific research and feasibility studies aimed at
identifying suitable sites for deep repositories in the Precambrian basement of the
Baltic Shield. The documentation of this research effort forms an extensive body of
material which is exceptionally wide-ranging and which is generally little known out-
side the Swedish nuclear waste community. This has now been compiled in the form
of a “documentation guide” in order to make the research results more easily accessi-
ble to the scientific community at large, and to show how they relate to their “nearest
surroundings”, i.e. the relevant academic scientific literature and the documentation of
similar research by other institutions, in Sweden and in other countries (Finland, Can-
ada). The documentation covers the period 1976–2000 and contains ca. 850 citations,
of which about half are technical reports published by SKB and its forerunners. In the
main body of the guide (Chapters 2–9), the material is arranged thematically and the
scope of the documentation in each theme is described and commented in short texts,
showing the interrelationships between the individual reports and scientific papers,
with appropriate cross-references. Early chapters (2–5, and 7) cover general themes:
bedrock geology, fracturing, glaciation and crustal dynamics, deep groundwater, and
geosphere transport, each subdivided into citation groups under headings which are of
particular interest to the Swedish deep repository siting programme. Later chapters (6,
and 8–9) include thumb-nail sketches of the Swedish study sites (Finnsjön, Fjällveden,
Gideå, Kamlunge, Klipperås, Sternö), the underground laboratory sites of Stripa and
Äspö, and comparable sites in Finland and Canada, as well as the complete documen-
tation to the feasibility studies carried out in eight Swedish municipalities between
1993 and 2000 (Storuman, Malå, Nyköping, Östhammar, Oskarshamn, Tierp, Älvkar-
leby, Hultsfred). As added background, Chapter 10 contains a compilation of SKB
conceptual studies and planning documents, and related material from other Swedish
institutions. A complete bibliography is appended as the final chapter.
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Sedan mitten av 1970-talet har Svensk Kärnbränslehantering AB (SKB) och dess
föregångare genomfört geovetenskaplig forskning och förstudier, med målet att finna
lämpliga områden för djupförvar i den svenska delen av Baltiska Sköldens prekam-
briska berggrund. Dokumentationen av denna forskning är omfattande och täcker ett
mycket brett forskningsfält, men är i allmänhet föga känd utanför interessesfären kring
svensk kärnavfallshantering. Materialet har nu sammanställts i denna ”dokumentations-
guide” för att därmed göra forskningsresultaten mera lättillgängliga för vetenskaps-
samhället i stort. Dessutom visas hur materialet anknyter till relevant vetenskaplig lit-
teratur och dokumentation av likartad forskning utförd av andra institutioner i Sverige
och andra länder (Finland och Kanada).

Dokumentationen täcker perioden 1976–2000 och innehåller cirka 850 referenser, av
vilka ungefär hälften är tekniska rapporter publicerade av SKB eller dess föregångare.
I guidens huvuddel (kapitlen 2–9) är materialet tematiskt organiserat och dokumenta-
tionens omfång inom varje tema beskrivs och kommenteras i korta texter. Dessutom
förklaras inbördes samband mellan olika rapporter och vetenskapliga publikationer och
relevanta korsreferenser ges. De inledande kapitlen (2–5 och 7) täcker generella teman:
berggrundsgeologi, sprickbildning, nedisning och jordskorpans dynamik, djupt grund-
vatten och transport av radionuklider i geosfären. Varje tema är indelat i citerings-
grupper under rubriker som är av speciellt intresse för det Svenska djupförvarspro-
grammet. De följande kapitlen (6 och 8–9) inkluderar korta beskrivningar av SKB:s
typområden (Finnsjön, Fjällveden, Gideå, Kamlunge, Klipperås, Stenö), underjords-
laboratorierna i Stripa och Äspö, och av jämförbara objekt i Finland och Kanada. Här
ingår också den kompletta dokumentationen från de förstudier som utförts i åtta kom-
muner mellan 1993 och 2000 (Storuman, Malå, Nyköping, Östhammar, Oskarshamn,
Tierp, Älvkarleby, Hultsfred). Som bakgrundmaterial ger kapitel 10 en sammanställning
av SKB:s metodstudier och planeringsdokument och relaterat material från andra
svenska institutioner. En komplett bibliografi bifogas i kapitel 11.
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A deep repository is planned to be built at a depth of ca. 500 m in the bedrock as an im-
portant component in the Swedish system for the management of spent fuel from the
nuclear power stations. As part of the siting programme for the deep repository, the
Swedish Nuclear Fuel and Waste Management Company (SKB) has been carrying out
feasibility studies (“Förstudier”) in eight different municipalities, with a view to identi-
fying suitable areas for more detailed investigation (including deep drilling). Two of the
feasibility studies (Storuman and Malå) were completed in 1995 and 1997 respectively,
and the remaining six (Östhammar, Nyköping, Oskarshamn, Hultsfred, Tierp, Älvkarle-
by) in year 2000. In December 2000, SKB published a report stating where they want to
conduct more detailed investigations (site investigations) and how these investigations
would be carried out. The report has later been subject to review by the safety authori-
ties followed by a decision by the Swedish government, authorising SKB to proceed to
site investigations. The process of obtaining permission by the municipalities concerned
is currently under way. SKB expects to be able to commence the site investigations in
2002.

An important component in the feasibility studies consisted of a compilation of all
available geoscientific information for the municipality in question and its interpreta-
tion in terms of favourable areas for carrying out further investigations. This interpre-
tation, or expert judgement, as to where, from a geoscientific point of view, to carry
out further investigations in the search for a safe deep repository, is itself based on the
accumulated knowledge from about 25 years of problem-oriented research by SKB, as
well as on the general geoscientific basis provided by the Geological Survey of Swe-
den (SGU) and Swedish academic institutions. The research supported and carried out
by SKB since the mid-1970s forms an extensive body of material which is exception-
ally wide-ranging and is generally little known outside the nuclear waste community.
Hence, although the compilation of SKB's geoscientific documentation was carried out
in support of the siting programme it was thought that it could also be of wider inter-
est. For this reason, the material has been compiled in the form of the present
“Documentation Guide”, an attempt to make it more accessible to the geoscience
community at large, and to make this specialised aspect of the siting process in
Sweden more easily subjected to the necessary scientific scrutiny.

��	�	����������

The Documentation Guide itself is contained in Chapters 2–9 of this report. The geosci-
entific background material is arranged thematically and the scope of the documentation
in each theme is commented in short texts, with appropriate cross-references. As a
backcloth to this scientific work, documents concerned with the broader context of the
siting process in Sweden – programmes, plans, reviews, etc., and reports of more gen-
eral interest – are collected and grouped in Chapter 10. All documents are then listed
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alphabetically according to first author in the Bibliography (Chapter 11) in the conven-
tional way. The material covered is as follows:

•  All KBS, SKBF/KBS and SKB Technical Reports, and SKB reports in the
Projektrapport and Rapport series, which fall within the area of geoscience in the
broad sense, together with a selection of reports from the Stripa and Äspö HRL
projects.

•  Recent SKB-supported doctoral and licentiate theses of geoscientific nature.

•  A selection of recent SKB and SKI reports of more general nature related to
the siting process and site characterisation, including performance and safety
assessment studies (e.g. Site-94, SR-97), and related studies by other Swedish
institutions (SSI, KASAM, SKN, etc.).

•  A selection of reports from the Finnish and Canadian programmes, where
Precambrian crystalline rocks similar to those in the Swedish bedrock have also
been studied as hosts for a deep repository.

•  A selection of scientific papers on relevant aspects of Swedish geoscience,
mostly published later than 1990 and including many papers based on SKB-
supported research.

The SKB documentation itself has been worked through systematically, up to and in-
cluding year 2000, whereas material from other sources has been more selective. A few
SKB reports which were published in 2001 have been included, where they conclude
and summarise long-standing projects. With regard to what has ��� been included, the
lines have been drawn as follows. Most technical reports which are mainly of a theoreti-
cal nature, including numerical modelling which was not directly tied to the conditions
at a particular site, have not been included. Similarly, most experimental studies in
which the aim was to simulate supposed repository conditions or to develop methods
related to repository design and construction were excluded. These limitations were in-
troduced because the primary motivation behind the work was to provide a geoscientific
background report in support of the siting process, not an overview of all SKB’s scien-
tific and technical work. Another limitation is that only reports of SKB’s Technical Re-
port, Projektrapport and Rapport series have been included, or equivalent publications
of other institutions. All progress and working reports (e.g. SKB’s Arbetsrapport series)
have been omitted, although these are often cited in the Technical Reports and are there-
fore, in principle, publically available. This limitation was made in order to reduce the
number of documents to manageable proportions, on the assumption that, in most cases,
the results reported in the working documents were eventually published in some form
in Technical Reports. Some exceptions have been made to this rule when this seems not
to have been the case. Even with these limitations, the Bibliography contains about 850
citations, of which about half are publications of SKB and its forerunners.

��������������

In the main body of the report, the documents are arranged in Chapters according to
general themes, and the listings in each Chapter are arranged in Sections and Subsec-
tions according to content. A short text is included at the beginning of each Chapter (ex-
cept Chapter 10), explaining the subdivision into Sections. A brief overview is given at
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the beginning of each Section and Subsection, describing the character of the documen-
tation, outlining interrelationships between individual citations, and, perhaps most im-
portant, giving cross-references to other parts of the guide. The arrangement of the cita-
tions in the Section and Subsection lists corresponds to the order in which they are cited
in these brief explanatory texts. In Chapters 2–10, the same document may be cited in
more than one Section, reflecting its importance for different themes, whereas each
citation only occurs once in the Bibliography. The content of the Chapters can be briefly
summarised as follows:

)#������-�����	�
GEOTAB/SICADA data base, host rock characterisation, petrography, heterogeneity,
etc., and reports/papers on the evolution and formation of the Precambrian crystalline
basement in Sweden (Baltic Shield).

)#������-����	���
��
Lineament analysis, block structure, fault patterns (onshore, offshore), fracture system
and fracture zone characterisation, etc., and reports/papers on the post-cratonisation
history of the Baltic Shield.

)#������-����	
��
�������	������������
	�
Quaternary-Recent geology, climatic change, past and future glaciation of Scandinavia,
neotectonics, seismicity, heat flow, ������� stress, etc., and reports/papers on glacio-
isostasy and its relation to seismicity.

)#������-��������������
Hydraulic conductivity of crystalline rocks, regional patterns of groundwater flow in
Sweden, hydrogeochemistry, interface freshwater/seawater, microbiology of deep
groundwater, etc., and reports/papers on the hydrogeological effects of glaciation,
seismicity, etc.

)#������-������������	���
�
���
Experience from SKB study sites, predicting underground relationships, deep drilling,
seismic interpretation, etc., tunnelling and underground caverns, underground conditions
in general (depth dependency, low-angle fracture zones, fracture hydrology, stress, etc.),
Stripa and Äspö underground laboratories, etc.

)#����� -�!����������"����
���	�
���
���#�����#�
Reports on natural analogues of radioactive waste repositories (Oklo, Cigar Lake,
Palmottu, etc.), and a selection of reports on the results of sorption/migration experi-
ments in underground laboratories.

)#�����$-�%&�.���
�
�����������
Historical overview, national/regional surveys, feasibility studies at county scale (SGU’s
“Länsstudier”), and feasibility studies at municipality scale (“Förstudier”).
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)#�����(-�)������*�����������
Selection of reports from the Finnish and Canadian programmes, with particular empha-
sis on the siting process and site characterisation.

)#������+-��������	���,�
SKB conceptual and programmatic material relating to the KBS-3 concept, alternative
concepts, site selection programme, scenario development, safety analysis (SR-97), etc.,
SKI’s performance assessment project (SITE-94), SKI's and other reviews of SKB’s
activities and planning.

This report is in principle a guide to SKB-sponsored geoscientific research over the past
25 years. The main emphasis is on the arrangement of all geoscience-related technical
reports published by SKB in a logical framework, and on showing how they are related
to each other and to their “nearest surroundings” (scientific literature, Finland, Canada,
SKI, etc.). In some traditional areas, SKB has relied heavily on research results publish-
ed in the scientific literature, where geoscientists at the universities have been engaged
in studies which are particularly relevant to SKB concerns. This is particularly the case
for the first three themes (Chapters 2–4): in these cases, a list of “Selected scientific
papers” and a brief commentary are added. The aim was to complement the problem-
oriented research reported in the SKB documents with some coverage of the regional
geological background to SKB research, as it appears in the scientific literature. In the
remaining Chapters, relevant scientific papers, particularly those based on research
sponsored by SKB, are entered together with the SKB documents in the appropriate
categories.

���	���
��	��

Help has been received from many sides, for which I am very grateful. Bengt Leijon
(SKB) initiated the project and kept it running on the right track, giving generously from
his wide experience in numerous discussions and in his comments on various drafts.
Sven Follin (GeoLogic SF), John Smellie (Conterra), and Rune Johansson and Michael
Stephens (both SGU) made detailed comments on different parts of the texts and helped
considerably with important literature which would otherwise have been missed. Others
whose comments and added references were greatly appreciated include Fred Karlsson
and Karl-Erik Almén (both SKB), Lars O Ericsson (Chalmers) and Lennart Ekman (LE
Geokonsult). My thanks are due to all these colleagues for their invaluable contribu-
tions. I also thank Håkan Sjöström (Uppsala University) for translating the English
abstract into Swedish.
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The siting process in Sweden takes as its starting point the KBS-3 method of deep
disposal – disposal of encapsulated spent nuclear fuel in rock caverns at ca. 500 m depth
in the Swedish bedrock (Chapter 10). There seems to be some degree of consensus that
“bedrock” in this context means crystalline rock of Precambrian age belonging to the
Baltic Shield. At an early stage, however, certain areas adjacent to the Baltic Shield
were excluded from further consideration (Chapter 8, Section 8.1). This concerns (1) the
Precambrian basement covered by the Caledonian nappes in western Norrland, (2) the
strongly faulted southern margin of the Baltic Shield in Skåne, and (3) the basement
covered by a thick sequence of Palaeozoic rocks on the island of Gotland. At a later
stage, also areas judged to be of high ore potential were excluded, on the basis of more
detailed study (Chapter 8, Sections 8.2 and 8.3). For the present purposes, bedrock
refers to Precambrian crystalline rocks lying outside the above areas.

A modern overview of the rock types and formation processes of the Swedish Precam-
brian are given in the volume “Berg och jord” of the Swedish National Atlas, in the
chapter “Berggrunden”, under the heading “Sveriges urberg – en del av den Baltiska
skölden” (�	
����
��������, p. 14–21 – in the present report, the Swedish edition will
be referenced, rather than the English edition, which was also published in 1994 with
the title “Geology”). Petrographical and geochemical descriptions of the different rock
types in the bedrock are spread throughout the scientific literature, including numerous
SGU publications, and occur in many diploma and doctoral theses. No attempt has been
made by SKB to compile and summarise this enormous body of data. Rather, this pub-
lished database is regarded as a general background of experience against which to set
the detailed descriptions of individual objects, particularly individual outcrops, trenches,
shorelines, drill cores and tunnels, at various sites and in various research areas. These
detailed descriptions were originally stored in SKB's geodatabase, GEOTAB, which is
described in the reports listed below (Section 2.1), and later in the data base SICADA
(Site Characterisation Database), which was set up to store the site investigation data
from Äspö HRL (Section 6.3).

”Crystalline rock” is the general name given to rocks similar to those occurring in
Swedish bedrock, the geological environment in which the KBS-3-type repository for
spent fuel in Sweden is to be built. “Crystalline” refers to the grained texture which
most rocks in the Swedish bedrock show, independent of the different types of minerals
(mainly silicates) they contain. The grained texture derives from the slow cooling of
molten, semi-molten or highly tempered silicate rocks and minerals, formed deep in the
Earth's crust during Precambrian times (Section 2.5) and subsequently uplifted and
eroded to their present positions (cf���	
����
��������). Because of their crystallization
and/or recrystallization under high temperatures and pressures, crystalline rocks typi-
cally show very low porosity and relatively high strength (positive attributes), a propen-
sity to deform by fracturing when brought up to the Earth's surface (negative attribute),
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and complex, poorly predictable behaviour in relation to geological structure and mi-
grating fluids (anatexis, ore deposits, hydrothermal alteration, deep groundwater, etc.).

Many bodies of crystalline rock complexes are compositionally heterogeneous and
structurally complex features which can only be discussed in relation to detailed litho-
logical characterisation of individual localities. However, the documentation in this
category can be roughly subdivided into three groups based on first-order differences in
composition and structure:

•  /���
0�"��
	���	�: crystalline rock dominated by light silicate minerals such as
feldspar, quartz and white mica (felsic minerals), usually without strong mineral
alignment and usually without strong compositional banding (”massive” means
lacking foliation and banding). These rocks are generally part of large and rela-
tively homogeneous igneous intrusions (Section 2.2).

•  ���
���1*�����"��
	���	�: crystalline rocks with mineral alignment (foliation
due to aligned micas, amphiboles, mineral aggregates, etc.) and/or compositional
banding on different scales with a wide spectrum of lithologies (but dominantly
felsic). These rocks are generally part of strongly folded, metamorphic and/or
migmatitic complexes, whose original material (protolith) may be sedimentary or
magmatic (volcanic or plutonic) in origin (Section 2.3).

•  /���
0����"��
������"
	���	�: crystalline rock characterized by lack of quartz
and predominance of dark minerals such as pyroxene, amphibole and biotite
(mafic minerals). These rocks generally occur in much smaller bodies than the
above, and the massive and foliated occurrences are not separated in the citations
below (Section 2.4).

Of these groups, the first two (Sections 2.2 and 2.3) are represented here by a selection
of site descriptions, as examples of the variability of petrographic relationships which
are found almost everywhere in Swedish bedrock (for complete documentation, see
Chapter 6, and for further descriptions, see Chapter 8). The third group (Section 2.4)
represents a special type of crystalline rock, which, although not as widespread as the
others, was thought at one time to show special advantages. These did not turn out to be
critical enough to justify abandoning felsic rock as a prospective host rock. At present,
all crystalline rocks are regarded as potential hosts, depending on local conditions, par-
ticularly the degree of fracturing (see Chapter 3) and the extent to which fracturing is
controlled by lithology and structure. This position is supported, at least for the felsic
crystallines, by recent safety analyses for Precambrian bedrock sites (SR97 – Subsection
10.1.2; TILA-99 – Subsection 9.1.3), which seem to suggest that the different charac-
teristics of the rock matrix have little influence on the outcome of the modelling.

The final group in Chapter 2, Section 2.5, gives a selection of scientific papers dealing
with crustal processes and the formation of the bedrock in Precambrian times. This has
been a central object of scientific research in Sweden since the early beginnings and is
still the subject of heated discussion, even today. A selection of recent papers on the
subject is therefore included, as background to the descriptions in the reports cited in
Sections 2.2–2.4, and as general background to Chapters 2, 6 and 8.

Fredén, C. (ed.), 1994. �����	#�2���. Sveriges Nationalatlas.
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 There are few specific reports on crystalline rocks as hosts for KBS-3-type repositories
in the SKB documentation. This is presumably because generalities would be banal, and
specifics have been treated ���
��
��� in the large body of SGU and scientific literature
on the Precambrian basement of Sweden. However, SKB has collected a huge amount
of information, now incorporated in numerous published and unpublished reports,
which is exceptionally comprehensive and would not have been available if it had not
have been for SKB activities. Research at the SKB study sites, preceding the activities
of the siting programme, alone yielded 39 000 m of rock core from a total of about 75
drillholes, in addition to detailed surface data (detailed geological mapping, e.g. of
trenches, geophysical surveys, etc.), downhole geophysical logging, hydrogeological
testing, etc.. In the northeastern part of Oskarshamn municipality (Subsection 8.3.5), the
amount and depth of subsurface data acquired in connection with SKB activities
(Kråkemåla, Laxemar, Ävrö, CLAB, Äspö HRL), including 15 000 m of rock core and
more than 4 kilometres of tunnels and shafts, must be unique world-wide (Section 6.3,
Subsection 6.1.7). Already during the 80s, it became clear that the storage and retrieval
of such large quantities of data required a sophisticated electronic system, which devel-
oped into SKB’s database GEOTAB (�
����
������������	���������	�����������
����
����). This was replaced in the earlier 90s with the more powerful SICADA system
(Site Characterisation Database, e.g. ���������), to deal with the even stronger data
flood which was expected to arise from the construction of the Äspö tunnel and under-
ground laboratory, and all later site investigations. In addition to the electronic systems,
however, it was deemed necessary to present regular overviews of the scope of activi-
ties, essentially to inform on what data the databases contained, how, why and when the
data was acquired, and where the initial data processing was reported (mainly in the
form of internal SKB reports). In the case of the study sites, these overviews were
presented in 1991–1992 (  ��!�"�
����������������!�������������!������#�������,
see Section 6.1). A detailed overview of the Äspö investigations 1986–1995 is to be
found in ������	��
��������$��
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 ���� ������������������������
��� �����!
 The usual name for massive felsic rock is “granite” or “granitoid”, but many of the rock
types under consideration are not granitic in the petrographic sense (too little quartz).
The more general name “felsic” is preferred here because it can include all lithologies
which are dominated by light minerals (feldspars + quartz), whether or not they are
plutonic (as the name granite implies). Massive implies a lack of mineral orientation,
although at many of the localities listed below, the rocks often show a vague alignment
which may be magmatic or may be due to weak post-consolidation deformation. At
some localities, the rock bodies are intersected by narrow high-strain (mylonitic) zones,
although these are subsidiary compared to the large volume of massive rock (e.g. Äspö,
Kivetty). It should also be noted that plutonic “granitoids” are generally intersected by
aplitic to pegmatitic vein systems, which, because of their different reaction to fractur-
ing, may locally be of hydrogeological significance. Some localities also show a signifi-
cant number of later mafic dykes (e.g. Klipperås). As examples of localities dominated
by “massive felsic rocks”, six of the main Swedish and Finnish study sites are listed in
the following table, with brief summaries of the dominant rock types, a key citation, and
a cross-reference to their Subsection in this guide (where a complete list of citations will
be found). Of these localities, Äspö (Aberg), Kivetty and Hästholmen have been the
objects of safety analyses, with positive outcome.

