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Abstract

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 interrel ationships 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 (Finngon, Fjallveden,
Gided, Kamlunge, Klipperas, Stern), the underground laboratory sites of Stripaand
Aspo, and comparable sitesin 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, Mald, Nykdping, Osthammar, Oskarshamn, Tierp, Alvkar-
leby, Hultsfred). As added background, Chapter 10 contains a compilation of SKB
conceptual studies and planning documents, and related material from other Swedish
ingtitutions. A complete bibliography is appended as the final chapter.



Sammanfattning

Sedan mitten av 1970-talet har Svensk Kéarnbrans ehantering AB (SKB) och dess
foregangare genomfort geovetenskaplig forskning och forstudier, med malet att finna
lampliga omraden for djupforvar i den svenska delen av Baltiska Skoldens prekam-
briska berggrund. Dokumentationen av denna forskning & omfattande och técker ett
mycket brett forskningsfélt, men &r i allmanhet foéga kénd utanfor interessesfaren kring
svensk karnavfallshantering. Materialet har nu sammanstélltsi denna” dokumentations-
guide” for att darmed gora forskningsresultaten mera léttillgangliga for vetenskaps-
samhéllet i stort. Dessutom visas hur materialet anknyter till relevant vetenskaplig lit-
teratur och dokumentation av likartad forskning utférd av andra institutioner i Sverige
och andralénder (Finland och Kanada).

Dokumentationen tacker perioden 1976-2000 och innehaller cirka 850 referenser, av
vilka ungefar halften ar tekniska rapporter publicerade av SKB eller dess féregangare.

| guidens huvuddel (kapitlen 2-9) & material et tematiskt organiserat och dokumenta-
tionens omfang inom varje tema beskrivs och kommenterasi korta texter. Dessutom
forklaras inbdrdes samband mellan olika rapporter och vetenskapliga publikationer och
relevanta korsreferenser ges. De inledande kapitlen (2-5 och 7) técker generellateman:
berggrundsgeol ogi, sprickbildning, nedisning och jordskorpans dynamik, djupt grund-
vatten och transport av radionuklider i geosfaren. Varje temadr indelat i citerings-
grupper under rubriker som &r av specidllt intresse for det Svenska djupférvarspro-
grammet. De fdljande kapitlen (6 och 8-9) inkluderar korta beskrivningar av SKB:s
typomraden (Finnsjon, Fjallveden, Gided, Kamlunge, Klipperas, Stend), underjords-
laboratoriernai Stripa och Aspd, och av jamforbara objekt i Finland och Kanada. Har
ingdr ocksa den kompletta dokumentationen fran de forstudier som utfortsi ata kom-
muner mellan 1993 och 2000 (Storuman, Mald, Nykdping, Osthammar, Oskarshamn,
Tierp, Alvkarleby, Hultsfred). Som bakgrundmaterial ger kapitel 10 en sammanstalining
av SKB:s metodstudier och planeringsdokument och relaterat material fran andra
svenskainstitutioner. En komplett bibliografi bifogasi kapitel 11.
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1 Introduction

Background

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 (“Forstudier”) in eight different municipalities, with aview to identi-
fying suitable areas for more detailed investigation (including deep drilling). Two of the
feadibility studies (Storuman and Mald) were completed in 1995 and 1997 respectively,
and the remaining six (Osthammar, Nykoping, Oskarshamn, Hultsfred, Tierp, Alvkarle-
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 investigationsin
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, isitself 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 processin
Sweden more easily subjected to the necessary scientific scrutiny.

Content of report

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. Asa
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



alphabetically according to first author in the Bibliography (Chapter 11) in the conven-
tional way. The material coveredis asfollows:

* All KBS, SKBF/KBS and SKB Technical Reports, and SKB reportsin 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 Aspd HRL
projects.

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

» A selection of recent SKB and SK1 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
ingtitutions (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
SK B reports which were published in 2001 have been included, where they conclude
and summarise long-standing projects. With regard to what has nor been included, the
lines have been drawn as follows. Most technical reports which are mainly of atheoreti-
cal nature, including numerical modelling which was not directly tied to the conditions
at aparticular site, have not been included. Similarly, most experimental studiesin
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 al 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 ingtitutions. 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.

Report structure

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 isincluded at the beginning of each Chapter (ex-
cept Chapter 10), explaining the subdivision into Sections. A brief overview isgiven at
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the beginning of each Section and Subsection, describing the character of the documen-
tation, outlining interrel ationships 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:

Chapter 2: Bedrock

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).

Chapter 3: Fracturing

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.

Chapter 4: Glaciation and crustal dynamics

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

Chapter 5: Deep groundwater

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 hydrogeol ogical effects of glaciation,
seismicity, etc.

Chapter 6: Underground conditions

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 Aspd underground laboratories, etc.

Chapter 7: Transport of radionuclides in the geosphere

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.

Chapter 8: SKB’s siting programme
Historical overview, national/regional surveys, feasibility studies at county scale (SGU’s
“Lansstudier”), and feasibility studies at municipality scale (“Forstudier”).



Chapter 9: Comparable programmes
Selection of reports from the Finnish and Canadian programmes, with particular empha-
sis on the siting process and site characterisation.

Chapter 10: Broader context

SKB conceptual and programmatic material relating to the KBS-3 concept, aternative
concepts, site selection programme, scenario development, safety analysis (SR-97), etc.,
SK1’s performance assessment project (SITE-94), SKI's and other reviews of SKB’s
activities and planning.

This report isin principle aguide to SKB-sponsored geoscientific research over the past
25 years. The main emphasisis on the arrangement of all geoscience-related technical
reports published by SKB in alogical framework, and on showing how they are related
to each other and to their “nearest surroundings’ (scientific literature, Finland, Canada,
SK1, 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. Thisis particularly the case
for the first three themes (Chapters 2—4): in these cases, alist 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.

Acknowledgments

Help has been received from many sides, for which | 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 (GeoL ogic 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. | also thank Hakan Sjostrém (Uppsala University) for trandating the English
abstract into Swedish.
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2 Bedrock

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 Skane, and (3) the basement
covered by athick sequence of Palaeozoic rocks on theisland of Gotland. At alater
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 Nationa Atlas, in the
chapter “Berggrunden”, under the heading “ Sveriges urberg — en del av den Baltiska
skolden” (Fredén (ed.) 1994, 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
thetitle “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 Aspd HRL (Section 6.3).

"Crystalline rock” isthe 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 isto 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. Fredén (ed.) 1994). 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 ateration, 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 differencesin
composition and structure:

* Massive felsic rock: 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).

* Foliated/banded felsic rock: 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). Theserocks 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).

* Massive or foliated mafic rock: 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. Berg och jord. Sveriges National atlas.
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2.1 Data acquisition and storage

There are few specific reports on crystalline rocks as hosts for KBS-3-type repositories
in the SKB documentation. Thisis presumably because generalities would be banal, and
specifics have been treated in extenso 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 availableif 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 atotal of about 75
drillholes, in addition to detailed surface data (detailed geological mapping, e.g. of
trenches, geophysical surveys, etc.), downhole geophysical logging, hydrogeol ogical
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
(Krékemdla, Laxemar, Avrd, CLAB, Aspo 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 (Sehlstedt 1988, Stark 1988, Eriksson, E. et al
1992). Thiswas replaced in the earlier 90s with the more powerful SICADA system
(Site Characterisation Database, e.g. SKB 1999f), to deal with the even stronger data
flood which was expected to arise from the construction of the Aspé 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 theinitial 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 ( Ahlbom et al 1991a, 1991b, 1992a, 1992b, 1992¢, 1992d,

see Section 6.1). A detailed overview of the Aspo investigations 1986-1995 is to be
found in Stanfors et al 1997a.

Sehlstedt, S., 1988. Description of geophysical data on the SKB database GEOTAB. SKB TR 88-05,
Svensk Kérnbranslehantering AB.

Stark, T., 1988. Description of geological data in SKBs database GEOTAB. SKB TR 88-06, Svensk
Kéarnbrand ehantering AB.

Eriksson, E., Johansson, B., Gerlach, M., Magnusson, S., Nilsson, A.-C., Sehlstedt, S., Stark, T., 1992.
GEOTAB. Overview. SKB TR 92-01, Svensk Kéarnbrans ehantering AB.

SKB 1999f. Aspé Hard Rock Laboratory. Annual Report 1998. SKB TR 99-10, Svensk
Kéarnbrand ehantering AB.

Ahlbom, K., Andersson, J.-E., Nordgvist, R., Ljunggren, C., Tirén, SA., Voss, C., 1991a. Gidea study
site. Scope of activities and main results. SKB TR 91-51, Svensk Kéarnbréns ehantering AB.

Ahlbom, K., Andersson, J.-E., Nordgvist, R., Ljunggren, C., Tirén, SA., Voss, C., 1991b. Fjillveden
study site. Scope of activities and main results. SKB TR 91-52, Svensk Kéarnbréns ehantering AB.

Ahlbom, K., Andersson, J.-E., Nordgvist, R., Ljunggren, C., Tirén, SA., Voss, C., 1992a. Sterné study
site. Scope of activities and main results. SKB TR 92-02, Svensk Kéarnbréns ehantering AB.
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Ahlbom, K., Andersson, J.-E., Andersson, P., Ittner, T., Ljunggren, C., Tirén, S.A., 1992b. Kamlunge
study site — Scope of activities and main results. SKB TR 92-15, Svensk Kérnbrand ehantering AB.

Ahlbom, K., Andersson, J.-E., Andersson, P., Ittner, T., Ljunggren, C., Tirén, SA., 1992c. Klipperas
study site. Scope of activities and main results. SKB TR 92-22, Svensk Kéarnbréns ehantering AB.

Ahlbom, K., Andersson, J.-E., Andersson, P., Ittner, T., Ljunggren, C., Tirén, S.A., 1992d. Finnsjon
study site. Scope of activities and main results. SKB TR 92-33, Svensk Kéarnbrénd ehantering AB.

Stanfors, R., Erlstrom, M., Markstrom, |., 1997a. Aspﬁ HRL — Geoscientific evaluation 1997/1. Over-
view of site characterisation 1986—1995. SKB TR 97-02, Svensk Kérnbréns ehantering AB.

2.2 Massive felsic rock (granite, etc.)

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 alack 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. Aspo,
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 aso show a signifi-
cant number of later mafic dykes (e.g. Klipperas). 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
across-reference to their Subsection in this guide (where a complete list of citations will
be found). Of these localities, Aspd (Aberg), Kivetty and Hastholmen have been the
objects of safety analyses, with positive outcome.

Kamlunge Lina granite (about 40% of map area), intruded Ahlbom et al 1983b,
into a metamorphic/migmatitic rock complex see Subsection 6.1.4

Klipperas Smaland granite, locally weakly foliated Olkiewicz & Stejskal 1986, see
Subsection 6.1.5

Stripa Granite Olkiewicz et al 1978,
see Section 6.2

Aspo Complex mixture of Sméaland granite, Aspo dio-  Rhén et al 1997c,
rite and aplite, often weakly foliated (well-foliated ~ see Section 6.3
in Asp0 shear zone)

Kivetty Porphyritic and even-grained granite and grano-  Anttila et al 1999b,
diorite see Subsection 9.1.2

Hastholmen  Rapakivi granite, coarse-grained, often orbicular  Anttila et al 1999a,
see Subsection 9.1.2
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Ahlbom, K., Albino, B., Carlsson, L., Danielsson, J., Nilsson, G., Olsson, O., Sehistedt, S., Stejskal, V.,
Stenberg, L., 1983b. Evaluation of the geological, geophysical and hydrogeological conditions at
Kamlunge. SKBF/KBS TR 83-54, Svensk Kéarnbrand eférsorjning AB.