 Kamlunge  Lina granite (about 40% of map area), intruded
into a metamorphic/migmatitic rock complex

 ��������	�
�������
 see Subsection 6.1.4
 

 Klipperås  Småland granite, locally weakly foliated
 

 �������������	����
�������see
Subsection 6.1.5
 

 Stripa  Granite
 

 ������������	�
�����,
 see Section 6.2
 

 Äspö  Complex mixture of Småland granite, Äspö dio-
rite and aplite, often weakly foliated (well-foliated
in Äspö shear zone)
 

 ������	�
��������
 see Section 6.3
 

 Kivetty  Porphyritic and even-grained granite and grano-
diorite
 

 ��		��
��	�
��������
 see Subsection 9.1.2

 Hästholmen  Rapakivi granite, coarse-grained, often orbicular
 

 ��		��
��	�
������
�
 see Subsection 9.1.2
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���
����($�>�((�6�%KB TR 97-06, Svensk Kärnbränslehantering AB.
 
 Anttila, P., Ahokas, H., Front, K., Heikkinen, E., Hinkkanen, H., Johansson, E., Paulamäki, S., Riekkola,
R., Saari, J., Saksa, P., Snellman, M.V., Wikström, L., Öhberg, A., 1999b. �
�����
��������"�����
��	����"���
���
��
�#�*���	��>�&
0�����
�������. Posiva Oy, report 99-09.
 
 Anttila, P., Ahokas, H., Front, K., Hinkkanen, H., Johansson, E., Paulamäki, S., Riekkola, R., Saari, J.,
Saksa, P., Snellman, M.V., Wikström, L., Öhberg, A., 1999a. �
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�
�
��
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�. Posiva Oy, report 99-08.
 
 

 ��"� #���������������������	�	����� �	���	��$%���!
 The rocks in this group are typically both anisotropic (showing well-developed mineral
alignment) and heterogeneous (showing well-developed segregation of minerals into
bands and bodies of different composition). This, together with the fact that they are
mainly felsic (dominated by the light minerals feldspar + quartz), means that they are
usually referred to as gneiss. They are mainly high-grade metamorphic rocks (subjected
to high temperatures and pressures at depth under long periods of time) and migmatites
(subjected to partial melting at even higher temperatures and pressures, or due to the
availability of fluids). The anisotropy and compositional banding is due to strong ductile
deformation before, during and/or after metamorphism and migmatization, which often
leads to complex folding and interleaving of originally distinct rock types. The rock
complexes are generally roughly classified according to these original rocks (protoliths),
into sedimentary, volcanic or plutonic metamorphites and migmatites. In Sweden,
metamorphic and migmatitic rocks of sedimentary and volcanic origin are called
“ytbergarter” and those of plutonic origin are called “djupbergarter”. These names refer
to the protoliths – all rocks in this group were at a later stage drawn down to great
depths and transformed into the crystalline rocks we see today. In the sites listed below,
some are dominated by “ytbergarter” (Fjällveden, Gideå, Olkiluoto) and others are
dominated by “djupbergarter” (Sternö, Finnsjön, Romuvaara). Common to all of them is
that they have been little affected by deformation since the period of metamorphism and
migmatization, and hence have retained their crystalline textures. As in the localities
cited in Section 2.2, some of those below show a significant number of mafic dykes, in-
truded into the gneisses after consolidation (Sternö, Gideå, Romuvaara). As examples of
localities dominated by “foliated felsic rocks”, six Swedish and Finnish study sites are
listed in the following table, with brief summaries of the dominant rock types, a key ci-
tation and a cross-reference. Of these localities, Gideå (Ceberg), Finnsjön (Beberg),
Olkiluoto and Romuvaara have been the objects of safety analyses, with positive out-
come.
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 Sternö  Blekinge Coastal Gneiss (foliated granodiorite)
 

 ��������	�
�������
 see Subsection 6.1.6
 

 Fjällveden  Migmatitic sedimentary gneiss with some grani-
tic gneiss layers
 

 ��������	�
�������
 see Subsection 6.1.2
 

 Gideå  Migmatitic sedimentary gneiss
 

 ��������	�
�����
�
 see Subsection 6.1.3
 

 Finnsjön  Foliated granodiorite
 

 ��������� �!��������
 see Subsection 6.1.1
 

 Olkiluoto  Migmatitic sedimentary gneiss with infolded to-
nalitic gneiss and some post-migmatitic grani-
toids
 

 ��		��
��	�
��������
 see Section 9.1.2
 

 Romuvaara  Archean migmatized tonalitic gneiss with sedi-
mentary gneiss zone, some contacts mylonitized

 ��		��
��	�
��������
 see Section 9.1.2
 

 
 Ahlbom, K., Carlsson, L., Gidlund, G., Klockars, C.-E., Scherman, S., Thoregren, U., 1979.���0=���
��
�0���#���������
�����	#�*�������������
����"8�#<���������<�%���86�SKBF/KBS TR 79-09,
Svensk Kärnbränsleförsörjning AB.
 
 Ahlbom, K., Carlsson, L., Carlsten, L.-E., Duran, O., Larsson, N.-Å., Olsson, O., 1983d. 30�����
����"
�#������
	��@����#��
	�������#���������
	���	���
�
��������2=��0��6�SKBF/KBS TR 83-52,
Svensk Kärnbränsleförsörjning AB.
 
 Ahlbom, K., Albino, B., Carlsson, L., Nilsson, G., Olsson, O., Stenberg, L., Timje, H., 1983a. 30�����
��
�"��#������
	��@����#��
	�������#���������
	���	���
�
��������
�<6�SKBF/KBS TR 83-53, Svensk
Kärnbränsleförsörjning AB.
 
 Ahlbom, K., Tirén, S.A., 1991.�40�0
���"������
	�������#�������
	�	���
�
��������#��
���28�
�
������
�����������
���6�SKB TR 91-08, Svensk Kärnbränslehantering AB.
 
 Anttila, P., Ahokas, H., Front, K., Hinkkanen, H., Johansson, E., Paulamäki, S., Riekkola, R., Saari, J.,
Saksa, P., Snellman, M.V., Wikström, L., Öhberg, A., 1999c. �
�����
��������"��������	����"���
�
�
��
�#�*���	��>�4��
�������
�������. Posiva Oy, report 99-10.
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 ��&� ��������������������	���������������� ��	$%�������!
 Mafic rocks were for a period thought to show some advantages over the felsic rocks
discussed above, from the point of view of favourability as a host rock for a KBS-3-type
repository. In small bodies, they occur widely distributed throughout the Swedish
Precambrian basement, as massive or layered gabbro or as foliated and metamorphosed
amphibolite or greenstone. On general grounds, the advantages are related to the high
proportion of dark minerals (pyroxene, amphibole, biotite), i.e. magnesium- and iron-
rich minerals, from which the name “mafic” derives. These minerals are more suscepti-
ble to alteration in circulating groundwaters and hydrothermal fluids, forming chlorites
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 and clay minerals which clog the channels (low hydraulic conductivity) and are strongly
retarding for radionuclide migration. These features were largely confirmed in the in-
vestigations listed below (%�	����&�'���!�	(�������)
��*�#�
���&�'���!�	(����+�
�"
���
�������%�
����"�����), as well as the good geomechanical properties (%
�,��
����). However, the favourable features were offset by definitely unfavourable ones in a
Swedish context ( ��!�"�
���������
). Firstly, there are very few bodies of mafic rock
that are potentially of sufficient size to host a repository, thereby offering little latitude
as regards site selection. Secondly, mafic bodies are often intersected by felsic veins
which are much more fractured and water-conducting than the host rock, hence reducing
the suitability of the body as a whole. Because of this, the search for suitable repository
sites continues to focus on the much more widespread felsic crystallines, without how-
ever excluding the possibility that under some conditions mafic crystallines may be
equally favourable. In Canada, the research on the East Bull Lake mafic pluton (a lay-
ered gabbro) provides a basis for comparison (see Subsection 9.2.2).

 
 Larson, S.Å., Tullborg, E.-L., 1984. ���	����"
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���	#���	��
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	���"���**��. SKB PR 44-92-001,
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 Ahlbom, K., Leijon, B., Liedholm, M., Smellie, J.A.T., 1992e. ��**��������#������	��"�������	���
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 ��' ��������������
������$�$���
 From the point of view of crust formation during the Precambrian, there is general
agreement that to a first approximation, the Swedish bedrock can be subdivided into
three main domains (e.g. -�	��������)�	!���#�
.�&���(����.�����/). In the north lies
the “Archean” domain, the oldest part of the Baltic Shield (rocks generally older than
1,900 Ma and in part older than 2,500 Ma). In northern, central and south-eastern Swe-
den lies the Svecofennian domain (which attained its present architecture during the
Svecokarelian orogeny, ca. 1,900–1,770 Ma ago), and to the southwest, the Sveco-
norwegian domain (structured during the Sveconorwegian orogeny, ca. 1,100–900 Ma
ago, reworking crust formed during the Gothian orogeny, 1,700–1,590 Ma). Most of the
SKB study sites cited above (Sections 2.2–2.4), all the Förstudie municipalities (Chapter
8), and three of the four Finnish sites (Section 9.1), lie within the Svecofennian domain,
to which most of the papers cited below refer.
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 The papers have been subdivided into two subgroups, depending on whether they em-
phasize the geological history of the crust during its formative phases (dominated by the
Svecokarelian orogeny), or whether they deal with later events of magmatic or ductile
deformational character. The latter took place after the Svecokarelian crust had consoli-
dated, but before it had cooled sufficiently to react in a brittle manner. Papers referring
mainly to later brittle deformation of the crust in the Svecofennian domain are cited in
Section 3.5.
 
 Ideas on the process of crust formation before and during the Svecokarelian orogeny,
which resulted in high grade metamorphism and migmatization of both ancient crust
(Archean) and newly accreted sediments and volcanics (early Proterozoic) in the Sveco-
fennian domain, are quite diverse and include both convergent and divergent plate
tectonic models (cf. %�0	�
���������	,�� �&�1
�����
�����+��2����
������3����	,��'
���$��4�	��
�����$�� ��
	��������$��4�	��
��
������555). Some of these ideas revolve
around the geochemistry and field relations of the late Svecokarelian belt of granites and
porphyries which form the western limit of the Svecofennian domain in Småland
(”Småland granite”) and central Sweden, the so-called Transscandinavian Igneous Belt
(TIB) (e.g.  ��
	�����������2����
������+��%���6.����&�-
	�����������7�����&�%�	���
�555). These are of particular interest to SKB because of their relevance to under-
standing the host rock at Äspö (Section 6.3) and in the Förstudie municipalities Oskars-
hamn and Hultsfred (Section 8.3) (e.g. ��	��8���
��������$).
 
 With regard to later intrusive and ductile deformational events, some references have
been selected to illustrate three main themes. First, the formation of subvertical ductile
shear zones in the Svecofennian crust at a late stage in the Svecokarelian orogeny (partly
coeval with TIB intrusions) or later, which have been observed in many parts of Sweden
and Finland (e.g. �8	���
��������/����
9�
���&�:���(	
�����/�����3���
	("���&
�,;��	;"�������'��!���&�������������+���
	("���&�:
��
�����$��1;(������555�
�
����&�-�(
��55�). Such zones are suspected to be unfavourable for repository siting,
because of their susceptibility to brittle reactivation, their often heterogeneous character
and their local potential in the context of mineral exploration (see Section 3.5, and Sec-
tions 8.2 and 8.3). They are also of considerable academic interest. The second heading
concerns so-called “anorogenic” intrusions, such as the large rapakivi granites in the
Baltic Shield (e.g. ����&���	,�����/��<8";�&�1��9�������+�� ���
��������$��-��	��&
��������������555), in which, for instance, the Kråkemåla (Subsection 6.1.7) and Häst-
holmen (Finland, Subsection 9.2.2) sites lie. The third heading includes some recent pa-
pers on the “Protogine zone” or what is now more properly called the Sveconorwegian
Frontal Deformation Zone, representing the ductile overprinting of the Svecofennian
crust along the eastern margin of the Sveconorwegian orogen (e.g.  ��	�������&�<���

���5��%�	����
��������5��:���(	
��
����������� ��	�������&�=���"
>
	����+�
:���(	
��&���
9�
������3���555��-�(
�
��������3��?������
������555).
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 As indicated in Chapter 2, the crystalline rocks of the Baltic Shield were formed deep
in the Precambrian crust by magmatic, metamorphic and metasomatic processes, and
ductile deformation. Understanding these ancient crustal processes has been one of the
main aims of Swedish researchers for over a century, driven by academic curiosity (uni-
versities) and the search for natural resources (SGU, mining companies, etc.). From the
point of view of radioactive waste disposal, however, understanding how the crystalline
rocks were formed takes second place to understanding their behaviour after consolida-
tion and exhumation, i.e. after cooling and uplift to near-surface environments. This
took place at different times and at different rates in different parts of the Baltic Shield,
but as a rough generalization it can be considered as having been completed everywhere
by late Precambrian times. This means that the rocks which build the present-day land-
scapes of the Baltic Shield have been at or close to the Earth’ surface for hundreds of
millions of years, during this time reacting by brittle deformation (fracturing) to any
movements in the Earth’s crust.
 
 Since groundwater flow is confined to the fracture system, the fracturing of crystalline
rocks is a central theme of research with respect to KBS-3-type repositories, and SKB
has invested considerable effort in documenting and understanding fracture systems at
all scales. Fracturing is a dominant theme in connection with all the SKB study sites
(Chapter 6) and all the feasibility studies (Chapter 8). Not surprisingly, therefore, SKB
has over the years commissioned numerous studies on various, more general, aspects of
fracturing and brittle deformation in Swedish bedrock. The documentation of this theme
fall naturally into four main groups:

•  tectonic evolution of Baltic Shield after consolidation (Section 3.1),

•  large-scale fracture pattern analyses (Section 3.2),

•  geological characterisation of fracture zones and small-scale fracture patterns
(Section 3.3),

•  geomechanics and the geophysical identification of fracture zones (Section 3.4).
 
 Geological evidence for the evolution of the Baltic Shield after the consolidation of
the crystalline rocks is rather fragmentary, except for the evidence from the mountain
region and Norway concerning the Caledonian orogeny (see �	
����
�������� – Na-
tional Atlas of Sweden, “Berg och jord”, p. 22–24). To fill this gap, and to provide the
necessary background for more detailed studies, aspects of the regional setting of the
Baltic Shield in Sweden in a wider context are treated in the first group of reports (Sec-
tion 3.1). These are complemented by a series of earlier, and some contemporaneous,
works dealing with the large-scale fracture patterns, both offshore and onshore (Section
3.2). Most of these are lineament analyses, i.e. studies of the patterns of linear morpho-
logical and other geophysically defined features which are assumed to represent major
fracture zones in the Earth's crust, in contrast to geological studies, in which concrete
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evidence for the existence of fracturing and fault movement is required in the interpre-
tation of morphological and submarine features.
 
 With regard to geological characterisation of fracture zones and related small-scale
fracturing (Section 3.3), the documentation listed in this Chapter is highly selective and
represents only a fraction of the large amount of material which is available. The loca-
tion and reconstruction of fracture zones at individual study sites, and the definition of
fracture patterns in the rock blocks, is one of the main activities of site characterisation,
since quantitative data are required for groundwater flow and rock engineering modell-
ing. Extensive fracture data have been collected from all drill cores, outcrops, tunnels,
etc.. These are stored in GEOTAB/SICADA database (see Section 2.1) and have been
analysed in depth at each individual site or research area. Hence most of the fracture
data is to be found in the reports listed in Chapters 6 and 8 (see also Chapter 9, for
similar studies in Finland and Canada).
 
 Similarly, the discussion around nomenclature and the geomechanical definition of
fracture zones and rock quality (Section 3.4) is the subject of more intensive discussion
than the list of SKB documents would imply, particularly in the scientific literature. One
aspect, however, has been the subject of special attention in Sweden: the possibilities
and limitations of using geophysical methods to identify fracture zones and to determine
their orientation and lateral extent in the subsurface, using investigations on the Earth’s
surface and in boreholes and tunnels. The final group in this Chapter (Section 3.5) is a
selection of published scientific papers, either scientific presentations of research mate-
rial worked on under the auspices of SKB, or regional papers summarizing conditions in
the Baltic Shield, which form an important background to SKB research.
 

 Fredén, C. (ed.), 1994. �����	#�2���. Sveriges Nationalatlas.
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 The tectonic evolution of the Baltic Shield after consolidation (i.e. after the phases of
intrusion, migmatization, ductile deformation, etc., which led to the formation of the
bedrock, see Chapter 2) is part of the general background required for understanding the
fracturing observed at the different sites. This background data is mainly to be found in
the scientific literature and SGU documents, but certain aspects have been treated by a
number of authors under contract to SKB. As indicated above (Section 2.5), the Swedish
Precambrian can be subdivided into 3 main domains: an “Archean” domain, in the
north; a younger domain covering much of central Sweden, called the Svecofennian
domain, which was mainly formed in the period 1,900–1,770 Ma and consolidated
about 1,500 Ma ago; and the youngest domain, the Sveconorwegian domain, which
mainly formed between 1,100 and 900 Ma before consolidating in latest Precambrian
time.
 
 The zone in which the Sveconorwegian deformation and metamorphism overprints the
older Svecofennian structures, now called the Sveconorwegian Frontal Deformation
Zone (SFDZ), is marked in southern Sweden by a system of major ductile shear zones
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which was formerly called the “Protogine Zone” (Section 2.5), and which is also an im-
portant zone of brittle reactivation ( ��	�������&�<���
�����). Brittle reactivation (i.e.
brittle fractures following older, ductile structures) is an element in all later periods in-
volving crustal deformation, but also new fractures formed in many places, independent-
ly of earlier structures (%�	����&�'���!�	(����/). This occurred mainly in connection
with the Caledonian orogeny, to the west and south ('���!�	(�
��������+), and, later,
with the formation of the Oslo Graben and early North Sea extensional tectonics, in the
area around the lakes Vättern and Vänern (2���
��
���������). Even younger tectonic
events have potentially affected the otherwise very stable Baltic Shield in the last 100
Ma (:���8��&��������������2��	@:�������+ ).
 