Olkiewicz, A., Stejskal, V., 1986. Geological and tectonical description of the Klipperas study site.
SKB TR 86-06, Svensk Kérnbrans ehantering AB.

Olkiewicz, A., Hansson, K., Almén, K.-E., Gidlund, G., 1978. Geologisk och hydrogeologisk grund-
dokumentation av Stripa forsoksstation. KBS TR 63, Svensk Kérnbrénsehantering AB.

Rhén, ., Gustafson, G., Stanfors, R., Wikberg, P., 1997c. Aspﬁ HRL — Geoscientific evaluation 1997/5.
Models based on site characterisation 1986—1995. SKB TR 97-06, Svensk Ké&rnbrénslehantering AB.

Anttila, P., Ahokas, H., Front, K., Heikkinen, E., Hinkkanen, H., Johansson, E., Paulamé&ki, S., Riekkola,
R., Saari, J., Saksa, P., Snellman, M.V., Wikstrom, L., Ohberg, A., 1999b. Final disposal of spent
nuclear fuel in Finnish bedrock — Kivetty site report. Posiva Oy, report 99-09.

Anttila, P., Ahokas, H., Front, K., Hinkkanen, H., Johansson, E., Paulaméki, S., Riekkola, R., Saari, J.,
Saksa, P., Snellman, M.V., Wikstrom, L., Ohberg, A., 1999a. Final disposal of spent nuclear fuel in
Finnish bedrock — Hiistholmen site. Posiva Oy, report 99-08.

2.3 Foliated felsic rock (migmatite, metamorphite)

The rocks in this group are typically both anisotropic (showing well-devel oped mineral
alignment) and heterogeneous (showing well-devel oped segregation of mineralsinto
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 alater 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” (Fjalveden, Gidea, Olkiluoto) and others are
dominated by “djupbergarter” (Sternd, Finngon, Romuvaara). Common to all of themis
that they have been little affected by deformation since the period of metamorphism and
migmatization, and hence have retained their crystalline textures. Asin 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 (Sternt, Gided, 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, akey ci-
tation and a cross-reference. Of these localities, Gidea (Ceberg), Finnsjon (Beberg),
Olkiluoto and Romuvaara have been the objects of safety analyses, with positive out-
come.
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Stern6 Blekinge Coastal Gneiss (foliated granodiorite) Ahlbom et al 1979,
see Subsection 6.1.6

Fjallveden Migmatitic sedimentary gneiss with some grani-  Ahlbom et al 19834,
tic gneiss layers see Subsection 6.1.2
Gidea Migmatitic sedimentary gneiss Ahlbom et al 1983a,
see Subsection 6.1.3
Finnsjon Foliated granodiorite Ahlbom & Tirén 1991,
see Subsection 6.1.1
Olkiluoto Migmatitic sedimentary gneiss with infolded to- Anttila et al 1999c,
nalitic gneiss and some post-migmatitic grani- see Section 9.1.2
toids
Romuvaara  Archean migmatized tonalitic gneiss with sedi- Anttila et al 1999d,

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. Utvirdering
av de hydrogeologiska och berggrundsgeologiska forhallandena pa Sterné. SKBF/KBS TR 79-09,
Svensk Kérnbrandeférsorjning AB.

Ahlbom, K., Carlsson, L., Carlsten, L.-E., Duran, O., Larsson, N.-A., Olsson, O., 1983d. Evaluation of
the geological, geophysical and hydrogeological conditions at Fjillveden. SKBF/KBS TR 83-52,
Svensk Kérnbrandeférsorjning AB.

Ahlbom, K., Albino, B., Carlsson, L., Nilsson, G., Olsson, O., Stenberg, L., Timje, H., 1983a. Evaluation
of the geological, geophysical and hydrogeological conditions at Gidea. SKBF/KBS TR 83-53, Svensk
Kérnbrandeforsorjning AB.

Ahlbom, K., Tirén, SA., 1991. Overview of geologic and geohydrologic conditions at the Finnsjon
site and its surroundings. SKB TR 91-08, Svensk Karnbransehantering AB.

Anttila, P., Ahokas, H., Front, K., Hinkkanen, H., Johansson, E., Paulamdki, S., Riekkola, R., Saari, J.,
Saksa, P., Snellman, M.V., Wikstrom, L., Ohberg, A., 1999c. Final disposal of spent nuclear fuel in
Finnish bedrock — Olkiluoto site report. Posiva Oy, report 99-10.

Anttila, P., Ahokas, H., Front, K., Hinkkanen, H., Johansson, E., Paulamdki, S., Riekkola, R., Saari, J.,
Saksa, P., Snellman, M.V., Wikstrom, L., Ohberg, A., 1999d. Final disposal of spent nuclear fuel in
Finnish bedrock — Romuvaara site report. Posiva Oy, report 99-11.

2.4 Massive or foliated mafic rock (gabbro, amphibolite)

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 asfoliated 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 (Larson & Tullborg 1984, Gentzschein & Tullborg 1985,
Smellie 1992, Liedholm 1992), as well as the good geomechanical properties (Leijon
1992). However, the favourable features were offset by definitely unfavourable onesin a
Swedish context (Ahlbom et al 1992¢). Firstly, there are very few bodies of mafic rock
that are potentially of sufficient size to host arepository, 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 awhole. 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 (alay-
ered gabbro) provides a basis for comparison (see Subsection 9.2.2).

Larson, SA., Tullborg, E.-L., 1984. Fracture fillings in the gabbro massif of Taavinunnanen, north-
ern Sweden. SKBF/KBS TR 84-08, Svensk Kéarnbrans eférsorjning AB.

Gentzschein, B., Tullborg, E.-L., 1985. The Taavinunnanen gabbro massif. A compilation of results
from geological, geophysical and hydrogeological investigations. SKB TR 85-02, Svensk
Kéarnbrand ehantering AB.

Smellie, JA.T., 1992. Gabbro: geological and hydrogeochemical features. SKB PR 44-92-003,
(tidigare nr LOK 92-03), Svensk Kérnbréns ehantering AB.

Liedholm, M., 1992. The hydraulic properties of different greenstone areas. A comparative study.
SKB PR 44-92-007, Svensk Kérnbréns ehantering AB.

Leijon, B., 1992. Geomechanical and rock engineering characteristics of gabbro. SKB PR 44-92-001,
(tidigare nr LOK 92-01), Svensk Kéarnbréns ehantering AB.

Ahlbom, K., Leijon, B., Liedholm, M., Smellie, JA.T., 1992e. Gabbro as a host rock for a nuclear
waste repository. SKB TR 92-25, Svensk Kérnbranslehantering AB.

2.5 Selected scientific papers

From the point of view of crust formation during the Precambrian, there is general
agreement that to afirst approximation, the Swedish bedrock can be subdivided into
three main domains (e.g. Park 1991, Gorbatschev & Bogdanova 1993). 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 Forstudie 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 vol canics (early Proterozoic) in the Sveco-
fennian domain, are quite diverse and include both convergent and divergent plate
tectonic models (cf. Lawrie 1992, Korja A & Heikkinen 1995, Mansfeld 1996, Korja T
1997, Nironen 1997, Andersson 1997, Nironen et al 2000). 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 Smaland
("Smaland granite”) and central Sweden, the so-called Transscandinavian Igneous Belt
(TIB) (e.g. Andersson 1991, Mansfeld 1995, Lundqvist & Persson 1999, Ahall & Larson
2000). These are of particular interest to SKB because of their relevance to under-
standing the host rock at Aspd (Section 6.3) and in the Forstudie municipalities Oskars-
hamn and Hultsfred (Section 8.3) (e.g. Kornfilt et al 1997).

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 alate 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. Kdrki et al 1993, Stephens & Wahlgren 1993, 1996, Bergman &
Sjostrom 1994, Talbot & Sokoutis 1995, Bergman & Weihed 1997, Hogdahl 2000,
Beunk & Page 2001). 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 granitesin the
Baltic Shield (e.q. Elo & Korja 1993, Rimé & Haapala 1995, Ahl et al 1997, Puura &
Flodén 1999, 2000), in which, for instance, the Krakemala (Subsection 6.1.7) and Hast-
holmen (Finland, Subsection 9.2.2) siteslie. 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. Andréasson & Rodhe
1990, Larson et al 1990, Wahlgren et al 1994, Andréasson & Dallmeyer 1993,
Wahlgren & Stephens 1996, 2000, Page et al 1996, Juhlin et al 2000).

Formation of Svecofennian crust, Svecokarelian orogeny

Park, A.F., 1991. Continental growth by accretion: a tectonostratigraphic terrain analysis of the
evolution of the western and central Baltic Shield, 3.50 to 1.75 Ga. Geological Society of America
Bulletin, 103, 522-537.
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Gorbatschev, R., Bogdanova, S., 1993. Frontiers in the Baltic Shield. Precambrian Research, 64, 3-21.

Lawrige, K.C., 1992. Geochemical characterisation of a polyphase deformed, altered, and high grade
metamorphosed volcanic terrane: implications for the tectonic setting of the Svecofennides, south-
central Finland. Precambrian Research, 59, 171-205.

Korja, A., Heikkinen, P.J., 1995. Proterozoic extensional tectonics of the central Fennoscandian
Shield: results from the Baltic and Bothnian Echoes from the Lithosphere experiment. Tectonics,
14, 504-517.

Mansfeld, J., 1996. Geological, geochemical and geochronological evidence for a new Palaeoprotero-
zoic terrane in southeastern Sweden. Precambrian Research, 77, 91-103.

Korja, T., 1997. Electrical conductivity of the lithosphere — implications for the evolution of the
Fennoscandian Shield. Geophysics, 33, 17-50.

Nironen, M., 1997. The Svecofennian orogen: a tectonic model. Precambrian Research, 86, 21-44.

Andersson, U.B., 1997. Petrogenesis of some Proterozoic granitoid suites and associated basic rocks
in Sweden (geochemistry and isotope geology). Geological Survey of Sweden (SGU), report 91.

Nironen, M., Elliott, B.A., Ramo, O.T., 2000. 1.88—-1.87 Ga post-kinematic intrusions of the Central
Finland Granitoid Complex: a shift from C-type to A-type magmatism during lithospheric con-
vergence. Lithos, 53, 37-58.

Transscandinavian Igneous Belt (TIB)

Andersson, U.B., 1991. Granitoid episodes and mafic/felsic magma interaction in the Svecofennian
of the Fennoscandian Shield, with main emphasis on the 1.8 Ga plutonics. Precambrian Research, 51,
127-149.

Mansfeld, J., 1995. Crustal evolution in the southeastern part of the Fennoscandian Shield. Doctoral
thesis, Univ. Stockholm.

Lundgvigt, T., Persson, P.-O., 1999. Geochronology of porphyries and related rocks in northern and
western Dalarna, south-central Sweden. GFF, 121, 307-322.

Anall, K -1, Larson, SA., 2000. Growth-related 1.85-2.55 Ga magmatism in the Baltic Shield: a
review addressing the tectonic characteristics of Svecofennian, TIB 1-related, and Gothian events.
GFF, 122, 193-206.

Kornfalt, K.-A., Persson, P.-O., Wikman, H., 1997. Granitoids from the Asp area, southeastern
Sweden — geochemical and geochronological data. GFF, 119, 109-114.