 Most of the works cited here cover a wider time-range of the tectonic history than this
short exposition would imply. They were intended to deepen knowledge in lesser known
areas and, at the same time, to look at the problems from the point of view of nuclear
waste disposal. The references in this group deal with �
#����# events, i.e. crustal move-
ments related to plate motion, as opposed to the (��#��@�>��"�# events, i.e. movements
related to ice loading/unloading during the Quaternary, which are discussed in Chapter
4. For comparative material from the Finnish part of the Baltic Shield and the Canadian
Shield, see Chapter 9.
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 From the point of view of siting, one of the most important factors is the avoidance
of major fault and fracture zones. A well-known feature of most shield areas is the
tendency to be subdivided into rock blocks bounded by morphologically identifiable
lineaments, which are interpreted as the surface expression of steeply dipping fracture
zones and/or major faults. Hence, regional surveys (e.g. <;������&�%�(
	�������$$�
���������$$�����5��<;�����������) assume, as a precautionary measure, that any
straight or slightly curved linear topographic depression is potentially a zone of fractur-
ing and therefore to be avoided in the siting process.
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 In connection with the pre-investigation phase for the Äspö Hard Rock Laboratory (see
Section 6.3), analysis methods were refined and applied at different scales to provide
both regional and site-scale structural models (in combination with other geoscientific
data and methods), as outlined in the Äspö reports (e.g. :��!
	(�
����������� �"���
����
����� see also Section 3.5 under the heading: lineament analysis and morphotectonics).
As more detailed databases became available and increased computer capacity more ac-
cessible, so also the sophistication of the analysis methods increased (e.g. �	�������&
A�����������+). Also, the methods have become more widely applicable, and are used as
an important basis for evaluations within the framework of the Länsstudier (Section 8.2)
and Förstudier (Section 8.3), and for studies of the potential effects of earthquakes on
repository integrity (e.g. a recent Finnish study, ���.�"8����555).
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 In the previous group, the cited works assume, as a precautionary measure, that topo-
graphic lineaments and other types of lineament represent fracture zones. Here, we
collect works which focus on the fracture zones as geologically defined elements, and
on the small-scale fracturing associated with them and otherwise distributed within any
volume of crystalline rock (�8#�!��"�����). The following list is highly selective, and
by no means exhaustive, even of SKB material. Specific fracture zone studies have
mainly been carried out at the Finnsjön study site (e.g.  ��!�"�
��������3�������
 ��
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	����/), in the Stripa mine (e.g.�)��
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���������), on Äspö island
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	�+). The descriptions in this selection are based on a large body of mate-
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rial in the corresponding SKB progress reports (Arbetsrapporter), and need to be com-
plemented with data from, for instance, the Finnish study sites (e.g. �	����
���������, see
Section 9.1) and the published literature (Section 3.5, below). In general, one can say
that the geological characterisation of fracture zones is an important theme because it
shows how elusive “fracture zones” really are, and provides a necessary counter-balance
to the concept of parallel-sided, sharply-bounded and planar structures which is built
into most structural models (������&�4�""
�������).
 
 With regard to small-fracturing within blocks between fracture zones, the most detailed
analyses have been carried out in the Stripa and Äspö underground laboratories (e.g.
 ��
	�����&�=.
	���	9����$����	�
>�
�����������2�	�
��������)��
�
���������,������	�

������55�, see Sections 6.2 and 6.3), and form an integral part of discrete fracture net-
work (DFN) modelling for geomechanical and geohydrological studies (e.g. ���#��
����
������%�-����
�
��������+). Small-scale fracturing has also been studied in the sedi-
mentary cover of the crystalline basement in Småland (2���
��&�)

�����).
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 The degree and type of fracturing in crystalline rocks forms the basis of engineering
geological evaluations of the design and layout of repositories and their access tunnels,
shafts, etc.. Geomechanics and the definition of rock quality for deep excavation has
been discussed in several SKB studies, (%
�,���&�%,��((	
��������%
�,������/�� �"��

��������3��������	��
��������$!��-�	��AA��<����
��������$#��B��9�
	�3), with particular
reference to the geomechanical properties of fracture zones, and different aspects have
been studied in a number of doctoral theses (%�����/��1���"�����+���������3��%�����	�
���3��'������3��-	�!
	��������C���������������	������). The first part of the list ends
with some more general references, focussed on the excavation damage zone which de-
velops around underground cavities (�"��
>�
��������$), on the possible effects of high
pore pressures in fractured rocks (C���������$�, and, for comparison, on the geome-
chanical stability of the four Finnish sites (?���������&�<������	9���555).
 
 The second part of the list includes a selection of reports which focus on the application
of geophysical methods (particularly reflection seismics and radar) to the identification
of fracture zones ahead of tunnels and in the surroundings of boreholes (�
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���&
��
�!
	(����3��B�	���
��
��������$������� D������(����3� and from the Finnish pro-
gramme, %�!!������$), as a complement to the physical description of fractures in the
borehole and tunnel walls (see Section 3.3). In addition, the possibilities of identifying
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fracture zones in the subsurface from surface geophysical studies has been a particular
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 The scientific literature on fracturing is very extensive. The selection in this group has
been made in view of two themes which are of particular relevance to SKB interests.
The first concerns the general geological evolution of the Baltic Shield after consolida-
tion, which, as we have seen (Section 3.1), has been the object of several SKB studies.
The second covers case studies, mainly focused on understanding the brittle tectonics of
Swedish sites and areas, but including some other works thought to be of particular
relevance, complementing, and in some cases based on, SKB-supported research. The
citations are arranged under headings which reflect subdivisions made earlier in this
chapter. From the point of view of regional tectonics, fracturing in Swedish bedrock is
related to late Precambrian and Phanerozoic activity around the cratonic margins and to
intracratonic processes.
 
 The citations in the first part of the list are arranged under three headings – regional
studies concerning: (1) activity along the southern margin of the Baltic Shield, mainly
addressing the Palaeozoic and Mesozoic development of the Trans-European Suture
Zone (�	���
����/���	���	;"�
��������$��-��	����������2
����
	�&��	�0#*>������);
(2) activity along the western margin of the shield during the Caledonian orogeny, par-
ticularly the discovery of, and controversy surrounding, the now completely denuded
Devonian foreland basin in Sweden ('���!�	(�
��������+����3��2����
����
��������3�
B
�
	!�"����$��'���!�	(����$��)�	����
��&�)	
����(�������)	
����(�
����������
��"�
������&�2����
����������%�	����
�����������B
�
	!�"�
������555); and (3) the
sporadic late Precambrian and Palaeozoic deformation of the internal parts of the craton,
as exemplified by the early history of the Vättern graben in Sweden, the evolution of the
Dnieper-Donets rift in Ukraine and the post-consolidaion deformation in the Gulf of
Finland (E�����&�2�#*>���0�������+����(����.��
��������3��4��������
��������3�
���	���
����
�����������-��	��
��������3). Added to the latter group are some references
on the detailed structural geology of the Vättern graben, as an example of the question
of brittle reactivation of earlier (ductile) structures ( ��	�������&�<���
����5�������
2F������1996), which has been a recurring theme in the SKB feasibility studies
(Chapter 8).
 
 The Vättern papers lead over to a collection of recent papers dealing specifically with
fracturing at Swedish sites and areas. A first group contains papers which deal with
lineament analysis and the interpretation of the morphology of the bedrock surface in
terms of fault and fracture zones. Some of these use digital terrain models as a basis for
delineating rock blocks ('�	���&��
#����"
�����������5������), whilst the others ap-
proach morphotectonics from the point of view of identifying and dating changes in
level in ancient peneplains to identify later faulting (%��"�	@�
	(��	;"����/�����3�
������%��"�	@�
	(��	;"�
��������$��?���������
���������G�see also Lindmar-Bergström
in��	
����
��������� p. 44–53).
 
 The second group contains a collection of papers on fracturing at different sites in
Sweden ('�	���������2���
	����/��%��
�
��������$��'�	���
���������) and more gener-
ally, on the use of geophysical methods to identify subsurface structures, particularly
zones which could be interpreted as fracture zones (?���������5��?������
����������
?���������+��-�9�������&�?���������$��?������&�-��"�������C	"��������:8���
���
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�555). Much of this research has been supported by SKB, since the development of non-
destructive methods for site investigations is an area of prime importance (see Section
3.4).
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 Much of the fracturing in Swedish bedrock (Chapter 3) may have been affected by,
possibly even caused by, crustal movements related to the advances and retreats of the
continental ice sheets which covered Sweden intermittently during the last 2 million
years (�	
����
��������, p. 102–153). It seems probable that a number of similar glaci-
ations will take place in the next 2 million years, possibly adversely affecting the integ-
rity of a KBS-3-type repository. This raises a number of closely connected issues which
cross the traditional boundaries between several branches of geoscience. It has been at-
tempted here to pull together the mechanical aspects of these issues in the present chap-
ter; the hydrogeological aspects, which may be equally important and partly overlap the
points raised here, are treated in Chapter 5 (Section 5.4). The question of glaciation and
crustal dynamics was brought into sharp focus in Sweden, in the early days of radio-
active waste research, by the discovery of evidence for major postglacial movement on
faults in northern Sweden, and related evidence for major earthquake activity, in the
1970s. Because of its obvious relevance to question of long-term safety, this quickly be-
came an area of considerable SKB-supported research, whose results are to be found in
the reports cited in Section 4.1. More controversial was the evidence for postglacial
faulting in southern and central Sweden, and particularly how this evidence was inter-
preted by one geoscientist to question the viability of the KBS-3 project as a whole, as
indicated below.
 
 These results, and the controversy surrounding them, showed that the question of post-
glacial fault movement needed to be viewed in a wider context, causing SKB to be in-
creasingly involved in issues of more general significance for the relation between con-
tinental glaciation and bedrock stability. The corresponding documentation has been
subdivided into two groups. Section 4.2�concerns the prediction and modelling of future
glaciations, which involves the whole question of global climatic change, based on the
results of marine and terrestrial Pleistocene geology, on the evidence for orbital control
of glacial and interglacial periods, and on present understanding of ice sheet dynamics.
Connected with this issue is the geological record of shoreline displacement and lake
tilting, which has been widely studied in Scandinavia, and the reconstruction of land/sea
changes during the retreat of the last ice sheet.
 
The other general aspect concerns the present state of the Earth's crust in Sweden,
particularly with respect to the mechanical imbalance caused by the down-flexuring
and subsequent rebound of the lithosphere due to ice sheet growth and disappearance,
reflected today as continued uplift rates of up to 9 mm per year (Section 4.3). In addition
to the results of academic research (see Section 4.5), SKB has supported a whole spec-
trum of work in areas such as seismicity, ������� stress, heat flow and space geodetics, to
complement the scientific database in areas of interest.
 
 The data from Sections 4.2 and 4.3 (and the corresponding scientific literature, see
Section 4.5) form the background to the fourth group of SKB reports in this chapter
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(Section 4.4), those concerned with interpreting the data in terms of “bedrock stability”
and geodynamic models. This includes general discussions of crustal deformation and
stress systems (large-scale geomechanics, in contrast to the engineering-type geo-
mechanics of Section 3.4), as well as modern risk analyses of the seismic activity to be
expected from future crustal movement. Since all the issues addressed in this chapter are
of considerable academic interest, there is a large body of scientific literature, a selec-
tion of which being given in Section 4.5.
 
 The reports and papers cited in this chapter concern the "
#����#�� effects of glacial
loading and unloading on the Earth's crust. A further issue of concern for radioactive
waste disposal is the change in hydrogeological regime brought about by glaciation –
reports and papers on this theme are collected in the following chapter (Section 5.4).
 

 Fredén, C. (ed.), 1994. �����	#�2���. Sveriges Nationalatlas.
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 As indicated above, this theme touches on a central and problematic area of SKB
activities. Here, we list only works dealing with the geological evidence for postglacial
fault movement and related earthquake activity, which was associated with the retreat
and disappearance of the last (Weichselian) ice sheet about 10,000 years ago. The first
group of references concerns postglacial faulting in northern Sweden, where such fault-
ing is well developed. Evidence for neotectonic activity in northern Scandinavia was
recognized in the 1970’s and, because of its obvious relevance to repository siting and
safety, became the subject of a very early KBS study (%�(
	!8#��&�1
��
����$$). This
study, based mainly on air photo interpretation was followed up by more detailed geo-
logical studies (air photo interpretation, photogrammetry, outcrop description) and a
high resolution aeromagnetic survey (%�(
	!8#��&�:�����	�����/��1
��
��
��������/).
Later, SKB launched what became known as the Lansjärv Project, after the most easily
accessible fault, the Lansjärv fault, which was chosen for more detailed study (�8#�@
!��"�&�������	������). The first phase of this project (1986–1988) consisted of both
regional and detailed field studies, including the drilling of a 500 m cored borehole, hy-
drogeological testing in the borehole, and the mapping of trenches through the fault
zone (e.g. '��!������3��1
��
��������%�(
	!8#������). The second phase (1989–1991)
confirmed and consolidated the conclusions of the first phase (%�(
	!8#�����5������),
and provided an opportunity for review by an international group of experts in June
1991 (������	��&��	�#��������/). The main conclusions were that the postglacial fault-
ing in the Lansjärv area was guided by pre-existing zones of weakness in the bedrock
and that the cause of the movement was a combination of tectonic and glacio-isostatic
forces. The Lansjärv Project was an interdisciplinary effort which included other activi-
ties, such as seismological monitoring (see Section 4.3).
 
 In southern Sweden, the existence of postglacial faults and their relation to glacial
retreat and unloading, is less obvious, and has been a matter of controversy, since it
was first suggested in the late 1970s and early 1980s (2;	�
	���$$����$���2;	�
	�
����
�������,;	�"���&�'	8�(F	���������2;	�
	����+). Later, it was maintained that many
of the fractures on the island of Äspö (Section 6.3) were faults which formed and/or
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reactivated immediately after the retreat of the last ice sheet, about 9,000 years ago
(2;	�
	�����), but most geoscientists, after scrutinising the evidence, remain un-
convinced (�������5). However, although the faults remain elusive, evidence is ac-
cumulating from the study of the late Quaternary sedimentary deposits and other surface
features (�,;!
	(�������'	;��
�����$���555��'	;��
��&�2;	�
	����$��2;	�
	����+�
���3��������2;	�
	�&�'	;��
�����/��2;	�
	�
������������555 ) that the retreat of the ice
sheets was accompanied by a level of seismicity which is higher than at the present time.
The subject of deglaciation seismotectonics is documented further in Section 4.5, since
it is world-wide a matter of concern and scientific interest. Be that as it may, the Swed-
ish controversy focusses today, not so much on its occurrence, as on its effects, which
most researchers maintain can be reduced to insignificance, with regard to the safety of a
nuclear waste repository at ca. 500 m depth in bedrock after the �
�� glaciation (about
60,000 years hence), by careful site selection. That earthquakes did occur in the late
Pleistocene seems to have been confirmed by the above studies. The question is whether
they would be the main hazard to a deep repository considering all the other potential
effects of a future glaciation (see Sections 4.4 and 5.4, and '��!�������).
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 The references in this group relate to Quaternary geology in its widest sense. They
reflect the enormous strides which have been made over the past 20 years in studying
and understanding climatic change, and the causes of the “Ice Ages” which dominate the
youngest epoch of Earth history, the Pleistocene (the last 3.5 Ma). SKB contract studies
form, of course, only a minute part of the total scientific literature (see selection of ref-
erences in Section 3.5). Nevertheless, important reviews have been produced ( ��!�"�
�
�������#���,;	#��&��.
������������1��"(	
��&���	����������:
��"���
����������
��������
������55��), focussed on Swedish conditions and on one of the main concerns
of SKB research, the prediction of future processes and events which may adversely
affect a deep repository. Particularly important in this respect is the advance and retreat
of continental ice sheets and their effects on the Earth’s crust (isostasy) and the world-
wide sea-level regime (eustacy). The relative importance of isostasy and eustacy, which
determines past and future displacements of the shoreline and hence the evolution of
hydrogeological conditions at any coast-near site, has been the focus of a particular
series of SKB-supported studies (-F��
����3������3!�����$���55���	>���
�������
�	��!
	(�&����"6.�����555��2�	���&�-F��
��55�), as well as corresponding ones in
Finland (e.g. 2�
����
��
���������) and numerous recent scientific publications (see
Section 3.5).
 
 Based on studies such as these, and the whole body of relevant geoscientific research,
attempts can be made to reconstruct the dimensions and dynamics of the last (Weich-
selian) Ice Age in Sweden and to make predictions about the occurrence and effects of
future glacial periods. This type of modelling, based on such wide-ranging data as the
projected changes in the Earth's orbit around the Sun, the maximum extent of the
Weichselian ice sheet, and Pleistocene sea surface temperature fluctuations in the NE
Atlantic, has for obvious reasons received considerable SKB support (��������&�-�>�

���/�����(@B��>����
��������$����������
���������).
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 The depression and rebound of the Earth’s crust due to glacial loading and unloading
(glacio-isostatic movements) can be the cause of brittle deformation, including fractur-
ing, fault movement and earthquake activity, and numerous related effects. The post-
glacial faulting and paleoseismicity in Sweden (Section 4.1), temporally correlated with
the retreat of the Weichselian ice sheet, is thought to be partly due to this, although there
is evidence that tectonic forces (i.e. forces due to lithospheric plate motion, unrelated to
glaciation) also played a significant role. Some authors have suggested that the crust be-
came exceptionally unstable during Weichselian retreat, and that, at that time, major
earthquakes were common (e.g. 2;	�
	���$$).
 
 These controversial views at an early stage in the development of the Swedish nuclear
waste disposal programme caused much concern (for details, see Section 4.1) and led
also to numerous detailed studies of present-day seismicity, financially supported by
SKB and its forerunners. Early compilations (����H�
��&�:�����	;"���$$������H�
��
�
������5) were followed by the installation of special seismograph networks in some ar-
eas – in northern Sweden (in connection with the Lansjärv Project, ��"�
����������
:�����	;"�
���������������������(������, see Section 4.1), in southern Sweden (����(�
&�4�	�(	
�����$), and on a national basis (����6.�������+). Because of the low seis-
micity in Sweden (giving few and weak signals), and because of the wide spacing of the
recording network (except for the special networks mentioned above), the interpretation
of the distribution of focal depths, source characteristics and fault mechanisms in terms
of causes is the subject of continuing discussion. This, together with the fragmentary
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nature of other types of evidence related to postglacial and present-day crustal deforma-
tion, means that there is still no consensus on the relative importance of tectonic versus
glacio-isostatic forces (compare ����(�����5��2��	@:�������/).
 
 In addition to seismicity, SKB has been involved in the compilation of other types of
geophysical data with a bearing on present-day crustal conditions and “bedrock stabil-
ity” (see Section 4.4), including ������� stress, heat flow and space geodetics (�
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 Based on an early controversy (�,
	��""�	���$$��2;	�
	���$$), SKB and its fore-
runners have been continuously concerned about what has become known in Sweden as
“bedrock stability”. Geologists are agreed that when the present-day crust was formed,
at different times in the Precambrian, conditions at the contemporary surface were most
likely anything but stable (widespread volcanism, major faulting, earthquakes, formation
of Himalaya-type mountain chains and Dead Sea-like rifts, etc.). However, they also
agree that for 100s of millions of years, the Baltic Shield has remained one of the most
stable parts of the Earth's crust – up to the last few million years, when it was subjected
to loading and unloading by successive continental ice sheets.
 
 The question of stability during this latest period of geologic time then becomes contro-
versial. The retreat and disappearance of the last ice sheet, which took place between
20,000 and 7,000 years ago, left Sweden and Finland at the centre of a crustal depres-
sion. Since then, the crust has been slowly recovering, with a present uplift rate in the
centre (Gulf of Bothnia) of up to 9 mm per year. This is a relatively rapid uplift rate,
geologically speaking, exceeding, for instance, uplift rates measured in the present-day
Alps. Also, there is evidence of significant postglacial faulting and paleoseismicity
(Section 4.1) and some authors believe that also present-day seismicity is related to the
glacio-isostatic rebound (Section 4.3). In addition, most researchers agree that at least
one Ice Age similar to the last one is to be expected long before the contents of a radio-
active waste repository can be considered harmless (Section 4.2). Does all this mean that
the Swedish bedrock is, or can be expected to become, unstable, and is therefore unsuit-
able for radioactive waste disposal? Although most geoscientists would, from world-
wide comparisons and general experience, negate this question, the problems raised are
clearly to be taken seriously. The reports cited below belong to SKB-supported research
which attempts to come to grips with some of these problems in a numercal/probabi-
listic way. They treat two particular areas of concern:
 

 1) ;���?�	������	#��
	� (��
9�����������$��<��
�(	
��&���
9�����������5�
��
9��������&�1������������A�	�
������
������������1�������
��������+!��2���
�

���������).

 These are attempts to provide the necessary data for modelling the effects of future
glacial loading of the Earth's crust, in a general way, as well as specifically with refer-
ence to a particular site.
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 These are attempts to estimate the effects of earthquakes of different sizes on repository
construction and contents, and to quantify statistically the occurrence of earthquake-
related movement on fractures using site-specific data.
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 Pleistocene climatic change, the growth and decay of continental ice sheets and the
reaction of the Earth’s crust and mantle to glacial loading are not only key areas in SKB-
sponsored research, they have long been the focus of considerable academic (and in the
case of seismicity, societal) interest. In this Section, we list a selection of the most re-
cent scientific papers on these themes, as a complement to the SKB reports, focussed
particularly on Fennoscandia as a classical area of Pleistocene studies and a renowned
example of glacio-isostasy. The first heading collects some very recent papers on Pleis-
tocene climates and climatic change, emphasizing the correlation and integration of
different data sets, both marine and terrestrial (���"����
��������+�� ��	���
����������
A��	���������-
����
�����������B��9"����555��<
���
���555���
,	�9�
������555����	�
.
�
�555). No claim is made here that this list (or the others in this Section) is representative
or complete – the hope is that the citations may, through their lists of references, provide
a quick entry into the literature.
 