Syn/post-Svecokarelian, pre-Sveconorwegian ductile shear zones

Kérki, A., Lagjoki, K., Luukas, J., 1993. Major Palaeoproterozoic shear zones of the central Fenno-
scandian Shield. Precambrian Research, 64, 207-223.

Stephens, M.B., Wahlgren, C.-H., 1993. Workshop. Ductile shear zones in the Swedish segment of the
Baltic Shield. Abstracts and excursion guide. Geological Survey of Sweden (SGU), report 76.

Bergman, S., §jostréom H., 1994. The Storsjon-Edsbyn deformation zone, central Sweden.
Unpublished R&D report (SGU), 1-46.
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Talbot, C.J., Sokoutis, D., 1995. Strain ellipsoids from incompetent dykes: application to volume loss
during mylonitization in the Sing6 shear zone, central Sweden. Journa of Structural Geology, 17,
427-448.

Stephens, M.B., Wahlgren, C.-H., 1996. Post-1.85 Ga tectonic evolution of the Svecokarelian orogen
with special reference to central and SE Sweden. GFF, 118, A26-A27.

Bergman, S., Weihed, J., 1997. Regional deformation zones in the Skellefte and Arvidsjaur areas.
Unpublished R&D report (SGU), 1-35.

Hogdahl, K., 2000. Late-orogenic, ductile shear zones and protolith ages in the Svecofennian
Domain, central Sweden. Doctora thesis, Stockholm University.

Beunk, F.F., Page, L.M., 2001. Structural evolution of the accretional continental margin of the
Paleoproterozoic Svecofennian orogen in southern Sweden. Tectonophysics, 339, 67-92.

Post-Svecokarelian (anorogenic”) intrusions

Elo, S., Korja, A., 1993. Geophysical interpretation of the crustal and upper mantle structure in the
Wiborg rapakivi granite area, southeastern Finland. Precambrian Research, 64, 273-288.

Ramo, O.T., Haapala, I., 1995. One hundred years of rapakivi granite. Mineral. Petrol., 52, 129-185.

Ahl, M., Andersson, U.B., Lundgvist, T., Sundblad, K. (eds.), 1997. Rapakivi granites and related
rocks in central Sweden. Geological Survey of Sweden (SGU), Series Ca, research paper 87.

Puura, V., Flodén, T., 1999. Rapakivi-granite-anorthosite magmatism — a way of thinning and stabi-
lisation of the Svecofennian crust, Baltic Sea Basin. Tectonophysics, 305, 75-92.

Puura, V., Flodén, T., 2000. Rapakivi-related basement structures in the Baltic Sea area. GFF, 122,
257-272.

Sveconorwegian Frontal Deformation Zone (”Protogine Zone”)

Andréasson, P.-G., Rodhe, A., 1990. Geology of the Protogine Zone south of Lake Viittern, southern
Sweden: a reinterpretation. GFF, 111, 107-125.

Larson, S.A. Berglund, J., Stigh, J., Tullborg, E.-L., 1990. The Protogine Zone, southwest Sweden:
a new model — an old issue. In: Mid-Proterzoic Laurentia-Baltica (Gower, C.F., et a., eds.), Geol. Assoc.
Canada, Special Paper 38, 317-333.

Wahlgren, C.-H., Cruden, A.R., Stephens, M.B., 1994. Kinematics of a major fan-like structure in
the eastern part of the Sveconorwegian orogen, Baltic Shield, south-central Sweden. Precambrian
Research, 70, 67-91

Andréasson, P.-G., Dallmeyer, R.D., 1995. Tectonothermal evolution of high-alumina rocks within
the Protogine Zone, southern Sweden. Jour. Metm. Geol .,13, 461-474.

Wahlgren, C.-H., Stephens, M.B., 1996. Polyphase tectonometamorphic reworking in the Trans-
scandinavian Igneous Belt, east of Lake Vinern — regional tectonic implications. GFF, 118,
A27-A28.

Wahlgren, C.-H., Stephens, M.B., 2000. Structural and geochronological evolution of the northeast-

ern part of the Sveconorwegian orogen, south-central Sweden. Bulletin Geological Society Denmark,
46, 161-163.
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Page, L.M., Stephens, M.B., Wahigren, C.-H., 1996. Ar40/Ar39 geochronological constraints on the
tectonothermal evolution of the Eastern Segment of the Sveconorwegian Orogen, south-central
Sweden. In: Precambrian Crustal Evolution of the North Atlantic Region (T.S. Brewer, ed.), Geological
Society (London), Special Publication 112, 315-330.

Juhlin, C., Wahligren, C.-H., Stephens, M.B., 2000. Seismic imaging in the frontal part of the Sveco-
norwegian orogen, south-western Sweden. Precambrian Research, 102, 135-154.
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3 Fracturing

Asindicated 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 arough generalization it can be considered as having been completed everywhere
by late Precambrian times. This means that the rocks which build the present-day |and-
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
rocksis 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 al 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 Fredén (ed.) 1994 —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 awider 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-scal e 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
dataisto 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) isa
selection of published scientific papers, either scientific presentations of research mate-
rial worked on under the auspices of SKB, or regional papers summarizing conditionsin
the Baltic Shield, which form an important background to SKB research.

Fredén, C. (ed.), 1994. Berg och jord. Sveriges Nationalatlas.

3.1 Tectonic evolution of Baltic Shield after consolidation

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 datais 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. Asindicated 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 isalso anim-
portant zone of brittle reactivation (Andréasson & Rodhe 1992). Brittle reactivation (i.e.
brittle fractures following older, ductile structures) is an element in al later periodsin-
volving crustal deformation, but also new fractures formed in many places, independent-
ly of earlier structures (Larson & Tullborg 1993). Thisoccurred mainly in connection
with the Caledonian orogeny, to the west and south (Tullborg et al 1995), and, later,
with the formation of the Oslo Graben and early North Sea extensional tectonics, in the
area around the lakes Véttern and Vanern (Milnes et al 1998). Even younger tectonic
events have potentially affected the otherwise very stable Baltic Shield in the last 100
Ma (Wannds & Flodén 1994, Muir-Wood 1995 ).

Most of the works cited here cover awider 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 rectonic events, i.e. crustal move-
ments related to plate motion, as opposed to the glacio-dynamic 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.

Andréasson, P.-G., Rodhe, A., 1992. The Protogine Zone. Geology and mobility during the last 2.5
Ga. SKB TR 92-01, Svensk Kérnbranslehantering AB.

Larson, SA., Tullborg, E.-L., 1993. Tectonic regimes in the Baltic Shield during the last 1,200 Ma
— A review. SKB TR 94-05, Svensk Karnbrans ehantering AB.

E.-L., Larson, SA., Bjorklund, L., Samuelsson, L., Stigh, J., 1995. Thermal evidence of Caledonide
foreland, molasse sedimentation in Fennoscandia. SKB TR 95-18, Svensk Kéarnbréns ehantering AB.

Milnes, A.G., Gee, D.G,, Lund, C.-E., 1998. Crustal structure and regional tectonics of SE Sweden
and the Baltic Sea. SKB TR 98-21, Svensk Karnbréns ehantering AB.

Wannés, K.O., Flodén, T., 1994. Tectonic framework of the Hané Bay area, southern Baltic Sea.
SKB TR 94-09, Svensk Karnbrans ehantering AB.

Muir-Wood, R., 1995. Reconstructing the tectonic history of Fennoscandia from its margins:
The past 100 million years. SKB TR 95-36, Svensk Kéarnbréns ehantering AB.

3.2 Large-scale fracture pattern analyses (lineaments)

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 areasisthe
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. Roshoff & Lagerlund 1977,
Flodén 1977, 1980, Roshoff 1989a) 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 Aspo 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 Aspd reports (e.g. Wikberg et al 1991, Almén et al
1994, see also Section 3.5 under the heading: lineament analysis and morphotectonics).
As more detail ed databases became available and increased computer capacity more ac-
cessible, so also the sophistication of the analysis methods increased (e.g. Eriksson &
Isaksson 1995). Also, the methods have become more widely applicable, and are used as
an important basis for evaluations within the framework of the Lansstudier (Section 8.2)
and Forstudier (Section 8.3), and for studies of the potential effects of earthquakes on
repository integrity (e.g. arecent Finnish study, Kuivamcdiki 2000).

Roshoff, K., Lagerlund, E., 1977. Tektonisk analys av sédra Sverige. Vittern — Norra Skane.
KBS TR 20, Svensk Kérnbrénd ehantering AB.

Flodén, T., 1977. Tectonic lineaments in the Baltic from Giivle to Simrishamn. KBS TR 59,
Svensk Kérnbranslehantering AB.

Flodén, T., 1980. Seismic stratigraphy and bedrock geology of the Central Baltic. Stockholm Contrib.
in Geol., 35, 1-240.

Rdshoff, K., 1989a. Characterisation of the morphology, basement rock and tectonics in Sweden.
SKB TR 89-03, Svensk Kérnbrans ehantering AB.

Wikberg, P., Gustafson, G., Rhén, |., Stanfors, R., 1991. Aspﬁ Hard Rock Laboratory. Evaluation and
conceptual modelling based on the pre-investigations 1986-1990. SKB TR 91-22, Svensk
Ké&rnbrénd ehantering AB.

Almén, K .-E., Olsson, P., Rhén, |., Stanfors, R., Wikberg, P., 1994. Asps Hard Rock Laboratory.
Feasibility and usefulness of site investigation methods. Experiences from the pre-investigation
phase. SKB TR 94-24, Svensk Ké&rnbréns ehantering AB.

Eriksson, P., Isaksson, H., 1995. Oversiktsstudier. Texturanalys av flygmagnetiska data i Sverige.
SKB PR D-95-010, Svensk Kérnbranslehantering AB.

Kuivamaki, A., 2000. Lineament database of the Finnish potential repository sites for the calculation
of bedrock movements induced by earthquakes. Posiva Oy, working report WR 2000-12.

3.3 Characterisation of fracture zones and fracture systems

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 (Bdckblom 1989). 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 Finngon study site (e.q. Ahlbom et al 1986, 1989,
Andersson Peter 1993), in the Stripamine (e.g. Gale et al 1991), on Aspd island
(Munier 1993a,b), and in the Aspd tunnel (e.g. Stanfors et al 1997b, Part I, Rhén et al
1997¢, Chapter 5). 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. Front et al 1999, 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 (Saksa & Nummela 1998).

With regard to small-fracturing within blocks between fracture zones, the most detailed
analyses have been carried out in the Stripa and Aspd underground laboratories (e.g.
Andersson & Dverstorp 1987, Bursey et al 1991, Martel 1992, Gale et al 1991, Bossart
et al 2001, 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. Black et al
1994, LaPointe et al 1995). Small-scale fracturing has also been studied in the sedi-
mentary cover of the crystalline basement in Smaland (Milnes & Gee 1992).

Béackblom, G., 1989. Guidelines for use of nomenclature on fractures, fracture zones and other
topics. SKB Teknisk PM 25-89-007, Svensk Kérnbrénslehantering AB.

Ahlbom, K., Andersson, P., Ekman, L., Gustafsson, E., Smellie, J.A.T., Tullborg, E.-L., 1986.
Preliminary investigations of fracture zones in the Brindan area, Finnsjon study site.
SKB TR 86-05, Svensk Kéarnbrans ehantering AB.