 Understanding climatic change is a prerequisite for understanding the growth and decay
of continental ice-sheets, which is in turn the basis for assessing the mechanical effects
of continental glaciation on the Earth’s crust, and hence, in Fennoscandia, for under-
standing present-day crustal dynamics. The crustal dynamics of Fennoscandia has been
studied in great detail, for instance within the framework of the European Geotraverse
project (e.g. )	
(
	�
��
�����������2J��
	�
����������������
���
���������). These and
numerous other publications describe historical and present-day seismicity, comple-
menting the large number of SKB reports (e.g. ����(�������� �,���&�K���������
)	
(
	�
������������H�
��&�:�����	;"����������3��:�����	;"�&�)	J����������, see
Section 4.3), and recent developments in space geodetics to measure directly crustal
movements (�#�
	�
#��
�����������-���
���������).
 
 Of particular interest for plate tectonic theory are the insights which the Fennoscandian
data give into crustal and mantle processes. In the first instance, these are based on
increased understanding of the thermal structure of the lithosphere based on inter-
pretations of surface heat flow and radiogenic heat production (������(����+��������
�
���+��������4>!���
�������������
��&�-
����
������). This leads to interpretations
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of the rheological properties of the lithosphere and their variation with depth on a very
long time scale (=	�(����
��������/��B��
���(��&���	�.����3���������
��
������555).
 
 The same data base is important for the shorter term crustal movements associated with
glacio-isostasy. Fennoscandia is a well known region for glacial rebound, since the
crustal deformation resulting from the retreat of the last ice-sheet is still observable (e.g.
��"������3�������	�����$��)��"��������������%�"!
#��&�?��������������%�"!
#�

����������������!�). The good observation base has lead to numerous attempts to model
the effects of glacial loading and unloading in terms of the mechanical properties of
crust and upper mantle (2;	�
	���$������5��������?��������
�����������%�"!
#�������
-���,�"�=,�"������������
"����&�:��������), some directly related to nuclear waste
disposal (?�����������$����
9��������&���
������, <��
�(	
��&���
9�����������/�
see also '��!�������). All this research is also relevant to the problem of deglaciation
seismotectonics, which is a controversial theme in Sweden (see Section 4.1) and which
is currently under debate internationally (e.g. �,
������	�
������555��2��	@:�����555�
��
0�	��
������555).
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 The understanding of deep groundwater flow, chemical evolution and microbial content
of groundwater, and its interaction with the minerals lining the rock fractures – in a
word, the hydrogeology of a site – is obviously an important key to evaluating the per-
formance of KBS-3-type repositories. Since a KBS-3 repository lies at ca. 500 m depth
in crystalline bedrock, where the deep groundwater circulates mainly in a complex sys-
tem of fractures and fracture zones, performance assessment can only be based on sub-
surface hydrogeological investigations in boreholes and underground excavations. The
hydrogeological conditions at depth can only to a very limited extent be evaluated from
observations at, or at shallow depths below, the Earth's surface – many geoscientists
would argue that they cannot be evaluated at all on the basis of surface data alone.
 
 This leads to a major problem in the search for suitable KBS-3-type repository sites,
what we have here called the siting process. After following some general rules, such as
avoiding major fracture zones and areas of high local relief, large areas of crystalline
rock remain, which experience suggests will be hydrogeologically “good enough” at
depth, but this impression can only be confirmed or negated by in-depth investigation,
including deep drilling. The hydrogeological work in connection with the siting process,
as set out in the Länsstudier and Förstudier (Chapter 8), is confined to compiling surface
and near-surface data on groundwater conditions and to judging whether they are
“normal” in the general context of what is known about the relation between surface and
deep subsurface conditions in Swedish bedrock. In this process, the results of hydro-
geological investigations at the SKB study sites and underground laboratories (Chapter
6) have provided an invaluable body of experience.
 
 From the above discussion, it is clear that most hydrogeological data from the deeper
levels of Swedish bedrock is site-specific, and most SKB reports deal with conditions at
particular sites, especially the SKB study sites and the Stripa and Äspö underground
laboratories (Chapter 6). These reports are not cited in this chapter, unless they are
judged to be of more general significance. Similarly, the hydrogeological reports which
form part of the Förstudie are only listed under the different municipalities in Chapter 8.
However, since this is such an important subject, SKB and its contractors have been in-
volved in a whole range of activities of a more general nature (development and testing
of methods and instrumentation, hydrogeological modelling, etc.), and in comparing re-
sults from different sites. Reports on these aspects are the main emphasis in the present
chapter. These have been subdivided into four groups:
 

 %	�
����6�-���#��������
 Reports dealing with groundwater flow on a regional scale, and the measurement of
large-scale hydraulic parameters.
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 %	�
����6�-�9������	#�
����
 Reports on chemical conditions in deep groundwater, and their interpretation in terms of
age, chemical evolution and rock/water interaction.
 
 %	�
����6�-�/
	��*
�������"�����������
 Reports treating the microbiology of groundwater in Sweden and the deep biosphere in
general, and its relation to hydrogeochemistry.
 

 %	�
����6�-�9������������������	
��
��
 Reports on the problem of understanding and predicting changes in geohydrology and
hydrogeochemistry caused by advancing and retreating continental ice sheets.
 
 For the hydrogeology of specific sites and areas, consult the citations in Chapters 6
and 8.
 
 

 '�� -��%+�����+
 Geohydrology is the name given to those aspects of hydrogeology which concern
groundwater flow. It is one of the most important aspects of the safety analysis of any
site, and, in fractured crystalline rocks, it is one of the most difficult to treat quantita-
tively, because of the extreme heterogeneity of water flow patterns at the small scale
(centimetres to metres to tens of metres). This problem is critical for site-scale investi-
gations (Chapter 6), but at a larger scale (tens of metres to kilometres to hundreds of
kilometres) the heterogeneities can be treated statistically and it becomes meaningful to
assign average hydraulic properties (”effective” values) to rock volumes above a certain
size. If this can be done, it also becomes meaningful to model large-scale (regional)
groundwater flow patterns. Hence, the references in this Section have been collected
under two headings.
 
 In the first, the reports listed treat the methods used for defining the effective hydraulic
conductivity of fractured crystalline rocks and the processing of the results, as well as
methods for characterising groundwater flow in 3D fracture systems. For near-surface
hydraulic parameters, the data in the SGU well archive can be used to study regional
variations (B�	������&�B�	���
�����$$� :������
�������$$� see also the Länsstudier and
Förstudier, Sections 8.2 and 8.3). For depths greater than 100 m, however, the data is
derived from different types of hydrogeological testing in deep boreholes (single- and
double-packer, cross-hole, difference flow, etc.), combined with a spectrum of other
core and borehole logging methods (e.g. 2�(�������&�=�	���������%�-����
������
�������
������555� see also site lists, Chapter 6). Other methods are based on detailed
underground knowledge of the 3D fracture network in addition to hydrological data, as
becomes available in underground excavations, such as Stripa mine and Äspö HRL
(%���!��"�&�)	��
"����$���:��!
	(������� ��
	������-
�
	��
��������/��%�-����
�
�
������+��<����
��������$!���.
����������#�������	��
������55�).
 
 The remaining works under this heading are more oriented towards the results obtained
with different methods and towards comparisons between different locations (%���!��"
&�1������$����	�#�����&�<��(
����3��%�
����"�������:���
	�
��������$), including
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the effect of dissolved gasses on transmissivity ()
��
	�&�?�	�,;����+� ?�	�,;�&
=
�����������). SKB has been involved in testing the Finnish difference flow measure-
ment technique (L�!
	(�&�<�������
��2000) and has supported a number of post-
graduate theses in the area of geohydrology (e.g. ?8	�,;�������E����	��������).
 
 Under the second heading, SKB reports describing the methods and results of regional
groundwater flow modelling in different parts of the country are listed. In this group,
models for the region around the Finnsjön site (Beberg, in SR97, see Subsection 6.1.1)
are particularly prominent (%���!�"�&���(��""�	���������(��""�	�
��������/�
1�	��
>�
���������), but other SR97 sites are also represented (<
�!���
	�
��������$�
��(��""�	�
��������$, see Subsection 6.1.3 and Section 6.3). In this connection, it is
important to note a series of reports dealing with the particularities of the geohydrology
at coastal sites and the geohydrological implications of interacting freshwater and salt-
water systems (E����&� ��
	��������/������������+���.
���������$�����������(6.���
���$).
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 Hydrogeochemical studies are generally thought to have a special significance for safety
assessments. The reason is that analyses of the chemical and isotopic composition of
groundwater can be used to interpret its past evolution and hence the possibility of
understanding a site’s long-term development from a hydrogeological perspective. Apart
from some early reports on the occurrence of naturally radioactive groundwater and
springs in Sweden ( ���	�9����������
���������), most of the SKB- supported work on
hydrogeochemistry refers to the problems of sampling, analysing and interpreting
groundwaters from the deep boreholes at the study sites and from deep underground ex-
cavations (cf. Chapter 6). Because hydrogeochemistry gives possibilities of evaluating
the long-term evolution of deep repository sites in terms of rock/water interaction, it is
of particular importance for safety considerations, together with geochemical results
from natural analogues (see references in Section 7.1).
 
 With regard to date of publication, the reports listed below fall into two main periods.
The earlier group were published between 1977 and 1990, and give a broad overview
over deep groundwater chemistry in Sweden, based mainly on results from the study
sites (<
��
	�
�����$$��)���������$���%��	
���������:��!
	(�
��������/���"
���
�
����
���+��4�	���	;"�&�-��(��"M�
#�����3��-
��
	�����
��������5��for references to indi-
vidual sites, see Chapter 6). However, they also revealed that major problems with sam-
ple collection, and in some cases sample analysis, existed, which reduced confidence in
any conclusions. In the last decade, however, the scientific basis of geochemical work
on deep groundwaters in Sweden and Finland has been strengthened considerably and
the quality of the results from the Swedish/Finnish cooperation in this area has reached
internationally recognised standards ()	
���
�
�����������<�"
	�����/��%�������	,��
�
������/�����+������������0�	��
������������"
���
�
��������������"6.��������). This has
enabled the development of a new hydrogeochemical model which takes into account
both rock/water interactions and mixing history, whilst new sampling and analysis tech-
niques reduce the acquisition and processing uncertainties (%�������	,��������)�	!��

���������). A list SKB-supported post-graduate these is appended, which includes those
works focussed on hydrogeochemistry and transport processes (4�	��������� L������
�������>
(F	�����+��B�	�������
�@�8�"�	�����+��<�"
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 The hydrochemistry and the microbiology of groundwater are traditionally treated sepa-
rately, but are now known to be intimately entwined. The possible importance of bacte-
ria and other microbes for KBS-3 repository performance and canister corrosion became
clear in the 80s, when microbial ecosystems were discovered in deep aquifers under re-
ducing conditions. This prompted SKB to initiate and support a long-term programme
of research into the subterranean biosphere of the Baltic Shield. Already at an early
stage, this showed that such ecosystems existed to depths exceeding 1,000 m (-
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	�
�
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���������5), and later, the possibly of a deep biosphere down to
several kilometres in Swedish bedrock has been proposed ()��������). The results of
SKB-supported research have been published in a long series of Technical Reports,
doctoral theses and scientific publications (-
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research, but less extensive, has been carried out within the Canadian and Finnish pro-
grammes (��	�
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��������3��1�.
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������555). Much of this research has
relevance to the controversy about the possibly biogenic origin of the methane gas
which occurs in regionally extensive and volumetrically significant accumulations in the
Canadian and Baltic Shields (��
	0����%����	�
��������/������/!), a phenomenon
which may have wider significance (earthquake genesis, cf. )�����9�#��).
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 Some of the possible effects of a future continental glaciation in Sweden and associated
crustal movements on a deep repository have been outlined and documented in Chapter
4. The emphasis there was on geomechanical effects, for instance, on estimating the risk
of earthquake-triggered movement on fractures intersecting the deposition holes and
breaching the canisters. However, the main problem with future glaciations and related
crustal deformation is that they will radically change the hydrogeological regime (e.g.
'��!�������). Coupled hydromechanical processes may lead to a variety of adverse
effects, such as:

•  Changes in the stress field may cause fractures to open or close, and become either
more or less water-conducting.

•  Meltwater incursion, seismic pumping and changing freshwater/marine conditions
at the surface may lead to strongly varying geochemical conditions in the deep
groundwater.

•  Glacial action at the surface may change the local topography by piling up morainic
materials and/or creating glacial incisions, altering markedly the driving forces for
groundwater flow.

•  The permafrost cap may lead to abnormal fluid pressures at repository level,
favouring fracture reactivation in the bedrock and possibly making the backfill/buffer
weaker and more brittle.

Reports which treat the general problem of glaciation-related changes in the deep
hydrogeological environment, and some which treat some of the specific effects listed
above, have been collected in this group to indicate the spectrum of possibilities (-��#�
��$���<;����������!��%���!�"�&���(��""�	�������:���������+��-	�.����
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The modelling of a future continental ice sheet and its effects on hydrogeological
conditions has been the task of an Edinburgh research group, partly financed by SKB
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��555).
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Investigations carried out on or very near the Earth’s surface are only of limited use in
predicting relationships at the depths envisaged for a KBS-3 type repository (ca. 500 m),
particularly in crystalline complexes of the types found over most of Sweden. Geologi-
cal mapping of natural outcrops, road cuts, quarries, etc. allows hypotheses to be made
and models to be built, based on modern geological knowledge and experience, but the
same knowledge and experience warns against a too great faith in the correctness of the
results. Geophysical surveying on the surface (reflection seismics, aeromagnetics, gravi-
ty, etc.) often produces invaluable clues and indications, in combination with the geo-
logical data, but rarely with the resolution and confidence which would be necessary to
lift subsurface reconstructions out of the realm of qualified speculation. In general, one
can say that the elucidation of underground conditions in Swedish bedrock requires
physical probing, which in the first instance means the drilling of a number of bore-
holes, at different positions and with different inclinations, with downhole geophysical
logging, hydrogeological testing and sampling, and the extraction and description of
rock cores. Since it is clearly impossible to carry out such investigations everywhere, the
aim of surface geology and geophysics (e.g. the aim of the Förstudier, see Section 8.3) is
to enable geoscientific experience and expert judgement to suggest where the drilling
should be carried out to the greatest chance of success.

At the start of what is now called the siting process, in the mid-1970s, it became clear
that the necessary basis for interpreting underground conditions from surface data was
too weak, and SKB and its forerunners started drilling at numerous sites throughout
Sweden with a view to building up a body of problem-oriented experience. Some of
these sites were studied in great detail over a number of years, whereas others were not
fully developed, but all contributed enormously to our knowledge of conditions at depth
in Swedish bedrock. Reports referring to these so-called “study sites” (”Typområden”)
are collected together in Section 6.1.

Most of the drilling, logging, testing and sampling at the study sites was carried out
during the 1980s, parallel with the development of a different type of underground
investigation, the Stripa Project. This international project, sponsored by the OECD
Nuclear Energy Agency, used extensions of an abandoned iron mine at Stripa, in central
Sweden, as an underground laboratory for many different experiments, as outlined
below (Section 6.2). The reports cited here focus on the site characterisation aspects
of the Stripa Project, particularly the description of the bedrock structure and hydro-
geology of the site at the surface and in tunnels at ca. 350 m depth, and particularly the
results of what became known as the Site Characterisation and Validation (SCV)
experiment.

The Stripa Project ran from 1980 to 1991. Long before its termination, and clearly
encouraged by its results, SKB embarked on an even more ambitious programme of
underground investigation – the siting and construction of a special Hard Rock Labora-
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tory (HRL) at a site undisturbed by previous mining activity. Interest focussed on the
region around the Oskarshamn nuclear power station, and the island of Äspö was
chosen as the site for the facility in 1988 (Section 6.3). Detailed surface-based studies
were carried out in the period 1986–1990 with the specific intention of testing the accu-
racy of predictions concerning underground relationships, when the excavations were
completed (after the construction period, 1990–1995). The reports in Section 6.3 have
been selected to document the results of pre-construction, surface-based studies, in rela-
tion to the underground conditions actually encountered in the access tunnel and labora-
tory tract.

The chapter closes with a group of references to other sources of underground informa-
tion (Section 6.4), from other underground excavations in Sweden (tunnels, caverns,
mines) and from ultradeep boreholes in Sweden and at other European localities.

2�� �4������+������
As indicated above, it became clear at an early stage in the history of radioactive waste
research in Sweden, that conditions at several hundred metres depth in the Precambrian
basement could not be satisfactorily deduced from data collected at the surface. Because
of this, the forerunner organization of SKB (KBS, later SKBF/division KBS) and, inde-
pendently, a governmental institution (AKA, later PRAV) started programmes of site
investigations involving deep core drilling. The sites were chosen on the basis of pre-
liminary local studies, as outlined later (cf. Section 8.1). Out of these early studies,
which were in some cases the focus of controversy and local opposition, there devel-
oped a more systematic programme of research which became focussed on six main
sites, referred to here as SKB study sites. These represent a spectrum of different geo-
graphical locations and geological conditions. At each SKB study site, a complete range
of surface-based and borehole-based investigations were carried out in the period 1977–
1987, including detailed surface mapping and core description, fracture logging, surface
and borehole geophysical surveying, hydrogeological testing and hydrochemical samp-
ling. A selection of SKB Technical Reports which have appeared on each study site are
listed in separate Subsections below. The scope of activities and main results from each
site were described in a series of final reports in 1991–1992, as follows:

6.1.1  Finnsjön –  ��!�"�
����������
6.1.2  Fjällveden –  ��!�"�
���������!
6.1.3  Gideå –  ��!�"�
����������
6.1.4  Kamlunge –� ��!�"�
���������!
6.1.5  Klipperås –  ��!�"�
���������#
6.1.6  Sternö –  ��!�"�
����������

These final reports contain full details of the basic documents relating to each site,
which include both SKB Technical Reports (TR series) and SKB Progress Reports
(Arbetsrapporter – AR series). In the present listings, only a selection from the TR-
series are cited, chosen to contain the main information of importance for the siting
process: site characterisation studies (reports outlining results from a range of geo-
scientific investigations), bedrock structure and geomechanics, and hydrogeology.
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After the six main Subsections, a list of reports on other sites at which deep drilling
has been carried out is added (Subsection 6.1.7). This includes two sites (Svartboberget,
Taavinunnanen) for which site characterisation reports are available but which other-
wise do not have a comparable data base to the “official” study sites.

2���� #�

�56
��7�����7!

The Finnsjön study site lies in northern Uppland (Tierp municipality, Uppsala län,
central Sweden). The site lies in an area of very low relief (0–60 m a.s.l.) and moderate
exposure (ca. 15%). The bedrock of the site consists of foliated granodiorite (see
Section 2.3), intruded 1890–1880 Ma ago and deformed and metamorphosed during the
Svecokarelian orogeny (ca. 1850–1780, see Section 2.5). The bedrock is intersected by
younger pegmatitic, aplitic and mafic veins and dykes, and is locally sheared and hydro-
thermally altered. The granodiorite forms part of a tectonic lens within a broad belt of
ductile shearing. A total of 11 cored drillholes were sunk at the site, 7 to depths of
500 m or more, yielding a total length of core of about 6,000 m. The main period of site
investigation was 1977–1983, but further detailed studies were carried out in the period
1985–1992 (including the Fracture Zone Project, see below). The Finnsjön site provided
the data base for SKB's safety assessment SKB-91, and, later, as the hypothetical site
“Beberg”, for the SR-97 safety analysis (see Subsection 10.1.2).

The regional geological setting of the Finnsjön study site is given in the Uppsala Läns-
studie ( �����
����������� see also Subsections 8.3.4 and 8.3.6). The scope of activities
and the main results of the investigations, as documented in 49 Technical Reports and
46 Progress Reports, are summarised in the final site report of 1992 ( ��!�"�
����
�������see also Beberg site description in ��������#). The selection listed here con-
sists, in the first instance, of general overviews of the site characteristics from both the
early phase of investigation ( �"���
�������$���C���
0�#*�
�������$���2�(�������&
=�	�������) and later phases ( ��!�"�&�'�	��������� (
���(�&��,;��������). The
Finnsjön site served particularly for the development of concepts and methods for
fracture system and fracture zone analysis ( ��!�"�
��������3��)
�
	�
���������,������
&�4�""
�������, see also Fracture Zone Project, below), including the seismic imaging
of fracture zones (=���@?
��
��&�%���(	
�����$��B��"��
���������), the geomechanical
properties of rock, rock masses and fracture zones ( �0�����$$��<��
�(	
��&
��
9�����������5��%
�,���&�%,��((	
������), and studies of fracture mineralization
('���!�	(�&�%�	���������).

Hydraulic testing and monitoring was also a major component of Finnsjön activities,
consisting of water injection tests, interference tests, groundwater head measurements
and various types of tracer tests, over a long period of time (B�	������
��������/��
���/!�� ��
	�����
�������������(��""�	�
��������/). As noted above, these data be-
came the basis for the geohydrological model of the hypothetical Beberg site in SR 97
(:���
	�
��������$��1�	��
>�
�����������)>����(�
���������). The hydrogeological studies
were complemented by groundwater sampling in the deep drillholes and subsequent hy-
drogeochemical modelling (%��	
���������-��(��"M�
#��&�4�	���	�"����$���"
���
�&
:��!
	(�������%�������	,��
���������). All these different data acquisition and proc-
essing techniques – structural, geohydrological and hydrogeochemical – were eventually
focussed on a special feature of the Finnsjön site, the gently dipping fracture zone 2,
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located at 100–240 m depth. The “Fracture Zone Project” yielded uniquely detailed in-
sights into the structure and hydrogeological significance of a particular fracture zone
and paved the way for more general understanding of an important aspect of perform-
ance assessment ( ��!�"�
����������� ��
	������-
�
	�����/).
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The Fjällveden study site lies in eastern Sörmland (Nyköping municipality, Söder-
manlands län, central Sweden). The site lies on an undulating inland plateau (50–60 m
a.s.l.), where the bedrock exposure is relatively good. The bedrock of the site is domi-
nated by a rather homogeneous, gneissic metasedimentary rock with some layers of
weakly foliated granodiorite (“granite gneiss”, see Section 2.3), both groups metamor-
phosed and deformed during the Svecokarelian orogeny (ca. 1,850–1,780 Ma ago, see
Section 2.5). This rock matrix locally contains greenstone layers, granitic and pegmatitic
veins, and mafic dykes. The site lies between two fracture zones which belong to a set
of regional, SE-NW striking structures with a regular spacing of 2–3 km. A total of 15
cored drillholes were sunk at the site, 8 to depths of 500 m or more, yielding a total
length of core of about 7500 m. With the exception of some groundwater sampling, all
activities at the site took place between 1981 and 1983.

The regional geological setting of the Fjällveden site is given in the Södermanland
Länsstudie ( �����
������������see also Subsection 8.3.3). The scope of activities and
the main results of the investigations, as documented in 10 Technical Reports and 11
Progress Reports, are summarised in the final site report of 1991 ( ��!�"�
���������!).
The site characterisation results were evaluated and published immediately after the in-
vestigation period ( ��!�"�
��������/�), together with model calculations of ground-
water flow and hydrogeochemical analyses (B�	������
��������/���%��	
������/!�
:��!
	(�
��������/). A special feature of the Fjällveden site is the very low hydraulic
conductivity of the gneissic metasedimentary rocks below ca. 200 m, significantly lower
than any of the other study sites. This feature was confirmed in a later study of the
regional characterisation of hydraulic properties at different study sites (:������
����
���$).
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The Gideå study site is situated near the coast in central Norrland (northeastern
corner of Västernorrlands län, northern Sweden). The site lies in an area of significant
relief (0–300 m a.s.l.) and moderate exposure (ca. 25%). The bedrock of the site consists
of migmatites (veined gneisses) and granitic gneisses derived from a metasedimentary
protolith (see Section 2.3), formed during the Svecokarelian orogeny, ca. 1,850–1,780
Ma ago (see Section 2.5). The site is intersected by a set of E-W striking mafic dykes,
and was possibly affected by the intrusion of a 100–300 m thick mafic sill, now eroded
away from above the present site surface. These mafic bodies were intruded 1,270–
1,215 Ma ago. A total of 13 cored drillholes were sunk at the site, 11 to depths of 500 m
or more, yielding a total length of core of around 8,000 m. The main period of site
investigation was from 1981 to 1983, but the site has been used intermittently since,
mainly for small R&D projects and for testing new equipment. The Gideå site provided
the data base for the hypothetical site “Ceberg” in the SR-97 safety analysis (see
Subsection 10.1.2).

The regional geological setting of the Gideå study site is given in the Västernorrland
Länsstudie ( �����
����������). The scope of activities and the main results of the
investigations, as documented in 18 Technical Reports and 11 Progress Reports, are
summarised in the final site report of 1991 ( ��!�"�
����������, see also CEBERG site
summary in ��������#). The list below contains the original site characterisation report
( ��!�"�
��������/�) and a selection of other Technical Reports from the original list,
plus a series of later reports, particularly those connected with SR-97. The first part of
the list concerns the geological modelling of the site and the resulting uncertainties
(1
	"���
��
��������$��������&�4�""
�������), together with geomechanical data
(%,��((	
��
��������+���,�	������&���
9�����������3). The rest of the citations are
hydrogeological, dealing with the following themes:

•  characterisation of hydraulic properties of bedrock and fracture zones (�	�#�����&
<��(
����3��:������
��������$),

•  modelling of groundwater flow (B�	������
��������/���:���
	�&�)>����(�����),

•  hydrogeochemistry of deep groundwater (%��	
������/���:��!
	(�
��������/),

•  fracture mineralization ('���!�	(�&�%�	��������/).

The final citations give overall summaries of the hydrogeology and hydrochemistry of
the site (Ceberg) and compare the relationships at Gideå with the other sites used as a
basis for SR-97 (:���
	�
��������$��%�������	,��
���������).
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The Kamlunge study site lies in northern Norrland (northeastern corner of Norrbottens
län, northern Sweden). The site lies on a plateau across the top of an uplifted block
which stands about 100 m above the surrounding lowland. On the plateau, the bedrock
is well exposed. It consists of a heterogeneous complex of metasedimentary rocks
(biotite gneiss, quartzitic gneiss), intruded by a fine to medium grained granite (Lina
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granite, see Section 2.2), with associated pegmatites, and other igneous rocks (diorite-
granodiorite, gabbro/amphibolite). All rocks are affected by the Svecokarelian orogeny
(ca. 1,850–1,780 Ma ago, see Section 2.5), although the Lina granite (intrusion age ca.
1,800 Ma) only shows a relatively weak foliation. A total of 16 cored drillholes were
sunk at the site, 8 of them to depths of 500 m or more, yielding a total length of core of
about 7,750 m. The main period of site investigation, including all the core drilling, was
1982–1983, with little activity since (one small research project, some tests of methods
and instruments).

The regional geological setting of the Kamlunge study site is given in the Norrbotten
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summarised in the final site report of 1992 ( ��!�"�
���������!). The original docu-
mentation includes a site evaluation report ( ��!�"�
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The Klipperås study site is situated in southern Småland (Kalmar län, southern Sweden).
The area in which the site lies is characterized by an extremely low relief (very low
hydraulic gradients) and an almost complete lack of bedrock exposures (no surface ex-
pression of fracture zones). The bedrock of the site, as it appears in the drillcores, is
composed of a relatively homogeneous granite (Småland granite, see Section 2.2), with
associated aplitic veins and porphyrite dykes, intersected by a number of younger N-S
trending mafic dykes. The Småland granite belongs to the Transscandinavian Igneous
Belt (see Section 2.5), intruded about 1,800 Ma years ago, and the mafic dykes are
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thought to be about 900 Ma old. A total of 14 cored drillholes were sunk at the site, 7 to
depths of 500 m or more, one to 940 m, yielding a total length of core of about 6935 m.
The main period of site investigation, including all the drilling, was 1984–1985. Later,
the only new investigation was a borehole radar study, but the site data base continued
to be used for a number of further studies.

The regional geological setting of the Klipperås study site is given in the Kalmar
Länsstudie ( �����
���������!). The scope of activities and the main results of the
investigations, as documented in 21 Technical Reports and 10 Progress Reports, are
summarised in the final site report of 1992 ( ��!�"�
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The Sternö study site is situated on the coast of Blekinge (Blekinge län, southern
Sweden). The area is characterized by low relief and moderate bedrock exposure. The
bedrock consists mainly of fine grained felsic gneiss (ca. 1,700 Ma old) and foliated
granodiorite (Blekinge gneiss, see Section 2.3), with numerous aplitic and pegmatitic
veins. The veining is probably related to a large 1,450 Ma old granitic intrusion (Karls-
hamn granite) which lies to the south of the site and probably underneath it, at depth.
The eastern side of the site is marked by a ca. 300 m thick mafic dyke, intruded ca.
930 Ma ago. A total of 5 cored drillholes were sunk at the site, all of them to depths in
excess of 500 m, and about 3,300 m of core were retrieved. The main period of site
investigation, including all the drilling, was 1977–1979, and, with the exception of two
small projects (fracture mapping, geophysical determination of mafic dyke orientation),
there has been no further activity.

The regional setting of the Sternö study site is given in the Blekinge Länsstudie ( ����

����������). The scope of activities and the main results of the site investigations, as
documented in 17 Technical Reports and 4 progress Reports, are summarised in the
final site report of 1992 ( ��!�"�
����������). The site investigations are described in
the original site characterisation report (  ��!�"�
�������$�) and only a few supplemen-
tary studies have since appeared (��"���&�)
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In addition to the six “official” study sites, above, several other sites have been drilled
and investigated by SKB. The SKB reports referring to the most important of these are
collected in this Subsection. The area of most intensive activity lies in the northeastern
part of Oskarshamn municipality (Subsection 8.3.5), in the surroundings of the Äspö
Hard Rock Laboratory (Section 6.3). A description of these investigations is given in
one of the background reports to the Oskarshamn feasibility study (�
	("���
����
�����). Three sites in the surroundings of Äspö HRL have been drilled – Ävrö,
Kråkemåla and Laxemar. In addition to drilling, the island of Ävrö has been used as a
test for the identification of fracture zones using reflection seismic methods (?������&
-��"����$). The Kråkemåla site was originally planned as a study site, in the parti-
cularly homogeneous and coarse grained Götemar granite pluton (“anorogenic” granite,
see Section 2.5), but was later abandoned. However, information from Kråkemåla is
contained in a number of site comparison studies, concerning geomechanics, geohydro-
logy and hydrogeochemistry (�0�����$$��2�(�������&�=�	���������%��	
�������). At
Laxemar, two cored drillholes were sunk, one down to over 1,700 m depth ( ��
	����
������%�������	,��
��������+����"����55�) and the hydrogeological data has been used
in a more regional study of the hydraulic properties of Småland granite (�������
����
�555).

The two reports under the second heading below concern the Forsmark site (Östhammar
municipality, Subsection 8.3.4), which encompasses the Forsmark nuclear power sta-
tions and the SFR low to medium radioactive waste repository (shallow underground
caverns). Forsmark lies ca. 15 km east of the Finnsjön study site (Subsection 6.1.1,
above). The geological information collected at the site from 3 cored drillholes and from
the construction of several tunnels and the SFR caverns are summarised in �
	("��

��������3 and  �
������&�1���
������.

Under the third heading of this Subsection, the citations refer to other SKB or related
sites from which underground information is available. From two of these, Svartbo-
berget and Taavinunnanen, site characterisation reports are available ( ��!�"�
����
���/#��)
��*�#�
���&�'���!�	(����+), in addition to some reports on special themes
(:��!
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������/#��%�	�����&�'���!�	(�����). Information is also
available from deep drilling near the Forsmark nuclear power station, close to the
existing underground repository for low-active nuclear waste, SFR (�
	("���
��������3,
see Section 8.3.4). The final citations (�
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����) refer to the Studsvik nuclear research site in Nyköping municipality (Subsection
8.3.3), where an early series of field migration experiments were carried out (Section
7.2).
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2�� ����$��	�
�
From the late 70s to the early 90s, numerous important underground tests and experi-
ments were carried out within the framework of an international project, the Stripa
Project, managed by SKB. The underground rock laboratory was situated in tunnels and
cavities driven into unmined parts of the Stripa granite from levels 360 m and 410 m
depth in the abandoned Stripa iron mine (Örebro län, central Sweden). The research,
financed jointly by radwaste institutions in Canada, Finland, France (Phases 1 and 2),
Japan, Spain (Phase 2), Sweden, Switzerland, United Kingdom (Phases 2 and 3) and
United States, took place in three overlapping phases, each subdivided into projects
concerned with natural barriers, and projects concerned with engineered barriers. The
reports cited below derive from the natural barrier research, and, for this branch of the
investigations, the contents of the three phases can be briefly summarised as:

•  %#���8��89:;-89:< : investigation of the limitations and possibilities of existing
site characterisation methods (fracture system analysis and determination of hydraulic
conductivity of fractured rocks from borehole data; hydrogeochemical methods;
tracer experiments for understanding the migration of dissolved components in
groundwater).

•  %#���=��89:>-89:: : development of improved characterisation methods and
techniques (“cross-hole” methods of identifying hydraulically significant fracture
zones using borehole radar, borehole seismics, hydrology; migration properties of
non-sorbing tracers).

 

•  %#���>��89:?-899= : major “Site Characterisation and Validation” (SCV) experi-
ment using the improved measuring and modelling techniques to successively char-
acterise, model and evaluate the structure and hydrogeology of a previously
undisturbed rock block (dimensions 125 x 125 x 50 m), with repeated comparison
of observations and predictions (validation), first with the initial 5 cored drillholes
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into the block, then with an additional 3 boreholes to test the preliminary model, and
finally with the construction of a tunnel into the block (the SCV drift) to test the
refined model.

 
 The International Stripa Project resulted in over 170 technical reports, many of them
published by SKB in a special report series (cited below as Stripa Project Technical.
Reports), as well as numerous scientific publications. The Stripa project, and parti-
cularly the results of the SCV experiment, has received international scientific acclaim
for the major advance in the understanding of the hydrogeology of fractured rocks which
it produced. Summaries of the organization, execution and main results of the Stripa
Project are to be found in����������������!�����/� (for a more recent and personal
view, see also :���
	�9�����555).
 
 The early reports on conditions at the Stripa site appeared in the regular KBS Technical
Report series (e.g. �0�����$$��B�	��������$$��C���
0�#*�
�������$�) and in reports of
the Swedish-American Cooperative programme (SAC reports, not included here). With
the initiation of the Stripa project proper (1980), however, results were documented in a
separate series of reports, as noted above. A selection of these from the first two phases
of the project are given below – for details of the different tests and experiments, see the
Stripa Project Annual Reports, which appeared in the same series but are not cited here.
Hydrogeological aspects of the Phase I investigations are summarised in B�	������&
C���������+ and  ��
	�����&����#��	�����+, whilst the results of their continuation in
Phase 2 are to be found in )��
�
��������$ and  ��	
0��
���������. From the large num-
ber of individual reports, some have been selected to illustrate the scope of the cross-
hole experiments (-����
��������3�����#��
��������$��C������
��������$������$!), the 3D
migration experiment ( !
����
��������$�� ��
	�����&�=.
	���	9����$) and the tests
with borehole radar to study flow distribution ( ��
	������-
	��
���������).
 
 The main results of the Site Characterisation and Validation (SCV) experiment, which
concluded the natural barrier studies at Stripa, are outlined in the final report of the proj-
ect (C����������). Several other reports have been selected which are partly or wholly
based on the results of the SCV project, mainly those dealing with the use of the tech-
niques developed and experience collected. These deal with the processing and
interpretation of lithological and structural data ('	��"��������)��
�
�����������C�����
���/), the characterisation of fracture/fracture systems for hydrogeological studies (=�

&�)
�
	�������2�	�
������), the results of hydraulic and hydrochemical modelling
(:��!
	(�������=�.���&�4�	���	;"�����), and some geomechanical modelling (��	���

���������).
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 2�" <�$6�1����=����)��������+��7����7!
 Plans for the construction of an underground research laboratory in a previously un-
disturbed part of Swedish bedrock were launched in 1986. The Hard Rock Laboratory
(HRL) was intended to provide a research, development and demonstration base for
the KBS-3 disposal concept, at the depth planned for the future deep repository. After an
extensive site selection and preliminary site characterisation process, and subsequent
governmental review, the location of the facility on Äspö, an island near the Oskars-
hamn nuclear power plant, was accepted, and construction started in 1990. This earliest
phase of surface-based studies became known as the “pre-investigation phase” (1986–
1990). The following “construction phase” (1990–1995) was accompanied by continued
surface-based investigations, but attention focussed on investigations underground, in
the ca. 2 km long access tunnel and in the spiral tunnel under Äspö (total tunnel length
ca. 3600 m). The main part of the tunnel was excavated using conventional drill and
blasting methods, whereas the last 400 m were excavated using a 5 m diameter Tunnel
Bore Machine. From 1995 onwards, the facility has been in the “operating phase”, and
major experiments have been started at various locations in the deepest parts of the fa-
cility, within the framework of an international project. The aims of the Äspö HRL have
been formulated in terms of Stage Goals (�������3!):

•  Goal 1: verification of pre-investigation methods

•  Goal 2: finalization of detailed investigation methodology

•  Goal 3: testing of models for groundwater flow and radionuclide migration
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•  Goal 4: demonstration construction and handling methods

•  Goal 5: testing of important parts of the repository system (in ���������
included in Goal 4)

 
 From the point of view of the siting process, the important research is that directed
towards Goals 1-3. The reports cited in the list below refer mainly to Goals 1 and 2,
i.e. the development, application and validation of site characterisation methods. A
selection of documents on the experimental and modelling studies, many of them
ongoing and focussed on radionuclide migration (Goal 3), are included in Section 7.2
They form part of the Äspö operating phase and are being carried out within an inter-
national research programme.
 
 In the following, the Äspö documentation has been arranged in three subgroups.
Subsection 6.3.1 contains site characterisation reports documenting the 10 years of
research between the start of site selection and the end of construction. The second
subgroup (Subsection 6.3.2) encompasses technical reports on individual themes related
to site geology, published successively from the pre-investigation phase to the use of
Äspö as one of the model sites in the SR-97 safety analysis (hypothetical site “Aberg”,
see Subsection 10.1.2). Finally, the use of the Äspö data as a basis for a performance
assessment exercise by the Swedish regulatory body, SKI, is documented in Subsection
6.3.3. It is fair to say that the construction and operation of Äspö HRL has made a
major impact on radioactive waste research, worldwide, and will provide an exceptional
scientific database for many different types of geoscientific study for years to come.
 
 

 2�"�� ������%�������������
��
�����������


 The Site Characterisation and Validation (SCV) experiment at Stripa (Section 6.2) was
a small-scale version of what has been attempted on a large scale at Äspö – the research
directed at Goals 1 and 2 (see above). The reports summarising this major site charact-
erisation effort are collected in this subgroup under two headings below, depending on
whether they refer to results and predictions of the pre-investigation phase alone (sur-
face-based studies preceding the start of construction), or whether they include results
from underground investigations (during and after the construction phase) and compari-
sons with the pre-investigation predictions (validation). The geoscientific studies in the
pre-investigation phase included detailed geological and structural mapping (including
continuous trench profiles), gravity and aeromagnetic surveying, core drilling (14 deep
boreholes, mostly down to at least 500 m depth), percussion drilling (20 holes), exten-
sive borehole geophysics (conventional logging, radar, VSP, etc.) and extensive hydro-
geological observation, sampling and testing ()���������
���������������). At a later
stage, the data were used to make first predictions of conditions at 500 m depth and
these were published as a major series of related reports (������	��
����������� �"���&
N
��"���������:��!
	(�
�����������)���������
����������� �"���
���������). A report
on hydrogeochemical conditions at the site closes the documentation of this pre-
construction site characterisation effort (�"
���
�
���������).
 
 The entries under the second heading constitute a second major series of related docu-
ments detailing the work carried out during the construction phase (detailed site charac-
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terisation: ������	��
��������$������$!��<����
��������$���see also ������	��
���������),
including a critical evaluation of the relation between pre-construction predictions and
post-construction results (<����
��������$!), and a report the development of improved
models and predictions (<����
��������$#). The relation between prediction (from sur-
face-based data) and observation (in the tunnel) was judged to be satisfactory in general,
but poor in some specific areas (minor fracture zones <5 m thick, granitic veins, green-
stone screens, fracture and fracture zone hydrology). For engineering purposes, unex-
pected conditions were not encountered which required changes in layout, or changes in
construction method or specifications (�������3!).
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 The Äspö HRL is constructed in granitoids of the Transscandinavian Igneous Belt (see
Section 2.5) at a coastal site in southeastern Sweden. The main rock types encountered
were medium grained quartz monzonites (”Äspö diorite”) and adamellites (”Ävrö
granite”), intersected by fine grained Småland granites, which occur as irregular intru-
sions, dykes, veins and patches (:��"���&���	��8������+����	��8���
��������$). Other
lithologies occurring as xenoliths in the granitoids include metavolcanite and green-
stone, concentrated in a foliated NE-SW striking zone across the centre of the island
(”Äspö shear zone”). The age of the granitoids is ca. 1,800 Ma.
 