Ahlbom, K., Smellie, JA.T., Tirén, S.A., Andersson, J.-E., Ekman, L., Nordgvist, R., Winberg, A.,
Gustafsson, E., Andersson, P., Wikberg, P., 1989. Characterisation of fracture zone 2, Finnsjon
study-site. Part 1: Overview of the fracture zone project at Finnsjon, Sweden. Part 2: Geological
setting and deformation history of a low angle fracture zone at Finnsjon, Sweden. Part 3: Hydraulic
testing and modelling of a low-angle fracture zone at Finnsjon, Sweden. Part 4: Groundwater flow
conditions in a low angle fracture zone at Finnsjon, Sweden. Part 5: Hydrochemical investigations
at Finnsjon, Sweden. Part 6: Effects of gas-lift pumping on hydraulic borehole conditions at
Finnsjon, Sweden. SKB TR 89-19, Svensk Kérnbranslehantering AB.

Andersson, Peter (ed.), 1993: The Fracture Zone Project — Final report. SKB TR 93-20,
Svensk Kérnbrandehantering AB.

Gale, J., MacLeod, R, Bursey, G., Strahle, A., Tirén, SA., 1991. Characterisation of the structure and
geometry of the H fracture zone at the SCV site. SKB TR 91-37, Svensk Karnbrandehantering AB.

Munier, R., 1993a: Segmentation, fragmentation and jostling of the Baltic Shield with time.
Doctoral thesis, Uppsala University.

Munier, R., 1993b: Four-dimensional analysis of fracture arrays at the Aspé hard rock laboratory,
SE Sweden. Engineering Geology, 33, 159-175.

Stanfors, R., Olsson, P., Stille, H., 1997b. Aspﬁ HRL — Geoscientific evaluation 1997/3. Results from
pre-investigations and detailed site characterisation. Geology and mechanical stability.

SKB TR 97-04, Svensk Kérnbréndehantering AB

Rhén, ., Gustafson, G., Stanfors, R., Wikberg, P., 1997c. Aspﬁ HRL — Geoscientific evaluation 1997/5.
Models based on site characterisation 1986-1995. SKB TR 97-06, Svensk Kérnbranslehantering AB.

Front, K., Paulamaki, S., Ahokas, H., Anttila, P., 1999. Lithological and structural bedrock model of
the Hiéstholmen study site, Loviisa, SE Finland. Posiva Oy, report POSIVA 99-31.
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Saksa, P., Nummela, J., 1998. Geological-structural models used in SR-97. Uncertainty analysis.
SKB TR 98-12, Svensk Kérnbréns ehantering AB.

Andersson, J., Dverstorp, B., 1987. 3-D migration experiment — Report 4. Fracture network
modelling
of the Stripa 3-D site. SKB, Stripa Project TR 87-22, Svensk Karnbrans ehantering AB.

Bursey, C.G., Gale, JE., MacLeod, R., Stréhle, A., Tirén, S.A., 1991. Site Characterisation and Validation —
validation drift fracture data, stage IV. SKB AB, Stripa Project TR-91-19, Svensk Kérnbréandehantering AB.

Martel, S., 1992. Geologic characterisation of fractures as an aid to hydrologic modelling of the SCV
block at the Stripa mine. SKB, Stripa Project TR-92-24, Svensk Karnbrans ehantering AB.

Gale, J., MacLeod, R, Bursey, G., Strahle, A., Tirén, SA., 1991. Characterisation of the structure and
geometry of the H fracture zone at the SCV site. SKB, Stripa Project TR-91-37, Svensk
Kéarnbrand ehantering AB.

Bossart, B., Hermanson, J., Mazurek, M., 2001. Aspé Hard Rock Laboratory. Analysis of fracture
networks based on structural and hydrogeological observations on different scales. SKB TR 01-21,
Svensk Kérnbrandehantering AB.

Black, J., Dershowitz, W., Axelsson, K.-L., Dog, T., Been, K., 1994. Review of SKB Framework for
the Geoscientific Characterisation of Sites for Deep Repositories with emphasis on the Testing and
Numerical Representation of Fractured Crystalline Rock. SKB PR 44-94-001, Svensk

Ké&rnbrénd ehantering AB.

LaPointe, P.R., Wallmann, P., Follin, S., 1995. Estimation of effective block conductivities based on
discrete network analyses using data from the Aspé site. SKB TR 95-15, Svensk K &rnbranslehantering AB.

Milnes, A.G., Gee, D.G., 1992. Bedrock stability in southeastern Sweden. Evidence from fracturing
in the Ordovician limestones of Northern Oland. SKB TR 92-23, Svensk K &rnbréns ehantering AB.

3.4 Geomechanics and applied geophysics

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, (Leijon & Ljunggren 1992, Leijon 1993, Almén
et al 1996, Stanfors et al 1997b, Part II, Rhén et al 1997¢, Chapter 6), with particular
reference to the geomechanical properties of fracture zones, and different aspects have
been studied in anumber of doctoral theses (Li 1993, Hakami 1995, Kou 1996, Lindfors
1996, Tan 1996, Probert 1998, Olsson 1998, Sturk 1998). Thefirst part of the list ends
with some more general references, focussed on the excavation damage zone which de-
velops around underground cavities (Emsley et al 1997), on the possible effects of high
pore pressures in fractured rocks (Olsson 1997), and, for comparison, on the geome-
chanical stability of the four Finnish sites (Johansson & Rautakorpi 2000).

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 (Sehistedt &
Stenberg 1986, Carlsten et al 1987, 1989, Quanhong 1996, and from the Finnish pro-
gramme, Labbas 1997), as acomplement to the physical description of fracturesin 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
concern of SKB (e.g. Dahl-Jensen & Lindgren 1987, Sturgeon 1992, Cosma et al 1994,
Juhlin & Palm 1997).

The last part of this rather heterogeneous Section contains reports dealing with the
geomechanical modelling of the long-term evolution of repository sites on different
scales, including both SKB and SK1 studies (Stephansson 1987, Hansson et al 1995b,
1995¢, Shen & Stephansson 1996a, 1996b).