 With regard to bedrock structure and stability, the Äspö rocks are intersected by a
number of fracture zones in different orientations which can be distinguished in the
surface morphology, in cores and by various geophysical techniques. The SKB surface-
based models and the changes which were occasioned by observations in the tunnel are
found in the site characterisation reports above (Subsection 6.4.1). However, there is
still considerable disagreement on the number, orientation and location of the main
fracture zones and their hydraulic significance, due to nomenclature problems and
different weightings to different data sets ('�	������3� cf. Aberg site summary in ���
����#). The different stages of brittle deformation in the Äspö area has been studied in
some detail, but many problems remain (2���
	����/��2����#��
��������/��-��
	�
���+����	��������������	��
������55�� and SKB Progress Reports cited therein). One
worker in the Äspö area has maintained that many of the fractures on Äspö were formed
during the retreat of the last ice sheet, about 9,000 years ago (2;	�
	�����), but most
geoscientists remain unconvinced by the evidence presented (�������5) – this in con-
trast to the convincing evidence for postglacial faulting and paleoseismicity in northern
Sweden (Section 4.1).
 
 The remaining reports in this Subsection concern hydrogeology in its widest meaning.
These are grouped under three headings: geohydrology and hydrogeochemistry, dealing
with the site conditions themselves, and, a more general heading, coastal hydrology and
glaciation. With regard to geohydrology, work has been heavily concentrated on the
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modelling of groundwater flow in fractured rock, starting with the characterisation of
the observed water-conducting features (2�*�	
��
��������$�������	��
������55�), con-
tinuing with the geostatistical modelling of fracture arrays and hydraulic parameters
(%�-����
�������%�-����
�
��������+��E����	��������), and ending with reports on
modelling in connection with the pre-construction LPT2 experiment and the post-
construction drawdown experiment. These experiments were modelled by different
international groups. The groundwater flow modelling for the LPT2 experiment was
based on tests performed in the numerous deep boreholes sunk before construction
began, and was attacked by several groups within the international Äspö Task Force,
using different modelling approaches (��������
�����������)>����(�
�����������)>����(
���+�����$��K#�����
�����������1������&�2���#�O����$). Similarly, a multinational ap-
proach was used in the drawdown experiment, which attempted to model the hydraulic
impact of the tunnel itself, once excavated ('������
��������3��K#�����
��������$�
2���	��
�����������see also  �
������&���������555). The final citations under this
heading refer to the modelling of the Aberg site in the safety assessment SR-97 (see
Subsection 10.2.2), which used the hydraulic data from the cored boreholes of the pre-
investigation phase and from probeholes drilled during tunnel construction (:���
	�
����
���$��:���
	�&�)>����(�������see also C���
	��&�������
��555), and a special study of
the hydraulic properties of Småland granite over a wider area (�������
������555).
 
 The reports collected under hydrogeochemistry include, in the first instance, some
entries describing specific aspects of chemical conditions in Äspö groundwater
(%�����	;"�&�'���!�	(����+��%�������	,��
��������+�����0�	��
��������+). These
and other aspects are summarised in the corresponding Aberg report for SR-97
(%�������	,��
���������), but perhaps even more extensively, and subjected to peer
review, in the special issue of the journal Applied Geochemistry on the geochemistry
of the Äspö site ()��#�>�
�&�:��!
	(��
���������). Finally, under coastal hydrology and
glaciation, there are collected a series of reports which treat more general aspects
of the hydrogeology of the Äspö site, as a coastal site with a past (and presumably
future) history of glaciation (:���������+����(6.�������$���.
�����������������!�
see also Section 5.4).
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 The SKI performance assessment project SITE-94 (see Section 10.2) is based on data
from the pre-investigation phase of the Äspö site characterisation project, with the addi-
tion of some later SKB data (up to 1992). Some of these reports contributed signifi-
cantly to the understanding of the Äspö site, and, since the models were developed by
a completely independent group of geoscientists, also provided a means of judging the
uncertainties inherent in site models. The data base used in SITE-94 is summarised in a
special report ()
�
	�
��������3) and the development of an independent geological and
structural model for the site is described in detail, together with detailed background in-
formation, in '�	���
��������3 and '�	���
�������$. Other site characterisation aspects
are treated in a number of individual reports, for example, borehole geostatistics
(%
%�#P��&�C���������3), hydrogeology (E����
��������3), groundwater flow modelling
('���(����3), and hydrogeochemistry ()�>���&�E�������3). For a more complete list of
the SITE-94 technical reports, see Section 10.2.
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 2�& ;�%����
������
������
 In addition to the problem-orientated investigations outlined above, underground condi-
tions have been studied and reported from many different situations, although not
always in a form which makes the data easily useable for the problem at hand. In this
Section, a selection of reports and papers are collected, without any claim to representa-
tiveness or even, in the first instance, usefulness. The first heading concerns experience
from deep mines. Potentially, there is considerable information on underground condi-
tions in Swedish bedrock, at least in the Bergsdalen mining province (in which Stripa
is situated, Section 6.2) and in the Norrland mining districts (Skellefte, Kiruna, etc.),
where the deepest mines go down to almost 1000 m. However, there seems to be no
synthesis of this experience in Sweden, as, for instance, has been made for Canadian
mines (<�.
��&�)��
����3��<�.
��&�B��	�����/��see also <;����������!), although
some information is found in one of the Östhammar Förstudie reports (�
	("���
����
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���3) and in a report on Swedish experience with water table draw-down around under-
ground excavations ( �
������&���������555).
 
 In contrast, there has been considerable interest in experience from Swedish tunnels, as
indicated by the number of SKB Technical Reports on different examples (see �
	("��

��������3 and other Förstudie reports, Section 8.3, as well as  ��
	�����
��������$�
������	�����$��-��"6.����&�������	�����$��C������&�-��"6.����������1���"��
����
������ �
������&�1���
�����$�� �
������&���������555). The final group of citations
are reports and papers describing investigations in ultradeep boreholes, i.e. deeper
than 1000 m (for overview of European localities, see ?������
���������). This contains
a selection of documents on the Laxemar deep borehole (��"����55�), on the deep
gas drilling project in the Siljan area, Dalarna län (?���������5��?������
����������
?������&�-
�
	�
�����/��)��������), on the Russian deep hole on the Kola peninsula
(2���
>
�������3����*����>�������4�=< �����), and on the continental deep bore-
hole, KTB, in the Hercynian basement of Germany (�""
	"����
��������+�
�""
	"����&�%���
	,��(����$�������&�<>!�#�����3). For further references on
this theme, consult the SKB reports on the Very Deep Hole (VDH) alternative disposal
system (Subsection 10.2.3).
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 One of the main aims of the siting of KBS-3-type repositories is to identify locations at
depth in a geological environment which can be expected to prevent or retard the trans-
port of radionuclides from the repository to the biosphere, should they, at some future
time, be released from the system of artificial barriers which the KBS-3 concept envis-
ages. Hence, considerable effort has been put into understanding how such migration
would take place, what physical and geochemical processes would be involved, and how
to acquire quantitative information which could be used with confidence in a perform-
ance assessment or safety analysis. Because of the complexity and heterogeneity of the
geosphere, and because of the enormously long time-scales involved, it has long been
recognized that confidence cannot be built up on the basis of laboratory tests, or very
simple field experiments, alone. Hence, two further lines of investigation have been
followed intensively during the past two decades. The first, as documented in Section
7.1 below, involves the search for, and detailed investigation of, natural geological sys-
tems which are analogous to the whole or some part of the artificial situation created by
the repository and its contents. These have become known as natural analogues, and can
be thought of as natural field experiments which have been allowed to proceed over
geological timescales, and whose end results can be studied today. The second line of
investigation, Section 7.2 below, consists of field experiments on different scales,
carried out in underground rock laboratories. Although these are limited by the, geologi-
cally, very short time of observation, they allow insights into the behaviour of radio-
active and non-radioactive tracers in the natural environment and the effects of natural
heterogeneity and complexity. This chapter is relatively short, and the documentation is
highly selective, especially in Section 7.2. This is because the material is not directly
related to the siting process and therefore lies mainly outside the scope of the present
compilation.
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 Applied natural analogues studies related to radionuclide transport around KBS-3-type
repositories are subject to one basic requisite: they should include, as quantitatively as
possible, both spatial and temporal data. Put simply, interest centres on how far a given
radionuclide, or other element, has moved in a measurable time interval. For instance,
in an early Swedish study, we read: “ (The data) indicated U migration along distances
of 40 cm or more on a time scale of 1 million years, in conjunction with Th immobility
under the same conditions.” (�"
���
�
��������3). This is the essence: the whole story
is that it is an extremely complicated task to obtain such data, involving intensive field
work, sophisticated analytical procedures, complicated numerical modelling and
specialized geological knowledge, particularly in the areas of geochemistry, isotope
geology, geochronology and hydrogeology.
 



88

 In Sweden, small inroads in the early 1980s (�"
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enormous potential of such work for building confidence in the conclusions of assess-
ments of long-term safety, and for revealing potentially, on the long term deleterious,
natural conditions (e.g. B��9"���
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������555). Particularly the latter point, identification of
potentially deleterious conditions, has important implications for the siting process, and
for site characterisation in general. The tremendous upswing in research activity in the
1980s took place within a wide international context, with some degree of scientific
coordination channelled through the “Natural Analogue Working Section” (NAWG),
under the general auspices of the European Commission. This research led to major co-
operative projects, in which SKB and its consultants were actively represented, such as
the Pocos de Caldas Project, in Brazil (B��9"���
�����������B��9"���
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 Internationally, since the 1970s, analogue studies have focussed particularly on a series
of unique geological occurrences in and around the Oklo/Okélobondo uranium mine, in
Gabon, where the “fossilized” remains of several natural fission reactors were found.
These are locations within the ore body which “went critical” about 2,000 Ma ago, and
afterwards became natural spent fuel “repositories”. This interest is illustrated by the
number of SKB Technical Reports which have treated different aspects of this African
locality (
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�������3��C.
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	��	;"��555��� and by the enormous volume of published
scientific literature, of which only a minute selection are added here (e.g. B�	����
����
������1������
����������������1������������2
�
��
������������"
���
����+��)�����
	@
%���>
�
��������3��?��
#*
��������)�����
	@%���>
�
������555).
 
 Nearer to home, and perhaps more directly relevant to Swedish conditions, is the
uranium deposit of Palmottu, in SW Finland, which has been subjected to detailed in-
vestigation from the point of view of natural analogues since the early 1980s (?�������
�
������������"6.����
���������), most recently within the framework of EU-supported
research projects (���"6.����
��������+��B�����.��
��������������,��
������555�
���"6.����
������555). However, natural analogue research has not only been in the form
of international large-scale, interdisciplinary and multiprocess projects. Restricted,
small-scale localities representing special circumstances which can throw light on
various aspects of nuclear waste disposal, bringing in the long-term perspective, are,
geologically speaking, all around us, and have resulted in numerous, more modest, but
nevertheless extremely useful, studies (e.g. 1���!
	(�
��������$��-��#��&���	�����
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 Although all experiments lack the geological time perspective, field experiments, for
instance in underground research laboratories, have an advantage over normal laboratory
experiments on radionuclide transport in that they must learn to deal with natural het-
erogeneity and complexity. That is, in fact, the point – to simulate actual conditions in
and around an underground repository. In the context of the present report, no attempt is
made to treat this theme exhaustively, since it is more relevant to performance assess-
ment. However, it is an important corollary to natural analogue research, and SKB is,
and has been, heavily involved in this type of research from the earliest days.
 
 The earliest “�������” migration experiments were carried out on the site of the nuclear
research facility at Studsvik (%�����	;"�
�������$$��%�����	;"�
�������$������#��	�

��������5��%�����	;"����5�����#��	��
�����������%�����	;"�
��������/). Later, parts
of the underground laboratories at Stripa and Äspö were used for similar field experi-
ments, within projects with international participation. Experimentation started in
tunnels driven from various levels of the Stripa mine (Section 6.2) in the 1980s, parti-
cularly aimed at understanding the processes of matrix diffusion (��	(
	�����&
4
	
���
�������) and tracer migration on single fractures and in 3D fracture networks
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sophisticated experiments are at present underway, organized as international collabora-
tive projects managed by SKB, in the Äspö HRL (Section 6.3). The first of these proj-
ects, TRUE-1 (Tracer Retention Understanding Experiments, Stage 1) has recently been
completed (:��!
	(�
�������3��:��!
	(�
������555�������55�!), whilst two other ma-
jor experiments related to radionuclide transport are at present underway, the TRUE
Block Scale and the Long-Term Diffusion experiments (:��!
	(����3!���>
(F	��
����
������see������555�). Many of the theses cited under hydrogeochemistry (Section 5.2)
contain results from field experiments relevant to radionuclide transport in the
geosphere.
 ____________________________
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 Under this theme, we draw together all the material which is directly related to the siting
process, i.e. the process of screening and selection of favourable sites for KBS-3-type
repositories in Sweden. Although this process must take into account a whole spectrum
of non-geoscientific considerations, there is general agreement that screening in the first
instance must be based on attempting to identify favourable geoscientific conditions,
using the presently available data on the geology of Swedish bedrock. This data, and
the expertise to synthesize and interpret it, mainly lies with the Geological Survey of
Sweden (SGU), and the work documented in this Chapter was mainly carried out by
SGU, under contract to SKB. The siting programme studies fall naturally into three
groups:
 

 %	�
���$6�-�)������?�
��������
���������
�

 The main emphasis here is on the numerous syntheses of different types of data, cover-
ing large parts of the country, which SKB has sponsored since the early days in connec-
tion with the siting process. These are grouped under three headings corresponding to
the three phases of the history of siting efforts in Sweden, as outlined below. A key
document in this category, however, is not the result of an SKB contract, but rather of
the need to synthesize country-wide geoscientific data for all types of societal activity.
It is the volume “Berg och jord” (in the English version, “Geology”) of the Swedish
National Atlas (�	
����
��������), which was mainly written by geoscientists from
SGU and Swedish academic institutions. This superb compilation laid a solid founda-
tion for the later feasibility studies (Länsstudier and Förstudier, see below), which had
been lacking during the earlier phases of the siting process.
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 After the publication of the SNA “Berg och jord” volume (�	
����
��������), and
SKB's own national overview report (�������+!), SGU was contracted to carry out
problem-oriented compilations of bedrock conditions in each Swedish “county” (called
“län” in Swedish). These desk studies were called “Länsstudier”, which can best be
described as: feasibility studies at county scale, and were completed between 1997
and 1999.
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 Partly before, partly parallel with, and partly after completion of the Länsstudier, SGU
was also involved in the compilation of geoscientific data in those municipalities which
consented to be considered as potential hosts for a KBS-3-type repository. The aim was
to defining area within the municipal boundaries which, from a geoscientific viewpoint,
would be most favourable for carrying out detailed studies with respect to siting a deep
repository. These problem-oriented desk studies, followed by field control of the areas
selected by SKB on the basis of primarily geological and environmental considerations,
were called “Förstudier” (literally “pre-studies”), which can best be described as: feasi-
bility studies at municipality scale. The Förstudier were carried out between 1993 and
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2000. In the list below, the order of the municipalities is chronological, according to
when the feasibility study was initiated.
 

 Fredén, C. (ed.), 1994. �����	#�2���. Sveriges Nationalatlas.
 
 SKB 1995b. ������%
�
���%�����(��>�%
�
����"����������
�����"����������	����"��6
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 At the national level, the search for suitable KBS-3-type repository sites can be
regarded as taking place in three phases:
 
 %#���8C���
"89D;�����89:<
 Nuclear power and its future became one of the main political themes in the mid 1970s.
In 1977, the “Stipulation Law” was passed, which coupled the further development of
nuclear power to the demonstration of how and where “an absolutely safe final storage
of high level waste – – – can be effected”. As a consequence, the forerunner of SKB
initiated the KBS project, the first results being published in December 1977 (KBS-1)
and June 1978 (KBS-2), with the results of additional geological investigations pub-
lished in February 1979 (KBS-Supplement). Some of this geological work was aimed
at synthesizing geoscientific data on a national scale as a preliminary to screening the
country for suitable repository sites (e.g.�����H�
��&�:�����	;"���$$��<;������&
%�(
	�������$$��%�	�����
�������$$�����������$$���
	("�����$$���#�
	"�����$�).
 
 KBS-1 and KBS-Supplement were used to support licence applications for subsequent
nuclear reactors, starting with Ringhals 3. But controversy continued, compounded by
an international review which came to the conclusion that a suitable site could probably
be found, but that it had not yet been identified. At the same time, preliminary work
relevant to siting was continuing, and studies in varying degrees of detail were carried
out at several sites by various bodies (AKA, PRAV, KBS). This work, however, tended
to provoke local nuclear opposition and helped to create the polarized atmosphere which
culminated in the 1984 referendum on the future of nuclear power in Sweden. Never-
theless, the geoscientific work carried out in this period and contributed to the KBS-3
report, which was completed in May 1983 and laid the basis for the present programme.
In 1985, radioactive waste management in Sweden was reorganised, resulting in the
founding of SKB. From that point on, all work related to radioactive waste disposal
was collected under one roof and there was a clear separation between SKB, as the im-
plementing organization, and governmental control bodies (SKI, SSI, etc.), as the regu-
lators.
 
 %#���=C�89:<-899=
 The siting concept which had evolved during the earlier years, and which was embedded
in KBS-3, was that Sweden could be subdivided into geological provinces which were
more favourable or less favourable for a deep KBS-3-type repository. The provinces
which were considered less favourable were those in which the basement was covered
by thick sedimentary sequences (Gotland, Skåne), those in which it was involved in in-
tensive, especially geological young, faulting (Skåne), and dominated by Caledonian
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nappes (Fjällregionen). A consensus developed that these should be excluded from fur-
ther consideration. This left the Precambrian basement complex of the Baltic Shield, a
vast area of “crystalline rocks” (plutonic and high-grade metamorphic rocks, see Chap-
ter 2), as potentially suitable for a deep repository. Phase 2 is characterised by the de-
tailed investigation of individual study sites at different locations within this basement
complex, as detailed in Chapter 6. Final reports on all investigations which had been
carried out at six of the study sites were published in 1991–1992 (see Section 6.1). In
addition, there was eventually a large amount of problem-oriented information from
several other localities – Studsvik, Svartboberget, Forsmark, Ävrö, Laxemar,
Kråkemåla, etc.. The main importance of the results from all these sites is that they con-
sider not only surface conditions but also – and primarily – conditions at repository
depth (several hundred meters below the surface). At the same time, the lack of clarity
of the early period was removed – it was specifically stated that none of these localities
were under consideration as a potential repository site. It was emphasised that the in-
vestigations were purely for testing and developing techniques, equipment, concepts,
assessment methods, etc. (see SKB Annual Reports 1985–1990).
 
 In addition to the work at the SKB study sites and at Stripa and Äspö (Chapter 6),
country-wide surveys of relevant data continued to be commissioned and published in
the Technical Report series, as listed below (e.g. 4�	���	;"�&�-��(��"M�
#�����3�
��	��8���&�%�	��������$������(��&�4�	�(	
�����$��<;�������������-
��
	�����
����
���5������(�����5��2��	@:�������/��%�������	,��
��������/).
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 Did the KBS-3 concept “stand up to the test” at the study sites? SKB maintains that it
did, for instance, in the following quote from the R&D plan published in 1992 (���
����!, p.67):
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 In a supplementary study to the 1992 R&D programme (��������), which had been
requested by the Government, SKB specified in detail the planned scope and content
of the siting programme, including the technical and other requirements on which site
selection would be based. This strategy was later accepted by the Government and has
since been the basis of the siting process in Sweden.
 
 The siting strategy which has been followed since1992 uses the conclusion quoted
above, which is essentially geoscientific in nature, as its basic premise. The starting
point is that nowhere within the Swedish Precambrian basement province can be ex-
cluded from consideration on general grounds, and that there is no way of distinguishing
more favourable and less favourable areas without carrying out local investigations
(feasibility studies). This standpoint was qualified by two general exclusion criteria
within the Precambrian basement at the national scale: the avoidance of major deforma-
tion zones, and the avoidance of areas judged to be of high ore potential, criteria were
also applied at the county and municipality scales (Sections 8.2 and 8.3). However,
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these do not affect the basic rationale behind SKB's “strategy of consent”. Local accept-
ance and local cooperation at the municipal level was taken as a prerequisite for carrying
out a feasibility study.
 
 In addition to the SGU compilation in SNA “Berg och jord” (�	
����
����������see also
��
9�
���
���������), the most important report in Phase 3 is the 1995 General Siting
Study (�������+!), together with the later comparison of siting factors in inland v.
coastal and northern v. southern areas (%
�,�������), against the background of a more
general review (�2#�0
��&����#�����/). Otherwise, regional and country-wide studies
and compilations of relevant data were continuously carried out in connection with spe-
cific problems or knowledge gaps. They concern mainly tectonic conditions (%�	�����&
'���!�	(����/��:���8��&��������������2��	@:�������+���	�������&�A�����������+�
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���������), rock stresses (%,��((	
��&�-
	��������+), and
geothermal conditions (����!
	(����+�� ��!�"�
��������+).
 
 During Phase 3, work started on the feasibility studies (Sections 8.2 and 8.3), according
to the new siting strategy. At the same time, the development of a definitive set of
geoscientific suitability indicators, criteria and requirements began ( ��
	�����
����
���$����	;"�
����������������� ��
	�����
������555����555!�������555����555�), These
were eventually applied to the evaluation of the potentially favourable areas identified in
the Förstudie, although the final decisions were based also on non-geoscientific
criteria (see Section 8.3).
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�+������!
 SGU geoscientists carried out the work of compiling the data for the Länsstudier during
1997 and 1998. This resulted first in a series of reports dealing with the counties
adjoining the east coast, published in late 1998, and then a second series encompassing
the remaining counties, published in mid-1999. As noted above, the Länsstudier were
focussed on a particular problem, the search for a deep repository for spent nuclear fuel,
and culminated in an assessment of which areas within the Precambrian basement were
considered “favourable for further investigation” or “less favourable for further investi-
gation” in every county in Sweden.
 
 Because of their problem-orientated focus, the Länsstudier have made a valuable con-
tribution to the geoscientific background material for the siting process. It is important
to note, however, that they are desk studies. They are built on a broad and solid founda-
tion of data, much of it publicly available as SGU maps and reports before the Läns-
studier were started. As emphasised above, national coverage of Swedish geoscience is
provided in the volume “Berg och Jord” in Sveriges Nationalatlas, written by SGU and
other Swedish researchers (�	
����
��������). This was published in 1994, and formed
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one of the main sources for the material presented in SKB’s General Siting Study (���
���+!). Additionally, hydrogeological maps, bedrock maps and explanatory texts
existed for many of the counties, normally at scales of 1:200,000 or 1:250,000, before
the siting process started in 1992. These are sometimes more detailed than the ones used
in the Länsstudier (which are often copies of the relevant parts of the Geological Map of
Sweden 1:1 250 000, from �	
����
��������). With the exception of Norrbotten and
Västerbotten, they were all published in the 1980s and early1990s.
 
 It is important to note, however, that the Länsstudier made accessible a considerable
amount of information which had previously been available only as raw data. Much
background material appeared in them for the first time and cannot be easily extracted
from earlier documentation. The problem in focus raised new questions which required
new answers, new ways of looking at the available data, and new compilations. These
include the following:

•  An up-to-date view of geological map coverage and the area covered by aerial
geophysics, including on-going work (Fig. 2 in each Länsstudie).

•  The definition of areas of high ore potential (Fig. 10 in each Länsstudier), i.e. areas
to be avoided because of conflicts of interest and the possibility of future human
intrusion.

•  A structural map showing the extent of brittle and ductile deformation zones (Fig. 13
in each Länsstudie), to be avoided because of presumed adverse underground condi-
tions.

•  A synthesis of hydrological data from wells penetrating bedrock, the data being
stored in SGU's extensive well archive (Fig. 21 or 22 or 23, in different Länsstudier),
showing variations in bedrock permeability.

•  Compilations of available data on the thickness of the Quaternary deposits in each
county (i.e. depth to bedrock), and on the chemistry of bedrock groundwaters.

An excellent summary of the main results of the Länstudier and the Förstudie (Section
8.3) from a geological point of view is given in ��
9�
���&��
	("��������

The citations below are geographically arranged, from north to south.

.���#�	���
	: Norrbotten (�
	("���
���������!), Västerbotten ( �����
����������),
Jämtland ( �����
���������!), Västernorrland ( �����
����������), Dalarna ()�
	�9�
����
����#), Gävleborg ( �����
���������().

�	�������
	: Värmland (�	
����
���������), Örebro (�
	("���
����������),
Västmanland (�
	("���
���������
), Uppsala ( �����
����������), Västra Götaland
( �����
���������#), Östergötland ( �����
���������#), Södermanland ( �����
����������),
Stockholm ( �����
���������
).

����#�	���
	: Halland ( �����
����������), Jönköping ()�
	�9�
����������),
Kalmar ( �����
���������!), Skåne ()�
	�9�
���������!), Kronoberg ()�
	�9�
����
�����), Blekinge ( �����
����������).
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Many of the Länsstudier reports form the most convenient source for information on
the regional geological setting of the SKB study sites (Section 6.1) and the Förstudie
municipalities (Section 8.3), as indicated under each site/municipality.
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As pointed out above, SKB has taken as its starting point for site selection that no
location within the Swedish Precambrian basement, with the exception of those defined
in the General Siting Study (see Section 8.1), can be excluded from consideration on
general grounds, and that there is no way of distinguishing more favourable and less
favourable areas without carrying out local investigations. The necessity of local
investigations is also emphasized by SGU in the Länsstudier (Section 8.2). In 1992,
SKB decided that these local investigations, called Förstudier (feasibility studies at
municipality scale, aimed at compiling and assessing all pre-existing information),
would only be carried out if there existed “a mutual interest from the municipality
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and SKB to study the issue further” (SKB Annual Report 1992, p. 85). Within such fea-
sibility studies, the investigations would include, in addition to geoscientific data com-
pilations and evaluations, all environmental and societal aspects of importance for
siting, such as land use, nature conservancy, transport, tourism, industrial development,
etc., and they would be carried out in close interaction with the local population and
other interested parties. Subsequently, between 1993 and 2000, eight Förstudier were
completed. In two of the municipalities concerned, Storuman and Malå, decisions were
made, by local referendum after the Förstudier had been completed, not to allow further
investigation. For the remaining six municipalities, Nyköping, Östhammar, Oskars-
hamn, Tierp, Älvkarleby, and Hultsfred, SKB compiled all information and conducted
an integrated evaluation of siting alternatives that had been preliminary identified. In
November 2000, SKB presented a number of sites which were judged promising enough
to justify site investigations, and suggested that three of them should be retained for
such investigations. After comprehensive review organised by the safety authorities,
SKB’s proposal was approved by the government. Following this, the municipalities
concerned (Östhammar, Oskarshamn, Tierp and Älvkarleby) are to decide on whether or
not they accept site investigations.

In the following, the final reports and the geoscientific background documentation of
each feasibility study are listed. After Storuman and Malå, the background reports were
structured similarly and themes which appeared as separate reports in the first two
became combined into two or three main geoscientific documents, with the following
content:

1) Quaternary deposits, bedrock geology and deformation zones.
2) Groundwater flow and chemistry, including possible long-term changes.
3) Ores and minerals (in later studies included in 1)).
4) Engineering geology experience in the municipality (later included in a back-

ground report on construction and transport, not cited here).
5) Reports on special subjects (different from municipality to municipality).

After the geoscientific background reports and the accompanying reports on environ-
mental and societal aspects had been completed, SKB published a preliminary evalua-
tion (”Preliminär slutrapport”) in which the areas within the municipality which were
considered most favourable for further investigation were defined. The procedure
followed was, first, to define the areas most favourable from a purely geoscientific point
of view (based on the reports listed here), and then, to use the results of the environ-
mental/societal studies (not cited here) to prioritise them or exclude them. The result
was a provisional definition of so-called candidate areas within the municipality.

After the publication of the “Preliminär slutrapport”, two further activities took place:
(1) a period of field work in the candidate areas to check that the geoscientific con-
clusions reached in the desk studies were valid – this was documented immediately
afterwards in a report on “Kompletterande arbeten”, (2) intensive discussions between
SKB and the interested parties in the municipality (politicians, civil servants, general
public) on all problems arising out of the preliminary conclusions. In some cases, the
“Preliminär slutrapport” was also subjected to independent review, on the initiative of
the municipalities, by review groups recruited from Swedish academic institutions and
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other organizations. The results of these activities were incorporated in SKB’s definitive
evaluation (”Slutrapport”), which represents the final result of the feasibility study and
the definition of the candidate areas most promising for further investigation. The
geoscientific reports, SKB's preliminary evaluation report, the supplementary work
report and SKB's final evaluation report are cited below in the sequence described here,
except for Storuman and Malå, which did not follow the later established pattern. An
English summary of the results of the last six Förstudier has been published as a SKB
Technical Report (�����55��).

In the following, the Förstudier are listed in chronological order, according to the
starting date of the investigations.
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The regional geological setting of Storuman municipality is given in the earliest För-
studie report (���������&�%���6.����1994) and in the Västerbotten Länsstudie ( ����

����������). The geoscientific part of the feasibility study consists of reports on bedrock
geology (%���	��������!), ore potential (%���	���������), geophysics (A��������&
?�������������), Quaternary deposits (?���������
���������) and hydrogeology
(4>!
	(�&�?;������������?;������&�4R"���������). Special reports describe geologi-
cal and hydrological data from the Juktan power station and general rock engineering
experience from the area ( �
������
�����������%
�,�������). No preliminary evaluation
report was published for Storuman, but some geological field work and re-interpretation
of geophysical data was carried out (%���	����
���������), before the final evaluation
was made (�������+�).
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For the regional geological setting of Malå municipality, consult the Västerbotten
Länsstudie ( �����
����������). The geoscientific part of the feasibility study consists
of reports on bedrock geology (%���	��������#), ore potential (%���	���������),
geophysics (A��������
���������), Quaternary deposits (<���
��
�����1994) and hydro-
geology (?;������&�4R"��������!�� �
������&������.����+), together with a survey
of rock engineering experience in the area (%
�,������+). Only a final evaluation report
was published for Malå (�������3�).
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The regional geological setting of Nyköping municipality is described in the Söderman-
lands Länsstudie ( �����
����������). The geoscientific part of the feasibility study con-
sists of reports on bedrock and Quaternary geology, with special emphasis on deforma-
tion zones (A��������
��������3), ore potential (%���	�������3�), and hydrogeology
(?�#���
��������3�). Special reports consist of reports on geological information from
the area surrounding industrial and nuclear research complex at Studsvik (�
	("���&
A�����������3), on the possible significance of the existence of a meteorite impact crater
offshore from Studsvik (?������&�'���!�	(����3), and on general rock engineering ex-
perience from the municipality (:���
��
��
��������3). The publication of the prelimi-
nary evaluation report (�������$�) was followed by field control of geological condi-
tions in the candidate areas (�
	("���
���������#), before the publication of the final
evaluation (�����555
). It should be noted that the SKB study site Fjällveden (Subsec-
tion 6.1.2) lies within the municipality. An English summary of the results of the
Nyköping feasibility study is given in �����55��.
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The regional geological setting of Östhammar municipality is described in the Uppsala
Länsstudie ( �����
����������). The geoscientific part of the feasibility study consists of
reports on bedrock and Quaternary geology, with special emphasis on deformation
zones (�
	("�����
��������3), ore potential (%���	�������3!), and hydrogeology (?�#��

��������3!). A special report consists of a review of general rock engineering experi-
ence from the municipality, particularly in the nearby deep mines and from core-drilling
and tunnelling at the Forsmark nuclear power station and the Forsmark low active
radioactive waste repository, SFR (�
	("���
��������3). The publication of the prelimi-
nary evaluation report (�������$!) was followed by field control of geological condi-
tions in the candidate areas (�
	("���
����������), before the publication of the final
evaluation (�����555�). It should be noted that the SKB study site Finnsjön, or
“Beberg” (Subsection 6.1.1) lies just outside the municipal boundary. An English sum-
mary of the results of the Östhammar feasibility study is given in �����55��.
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The regional geological setting of Oskarshamn municipality is described in the Kalmar
Länsstudie ( �����
���������!) and the regional tectonics in 2���
��
���������. The
geoscientific part of the feasibility study consists of reports on bedrock and Quaternary
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geology, including deformation zones and ore potential (�
	("���
���������), and
hydrogeology (�������
���������). Special reports consist of a detailed description of
conditions in the northeastern part of the municipality, where the Äspö HRL (Section
6.3) is located (�
	("���
����������), and a review of general rock engineering experi-
ence from the municipality (%�	�����&�%
�,�������). The publication of the preliminary
evaluation report (��������
) was followed by field control of geological conditions in
the candidate areas (�
	("���
������555!), before the publication of the final evaluation
(�����555(). In addition to Äspö HRL, or “Aberg” (Section 6.3), the Kråkemåla site,
Ävrö island and the Laxemar deep drillholes (Subsection 6.1.7) lie within the munici-
pality. An English summary of the results of the Oskarshamn feasibility study is given in
�����55��.
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The regional geological setting of Tierp municipality is described in the Uppsala
Länsstudie ( �����
����������). The geoscientific part of the feasibility study consists
of reports on bedrock and Quaternary geology, including deformation zones and ore
potential (�
	("���'�
���������!), and hydrogeology (�������
���������). The publica-
tion of the preliminary evaluation report (�����555�) was followed by field control
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of geological conditions in the candidate areas (�
	("���'�
������555#), before the
publication of the final evaluation (�����555�). It should be noted that the SKB study
site Finnsjön, or “Beberg” (Subsection 6.1.1) lies within the municipality, and that the
results of the feasibility study in the adjacent Östhammar (Subsection 8.3.4) provide
relevant comparative material. An English summary of the results of the Tierp
feasibility study is given in �����55��.
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The regional geological setting of Älvkarleby municipality is described in the Uppsala
Länsstudie ( �����
����������). The geoscientific part of the feasibility study consists
of reports on bedrock and Quaternary geology, including deformation zones and ore
potential (�
	("���'�
������555�), and hydrogeology ( �
������
������555�). The publi-
cation of the preliminary evaluation report (�����555!) was followed by field control of
geological conditions in the candidate areas (�
	("���'�
������555#), before the publi-
cation of the final evaluation (�����555�). The results of the feasibility studies in the
adjacent Tierp and Östhammar provide relevant comparative material. An English
summary of the results of the Älvkarleby feasibility study is given in �����55��.
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The regional geological setting of Hultsfred municipality is described in the Kalmar
Länsstudie ( �����
���������!) and the regional tectonic situation in 2���
��
���������.
The geoscientific part of the feasibility study consists of reports on bedrock and Quater-
nary geology, including deformation zones and ore potential (?���������
������555),
and hydrogeology ( �
������
������555!). The publication of the preliminary evaluation
report (�����555#) was followed by field control of geological conditions in the candi-
date areas (:���(	
��
������555), before the publication of the final evaluation (���
�555,). The results from the Klipperås study site (Subsection 6.1.5), which lies some
40 km south of the municipality, is used for comparative purposes, as well as the results
from the adjacent Oskarshamn (Subsection 8.3.5). An English summary of the results of
the Hultsfred feasibility study is given in �����55��.
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> ��	$�������$����		��

The geoscientific research programme which has been carried out in Finland and
Canada in connection with the search for a deep disposal site for spent nuclear fuel is
closely comparable to that in Sweden. The Finnish and Canadian disposal concepts
parallel KBS-3 and envisage underground caverns at several hundred metres depth in
crystalline rocks, in the Baltic and Canadian Shields, respectively. Hence, a structured
overview of the documentation available from these programmes is an important
supplement to a guide to the Swedish documentation, particularly with respect to
questions of common interests, such as general geoscientific experience in important
problem areas (heterogeneity, shear zones, glaciation, seismic risk, fracture hydrology,
etc.), methods and techniques of subsurface mapping and site characterisation, and vali-
dation of different modelling procedures. However, it must be kept in mind that the
siting process in each of these three countries is radically different due to quite different
societal and political climates. Hence, each of the Sections in this Chapter – Section 9.1
for Finland, and Section 9.2 for Canada – are preceded by a brief introduction to the
development of the siting process in each case. Roughly, one can say that the process in
Finland has advanced significantly further than in Sweden (the future deep repository
site having already been decided upon), whereas in Canada it has hardly started (the
original concept having been judged, in 1998, as lacking acceptance in the population).
These developments and an overview of the structuring of the citation lists are outlined
at the beginning of each Section.

>�� #�
��
�
Finland is of particular interest for the Swedish programme because of closely similar
geological conditions, and there has been close cooperation between SKB and the
Finnish implementing body, Posiva (and its forerunners, TVO/IVO), for many years.
At an early stage, Finland chose to base its programme on the KBS-3 concept and to run
research and development activities closely coordinated with those of SKB, often as co-
operative efforts. However, the siting process diverged considerably from that of Swe-
den (for a detailed summary of the Finnish siting process, see 2#�0
��&�S��8���555).
Already in 1983, the government established the objectives and timetable for the siting
process, with Phase 1 (1983–1985) consisting of a site identification survey, Phase 2
(1986–1992) encompassing preliminary site investigations at a number of sites identi-
fied during Phase 1, and a third and final phase, Phase 3 (1993–2000), envisaged as in-
volving the detailed site characterisation of some or all of the sites studied during Phase
2, and culminating in a “Decision in Principle” by the Government as to the future
Finnish deep repository site.

During Phase 1, about 85 potential investigation areas were identified on the basis
of regional geology, satellite imagery and aerial photo interpretation (rock blocks),
together with a consideration of environmental and societal factors. Out of these, after
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discussions with the communities, five sites were chosen for the preliminary site inves-
tigations in Phase 2. These included detailed geological and geophysical surveys, the
drilling of numerous deep boreholes with continuous coring, and extensive hydro-
geological sampling and testing at each site. After review by the authorities in 1993,
three of these sites were retained for more detailed study, including a second series of
deep cored drillholes (Olkiluoto, Kivetty and Romuvaara), whereas two of the original
sites (Syyry, Veitsivaara) were dropped. Later, a fourth site was added after a positive
feasibility study (Hästholmen), and a crash investigation programme was initiated there,
to bring investigations up to the same level as the other three sites by year 2000. These
efforts culminated in the TILA-99 safety assessment, which was based on the data
variations from all four sites, and which was submitted to the Government, supported by
a favourable international review, in late 1999, with the request for a positive “Decision
in Principle”. Already, however, the municipality in which Olkiluoto lies had agreed to
allow it to be developed as a potential deep repository site over the next 10 years, if the
decision were to be positive, and Posiva had soon published a preliminary RDD plan
(research, development, technical design) for excavations leading eventually to the ap-
plication for a construction licence in 2010 (-���.��C>��555). The Government made a
positive “Decision in Principle” at the end of 2000, and the decision was ratified by the
Finnish parliament, almost unanimously, in May 2001.

The documentation listed below is divided into three Subsections as follows:

(6�6�-�/�#������
	���������
��������	��
Geoscientific reports of a more general nature, dealing with geoscientific research which
was generally not tied to a specific site.

(6�6�-�%
��
�0��
���
���
Site characterisation reports for the three sites retained at the end of Phase 2, together
with a selection of Phase 3 reports for the Hästholmen site

(6�6�-�!�;5?((���"�����������
The TILA-99 safety assessment and its forerunners, TVO-92 and TILA-96, together
with the main background reports (site reports and hydrogeological syntheses).

McEwen, T., Äikäs, T., 2000. !#��
����	�
������	���"����������"�������
�����
���
�����
>��������������6 Posiva Oy, report POSIVA 2000-15.

Posiva Oy, 20006��
��������"������"���
��4��
������*���	�6�A��������"�������	#@��0������
�����	#�
	�����
���"����#���?	������	�
����#��6 Posiva Oy, report POSIVA 2000-14.

>���� ���%�����������
������
�����$����

Reports dealing with methodology and those concerned with the regional geology of
Finland are of particular importance for the Swedish programme for obvious reasons.
As earlier in this guide, the citations below have been group in traditional categories
dealing with bedrock structure, hydrogeology and “hazards” (glaciation, seismicity,
etc.). A separate group deals with a Finnish “speciality”, the Palmottu uranium minerali-
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zation as a natural analogue of a spent fuel repository. The works cited under bedrock
structure focus on fracturing at different scales, starting with the recent definitive com-
pilation of large scale fracture zones in terms of lineament maps at different scales
(���.�"8����555). At site scale, the definition of “fracture zones” has been a recurring
problem in the Finnish programme and this is reflected in the other works collected un-
der this heading: fracture and fracture zone analysis and modelling (-��
	��&�'��.������
��������	�
��������
������������	����&�C��������) and the identification of fracture
zones in boreholes by different methods (%�!!������$). As in Sweden (see Sections 3.3
and 3.4), the number of citations in here in no way reflects the amount of available
documentation – this is “hidden” in the site characterisation reports, and particularly in
background reports to the site investigations (which, up to recently, are almost all in
Finnish).

Also with regard to hydrogeology, most of the material is tied to the individual sites
and referenced in the next Subsections, but the documentation contains some important
methodological discussions on geohydrological, hydrogeochemical and microbiological
themes (2
��"
��&��	�������3�� ��
	�����
�����������4�
"��
������������"
���
�
����
������1�.
"���
���������), which are complementary to SKB material in Chapter 5.
Under “hazards”, a selection of recent works on effects due to the retreat of the last
continental ice sheet (���.�"8���
������������	��
��
��������+��2�
����
��
���������) are
included and, as a “second opinion” on future glaciations in Fennoscandia, the report of
��	���	;"����� (see Section 4.2). The remaining citations under this heading concern
seismicity in Fennoscandia and a method of estimating its possible effects on a reposi-
tory (���	���������555��%�-����
�&�B�������������), with close parallels in the SKB
documentation (see Sections 4.3 and 4.4).

The list ends with key references to the Palmottu natural analogue project, carried out
by the Geological Survey of Finland in cooperation with the Finnish regulatory body,
STUK. The references refer to the first phase (1988–1991) and second phase (1991–
1995) of the project (���"6.����
��������������"6.����
��������+). The third phase of the
project (1996–1999) was an EU-funded effort coordinated by the Geological Survey of
Finland ()'���555, 9��/�����,��
������555).

�
�������������
Kuivamäki, A., 2000. ;
����������*����"��#��
��
�#������
�������
������
���"����#�	��	����
��
�"�*���	����0�����
���	��*�����#J����. Posiva Oy, working report WR 2000-12.
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Korkealaakso, J., Vaittinen, T., Pitkänen, P., Front, K., 1994. ���	����B���������
���"�*��#�������

���#��	�������
����	����
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������>��#���
�	
����	��������������
��������	#. Nuclear
Waste Commission of Finnish Power Companies (YJT), report YJT-94-11.

Front, K., Okko, O., 1994. ���	���������"��	����B����
��	��	�����������
���>������
	������
���#��
	���	���
����
���. Posiva Oy, work report PATU-94-27e.
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 Kaija, J., Blomqvist, R., Suksi, J., Rasilainen, K., 2000. !#�A��������H�������5�������A��2	�6
A�������:������(((. Geological Survey of Finland, Nuclear Waste Disposal Research,
Report YST-103.

>���� ������
���������
�

Descriptions of the 5 sites identified for further study at the end of the stage of prelimi-
nary site characterisation (see above) are given in '
��������
��E��"��C>����� (see also
L�!
	(�
���������), and a summary of the first stage of detailed site characterisation of
the three originally selected sites is to be found in -���.��C>����3!. In the following,
short descriptions of the three sites chosen for detailed characterisation in 1992 are
given first, together with the main site characterisation reports which have been pub-
lished in English. The Hästholmen site, which had a very different investigation history,
is treated in more detail at the end.

0�����

The Kivetty site is located in the municipality of Äänekoski, an inland area in central
Finland. It is in an area of gently undulating topography, mainly 160–180 m a.s.l., and
bedrock exposure is very poor (2%). The bedrock of the site, as observed in 13 cored
drillholes (total core length ca. 7300 m) and 2 investigation trenches, consists of
medium to coarse grained felsic plutonites (granite, granodiorite, porphyritic grano-
diorite, see Section 2.2), enclosing xenoliths of meta-volcanic rocks and gabbro, cut
by occasional ductile shear zones (mylonitic granite). This rock matrix is intersected
by aplitic and pegmatitic veins and mafic dykes. The Kivetty granitoids belong to the
Svecokarelian orogenic cycle, intruded 1890–1880 Ma ago (see Section 2.5).

The results of Phase 2 investigations are summarised in three related site reports ( ������

������������1
�����
��
������������������
��������/�) and a special report on fracture
network modelling (����
��@%�����
��&��	��������), which formed the basis of the
earliest safety analysis (TVO-92) and all later studies. These later studies are represented
here by two hydrogeology reports ('��.�������&�2��*H	���������-���8�
��
����������),
but are best summarised in the TILA-99 site report and background material (Subsection
9.2.3).

7��������

The Olkiluoto site is located in the municipality of Eurajoki, on the coast in south-
western Finland. The island of Olkiluoto is extremely flat, mostly only 5–10 m a.s.l.,
and bedrock exposure is very poor (ca. 4%). The bedrock of the site, as observed in 10
cored drillholes (total core length ca. 5,800 m) and 2,400 m long investigation trenches,
consists of migmatitic mica gneisses and veined gneisses of metasedimentary origin,
interleaved and folded together with foliated intrusives (tonalitic and granodioritic
gneisses, see Section 2.3). These are intruded concordantly and discordantly by granitic
and pegmatitic dykes and veins. A subvertical mafic dyke cuts through this rock matrix
at one locality. The high grade metamorphism, migmatization and granite/pegmatite
intrusion took place during the Svecokarelian orogeny, 1,900–1,800 Ma ago (see
Section 2.5), whereas the mafic dyke is considerably younger (1,650–1,250 Ma).
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The results of Phase 2 investigations are summarised in three related site reports ( ������

���������!��1
�����
��
���������!��������
���������/!) and a special report on fracture
network modelling (C��"�������), which form the basis for the earliest safety analysis
(TVO-92) and all later studies. An important later report discusses methods of charact-
erizing lithological heterogeneity (%���
����3), since the Olkiluoto migmatites are very
inhomogeneous and anisotropic. Other structural reports during Phase 3 include descrip-
tions of newer techniques for the acquisition of data on fracturing (��������&�:���
���3����	F��
����3��B�	���
�����3), and a study of the effects of changing structural
geometries on geohydrological models (������
��&�%�����
�����+). The Olkiluoto site
has been a continuous testing ground for groundwater flow modelling in fractured rocks
(%;�"������3��-;��8�
��&�<�������
�����$, see also Subsection 9.2.3) and for hydro-
geochemical studies (-���8�
��
��������������!, E�
����555, see also Subsection 9.2.3
and Section 5.2). All later studies are summarised in the TILA-99 site report and back-
ground material (Subsection 9.2.3).

It should be noted that Olkiluoto is already the site of one of Finland’s repositories for
low to intermediate level radioactive wastes (VLJ-repository), constructed in the period
1988–1991 (silos 70–100 m underground, access tunnel ca. 1,000 m) and accompanied
by extensive site characterisation studies (all reports in Finnish).

���������

The Romuvaara site is located in the municipality of Kuhmo, an inland area in north-
eastern Finland. It is in an area of very low relief at 210–230 m a.s.l., and is very poorly
exposed (outcrops ca. 1%). The bedrock of the site, as observed in 11 cored drillholes
(total core length ca. 5,500 m) and 2 investigation trenches (150 m, 350 m), consists of
migmatitic tonalite gneiss, leuco-tonalite gneiss and mica gneisses (see Section 2.3), cut
by felsic and mafic dykes. All these rock types are of Archean age, including the young-
est, cross-cutting and undeformed mafic dykes, which are thought to be 2,200–2,100 Ma
old. Hence, in contrast to all other sites in Finland and Sweden, Romuvaara lies in an
area which has not been affected by the Svecokarelian orogeny (see Section 2.5).

The results of Phase 2 investigations are summarised in three related site reports ( ������

��������5��������
�����������������
���������) and a special report on fracture network
modelling (C��"�������). Later studies are represented here by two reports on fracture
network modelling of groundwater flow, one of particular methodological interest
(-��
	��&�%�����
�����$��4�
"��
���������, see Subsection 9.2.1), but are best summa-
rised in the TILA-99 site report and background material (Subsection 9.2.3).

1F��#���	

The Hästholmen site is located in the municipality of Loviisa, on the coast in south-
eastern Finland. The island of Hästholmen shows a very flat topography, mostly less
than 10 m a.s.l., and the bedrock is relatively well exposed, especially on small islands
and around the coast line. The bedrock of the site as observed in outcrop, in 5 cored
drillholes (total core length ca. 4,100 m) and in the Loviisa VLJ-repository (see below),
consists of different varieties of rapakivi granite, generally coarse grained, with or with-
out orbicular structure (see Section 2.2). The granites, which are part of the major
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Wiborg batholith (intruded 1,650–1,620 Ma ago), are cut by a few small aplitic and
pegmatitic veins, but are otherwise exceptionally homogeneous.

As noted above, investigations on Hästholmen in connection with the siting of a deep
spent fuel repository started in 1997, after a feasibility study was carried out in 1996.
One of the reasons for the feasibility study was the availability of a large data base from
studies in connection with the site characterisation and construction of the Loviisa VLJ-
repository (1984–1994, see  ����������$). In the crash programme which followed
(1997–1999), numerous detailed studies were carried out, such as:

– seismic reflection profilling (�
����
��
���������),

– dipmeter and TV logging of boreholes (��������
��������$����������
����������
��	F��
�����),

– difference flow and groundwater flow measurements in boreholes (-;��8�
��&
<�������
�������������!������#�����),

– seismotectonic analysis and rock stress measurement (%,��((	
�����������	������).

All these studies and other reports (mainly in Finnish) are summarised in �	����
����
���� and the TILA-99 site report and background material (Subsection 9.2.3).
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This Subsection collects documents directly related to the TILA-99 safety assessment.
TILA-99 (E�
���&�4�	�"�������) represents a further development of earlier prelimi-
nary safety assessments TVO-92 and TILA-96 (E�
���������E�
���&�4�	�"������3),
and related reports (-���.��C>����3���E�
���&�4�	�"������$��B	�0��	��&�:��"��
����). The geoscientific background material to TILA-99 is summarised in site charact-
erisation reports, one for each site ( �������
����������������!������#�������), which
take into account the data collected since 1997. In the case of Hästholmen, where site
investigations started in 1997, this report ( �������
����������) is the first and only
detailed synthesis. Rock mechanical aspects of the four sites are summarised in
?���������&�<������	9���555� and some detailed reports on special rock mechanical
problems (1�������555�� �����
������555) and on the suggested engineering rock mass
classification (S��8��
������555) have appeared in English. The latter, for the Olkiluoto
site, contains a thorough reworking of all the data in the Olkiluoto site characterisation
report ( �������
���������#).

Of particular importance for TILA-99 is the geohydrological data acquisition, data
processing and modelling, as summarised in a series of separate reports dealing with
both near-field and far-field conditions at each site ( ������������%;�"����������
����!���555���������������&�2��*H	����������������������&�������
��������-��
	��&
%�����
������). Hydrogeochemical conditions are discussed in considerable detail in the
site reports and in a series of separate documents (-���8�
��
��������3�������������!�
%������
��
���������), and the results of geomicrobial investigations at the four sites
are reported by 1�.
"���
������555. The main conclusions of the TILA-99 safety
assessment for the siting process are: (1) from the point of view of long-term safety, all
the sites would be suitable for hosting a KBS-3-type repository for spent nuclear fuel,
and (2) the release and transport analyses do not provide firm grounds for ranking one
site above the others.
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The governments of Canada and the province of Ontario established the Nuclear Fuel
Waste Management Program in 1978 and made Atomic Energy of Canada Ltd. (AECL)
responsible for research and development on disposal. In 1981, the governments decreed
that no decision on site selection would be made until the disposal concept was accept-
ed. The acceptability of the disposal concept, which is in many ways similar to KBS-3,
was subject to review by a special panel, appointed by the Canadian government
(Federal Environmental Assessment Review Panel), from 1989 onwards. This review
culminated in a series of public hearings in 1996–1997, to examine the disposal concept
and associated Environmental Impact Assessment. After the hearings, the Review panel
arrived at the following conclusions (from the news release of 14.4.1998):

– While the safety of the AECL concept has been adequately demonstrated from a
technical perspective, from a social perspective it has not.

– The AECL concept for deep geologic disposal in its current form does not have
broad public support, and does not have the required level of acceptability to be
adopted as Canada’s approach for managing nuclear fuel wastes.

The panel put forward recommendations for a thorough-going institutional reform,
which resulted in responsibility for nuclear fuel waste management being transferred
to a new body (Nuclear Fuel Waste Management Agency), “at arm’s length” from the
nuclear power companies and AECL, and with a board of directors appointed by the
Government. The Review panel was also critical of the role played by the Canadian
regulator, Atomic Energy Control Board, which already in 1997 was reconstituted as
the Canadian Nuclear Safety Commission. With regard to siting, no real site selection
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process has been carried out, in the first place due to the early government decree (see
above), and recently also because of the Review panel’s conclusion that, until their
recommendations have been implemented and until “broad public acceptance of a
nuclear fuel waste management approach has been achieved, the search for a specific
site should not proceed”.

Against this background, AECL geoscientific research and development has concen-
trated on a number of research areas in plutonic rocks of the Canadian Shield, in differ-
ent geological environments. The aim was to develop adequate site characterisation
techniques for the prediction of underground conditions (at 500–1,000 m depth) from
surface-based activities. As for Finland (Section 9.1), the approach has been similar
to that of SKB, concentrating on the regional setting of the research areas, on surface
geological and geophysical surveying in the areas, and on core drilling, borehole logging
and hydrogeological sampling, testing and modelling of sites within the areas – and,
eventually, on the construction of an Underground Research Laboratory (URL) for
detailed validation of surface-based models, for testing and demonstrating disposal
technology, and for carrying out of flow and transport experiments (see Section 6.3).
Consequently, the documentation below follows a similar structure to Section 9.1:

9.2.1: Methodological and regional aspects,

9.2.2: Research areas and their characterisation, including investigations in the URL,

9.2.3: General documents on the Canadian programme, including performance
assessment exercises).

>���� ���%�����������
������
�����$����

The AECL concept envisages the canistered spent CANDU nuclear fuel being deposited
in underground vaults, or in boreholes drilled from underground vaults, at 500–1,000 m
below the surface in crystalline rocks of the Canadian Shield, surrounded by buffer and
backfill, and ultimately sealed, as in KBS-3. The geoscience research concentrated on
understanding the mode of formation, later fracturing and long-term stability of poten-
tial host rocks and on the hydrogeological conditions at specific sites, together with a
series of more general studies. In this Subsection, we collect reports with are not overtly
site-specific, either dealing with the development or testing of methods and techniques
for subsurface mapping or with regional aspects of importance for the understanding of
specific sites or for long-term safety.

The first heading gathers reports dealing with bedrock geology and fracturing@ starting
with two reports on the “big picture” – the processes of formation of the Precambrian
Shield in Canada and their petrological signatures (�	�0��
��������$���,
#��"�&��	�0�
���$). The following citations deal with methodology of data acquisition and process-
ing, particularly of fracture systems (��	����&�������	����$��<
������5) and the geo-
physical identification of fracture zones and the dating of their formation and movement
(=�.�����
�����������1����	>�&�1�>�
�����+��)��#�>�
�
��������$). The final group
contains two important works on experience gained from the characterisation of fracture
systems at the research areas (����	��>����3���.
	��������) and, more generally, from
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the multitude of mines and other underground excavations in Canada (<�.
��&�)��

���3��<�.
��&�B��	�����/).

The second heading contains, first, citations on more general aspects of hydrogeology,
particularly concerning the brines and redox conditions in the Canadian Shield and the
significance of the microbial content of deep groundwater for radioactive waste disposal
(-
�	�������$��)��#�>�
����3���	�0�����3�����(�&���	�
�@)��#�>�
����3, cf.
Sections 5.2 and 5.3). Geological events likely to have adverse effects on the integrity
of an underground repository –”hazards”– are discussed in the next set of reports (cf.
Sections 4.4 and 5.4): the evidence for post-glacial faulting and the potential impact of
future glaciations ( ��"�������� �
��
��������$��B����
���������); the probability and
potential effects of seismic events ( ��������&�2#)��	
����/�� �
��
��������+��2�	���
&B�����
	����3); and the long-term risk of a meteorite impact (:��#��
�
��������+).
Finally, some Canadian reports on natural analogues, including the Cigar Lake uranium
deposit, are added ()	��������
�����������B	�"
	����������+������) – cf. Section 7.1.
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Site characterisation studies in Canada have been concentrated in a number of research
areas (up to 400 km2), and each containing a number of small study areas (“grid areas”
of 1–2 km2) in which detailed work was carried out, including in most cases, the drilling
of deep boreholes (:�����
	�
���������). The five research areas were White Lake,
Chalk River, Algoma, Atikokan and Whiteshell. The White Lake research area was
only used in 1975–1976 and then abandoned, and work at Chalk River was discontinued
in 1983. Both these areas lay in gneissic metamorphic terrains (cf. Section 23) of the
Grenville province of the Canadian Shield (= Sveconorwegian in Scandinavia, cf.
Section 2.5).

In the other three areas, work continued, with varying degrees of intensity, into the mid-
1990s. The lists below contain a selection of reports from these three areas, which have
in common that they each lie within major plutons of the Superior province, the ancient
Archean-early Proterozoic core of the Canadian Shield. The Algoma research area lies
within an early Proterozoic layered gabbro-anorthosite complex. (cf. Section 2.4) in
southeastern Ontario. Investigations began in 1980 (�	�0��&���"��
�������) and in
the early 1980s, four deep cored drillholes were sunk in the area (�,
#��"�
��������$�
�����������!�����5). Hydrogeological investigations (e.g. �����"�
>�
��������3) and
monitoring continued at the site until 1992. The results from this site are of interest for
comparison with the only site in mafic rock studied in Sweden, Taavinunnanen (Section
2.4). The Atikokan research area lies in a large pluton of coarse grained biotite-horn-
blende granite (Eye-Dashwa Lakes pluton, cf. Swedish and Finnish localities in Section
2.2) in southwestern Ontario. Investigations began in 1979, continued with surface site
characterisation studies and the sinking of five cored drillholes in the early 1980s (for an
overview and a list of basic data reports, see ����
�����), followed by a long period of
routine hydrogeological monitoring. A selection of results from the drilling campaign
and from surface geophysical studies are included in the list below (1����	>������
�
		�#���������
		�#��
��������+�������0����
��������$��)�!!�
���������). The
Whiteshell research area lies in a large granite pluton (Lac du Bonnet batholith, cf.
Swedish and Finnish localities in Section 2.2) in southern Manitoba, and includes the
area of the AECL Whiteshell Laboratories. Investigations started in 1977 and site char-
acterisation studies were carried out at several grid areas throughout the 1980s, mainly
aimed at testing and comparing methodologies, and, in the early stages, at siting the
proposed Underground Research Laboratory (e.g. ����
�
�����������A4'�< ����+�
�,
#��"�
���������#). The Whiteshell area was also used as a testing ground for regional
hydrogeological and geophysical modelling (e.g. C9��	��
��������+����
.
�����
����
���3������3!��'�"�����
��������+).

The Canadian Underground Research Laboratory (URL) was constructed beneath a
5 km2 site in the Whiteshell research area. Reconnaissance site investigations began
in 1980 ( geological mapping, airborne and ground geophysical surveys, shallow bore-
holes, etc.), followed by detailed investigations with the drilling of five deep cored
boreholes (core logging, downhole geophysics, hydrogeological sampling and testing,
etc.). Later, an additional 8 cored boreholes and 30 percussion holes (depths 150 to
1,100 m) were drilled, before construction of the URL shaft began in May 1984. A new
methodology had to be developed for the handling of the large amount of raw data
which these and later URL activities produced (<
������5). These investigations corre-
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spond to the “pre-investigation phase” at Äspö (Section 6.3) and, as in Äspö, were used
as a preliminary for a major experiment to evaluate structural and groundwater flow
models (URL Shaft Drawdown Experiment, e.g. )�.����
��
��������+������
�&���"�@
�
����������	�������$). Later, with the completion of underground construction, the
URL was used for the study and modelling of a whole spectrum of site characteristics
(e.g. �.
	����
��������+��)��#�>�
�
��������3��I���(�&�B����������$��2�	�����
��������$�
2�	������555��1�.
"���
��������+����	�
�@)��#�>�
����$), in addition to its use for
migration experiments, and technology development and demonstration (C����&
B�����
	����$).
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Although there are many parallels between the Canadian and Finnish programmes, it is
clear that the Canadian programme is not as immediately relevant to the Swedish siting
process as the Finnish one. For this reason, the lists above are less systematic and the
texts less detailed. The Canadian research areas and the URL are far away, in a similar,
but clearly significantly different geological environment, and the Canadian programme
has not evolved beyond the research and development of site characterisation and
modelling techniques, because of a completely different political climate. Nevertheless,
the efforts of Canadian workers to develop the conceptual framework for site evaluation
and performance assessment (e.g. :�����
	�
�����������=�.�����
����������������!�
)���0���
�����������<���
���
��������$) and a preliminary safety assessment (summar-
ised in :��,�	��
��������3) are of considerable interest for Swedish and Finnish authori-
ties. For an overview of research reports from the whole of Canada’s radioactive waste
management programme up to 1990, see  �B%����5.
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The references in this Chapter outline the broader context of SKB’s geoscientific
research programme, especially as regards the siting process. They do not contain
complete presentations of scientific methods and results, as the citations in earlier
Chapters, except as examples or outlines of research published in technical reports.
Since the titles are self-explanatory as regards aim and scope, they will not be com-
mented here. They are arranged in Sections and Subsections according to the themes
designated in the headings. Included are reports arising out of SKI’s project SITE-94,
and reviews of SKB’s results by SKI and others.
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