Geomechanics

Leijon, B., Ljunggren, C., 1992. A rock mechanics study of Fracture Zone 2 at the Finnsjon site.
SKB TR 92-28, Svensk Kéarnbrans ehantering AB.

Leijon, B., 1993. Mechanical properties of fracture zones. SKB TR 93-19, Svensk Kérnbrénslehantering AB.

Almén, K.-E., Stanfors, R., Svemar, C., 1996. Nomenklatur och Kklassificering av geologiska
strukturer vid platsundersékningar for SKB:s djupforvar. SKB PR D-96-029, Svensk
Ké&rnbrénd ehantering AB.

Stanfors, R., Olsson, P., Stille, H., 1997b. Aspﬁ HRL — Geoscientific evaluation 1997/3. Results from
pre-investigations and detailed site characterisation. Geology and mechanical stability.
SKB TR 97-04, Svensk Kérnbréndehantering AB

Rhén, ., Gustafson, G., Stanfors, R., Wikberg, P., 1997c. Aspﬁ HRL — Geoscientific evaluation 1997/5.
Models based on site characterisation 1986-1995. SKB TR 97-06, Svensk Kérnbransehantering AB.

Li, C., 1993. Deformation and failure of brittle rocks under compression. Doctoral thesis, Lule&
University of Technology.

Hakami, E., 1995. Aperture distribution of rock fractures. Doctoral thesis, Royal Institute of
Technology (KTH), Stockholm.

Kou, S., 1996. Some basic problems in rock breakage by blasting and by indentation. Doctoral thesis,
Luled University of Technology.

Lindfors, U., 1996. Experimental study of the mechanics of rock joints. Licentiate thesis, Lulea
University of Technology.

Tan, X., 1996. Modelling of drill string buckling and tool indentation in rock drilling and fragmen-
tation. Doctoral thesis, Luled University of Technology.

Probert, T., 1998. The underground storage facility. Modelling of nuclear waste repositories and
aquifer thermal energy stores. Doctora thesis, Lund Institute of Technology.

Olsson, R., 1998. Mechanical and hydromechanical behaviour of hard rock joints. A laboratory
study. Doctoral thesis, Chalmers University of Technology, Géteborg.

Sturk, R., 1998. Engineering geological information — its value and impact on tunnelling. Doctoral
thesis, Royal Institute of Technology (KTH), Stockholm.

Emdey, S, Olsson, O., Stenberg, L., Alheid, H.-J., Falls, S., 1997. ZEDEX — A study of damage and

disturbance from tunnel excavation by blasting and tunnel boring. SKB TR 97-30, Svensk
Kérnbrand ehantering AB.

29



Olsson, R., 1997. The effective stress concept in a jointed rock mass. A literature survey. SKB
R-97-18, Svensk Kérnbrénslehantering AB.

Johansson, E., Rautakorpi, J., 2000. Rock mechanics stability at Olkiluoto, Histholmen, Kivetty and
Romuvaara. Posiva Oy, report 2000-02.

Geophysical studies

Sehistedt, S., Stenberg, L., 1986. Geophysical investigations at the Klipperas study site. SKB
TR 86-07, Svensk Kéarnbréns ehantering AB.

Carlsten, S., Olsson, O., Sehistedt, S., Stenberg, L., 1987. Radar measurements performed at the
Klipperis study site. SKB TR 87-01, Svensk Karnbrans ehantering AB.

Carlsten, S., Lindgvist, L., Olsson, O., 1989. Comparison between radar data and geophysical, geo-
logical and hydrological borehole parameters by multivariate analysis of data. SKB TR 89-15,
Svensk Kérnbrandehantering AB.

Quanhong, F., 1996. Application of image processing to borehole logging. Master thesis, Royal
Ingtitute of Technology (KTH), Stockholm.

Labbas, K., 1997. Comparison of 3-D geological and geophysical investigation methods in boreholes
KI-KR1 at Ainekoski Kivetty site and RO-KR3 at Kuhmo Romuvaara site. Posiva Oy, report 97-03.

Dahl-Jensen, T., Lindgren, J., 1987. Shallow reflection seismic investigation of fracture zones in the
Finnsjo area, method evaluation. SKB TR 87-13, Svensk Kérnbranslehantering AB.

Sturgeon, L., 1992. Application of high resolution geophysical surveys for offshore site investigation.
SKB PR 44-92-005, (tidigare nr LOK 92-05), Svensk Karnbranslehantering AB.

Cosma, C., Juhlin, C., Olsson, O., 1994. Reassessment of seismic reflection data from the Finnsjon
study site and prospectives for future surveys. SKB TR 94-03, Svensk Kérnbransehantering AB.

Juhlin, C., Palm, H., 1997. Reflection seismic studies on the island of Avré. SKB PR D-97-09,
Svensk Kérnbranslehantering AB.

Geomechanical modelling

Stephansson, O., 1987. Modelling of crustal rock mechanics for radioactive waste storage in
Fennoscandia — Problem definition. SKB TR 87-11, Svensk Kérnbranslehantering AB.

Hansson, H., Stephansson, O., Shen, B., 1995b. Far-field rock mechanics modelling for nuclear waste
disposal. Statens kérnkraftinspektion, Report SK1 95:40.

Hansson, H., Shen, B., Stephansson, O., Jing, L., 1995c. Rock mechanics modelling for the stability
and safety of a nuclear waste repository. Executive summary (SITE-94). Statens kérnkraftinspektion,
Report SK1 95:41.

Shen, B., Stephansson, O., 1996a. Near-field mechanical modelling for nuclear waste disposal. Statens
karnkraftinspektion, Report SKI 96:17.

Shen, B., Stephansson, O., 1996b. Modelling of rock fracture propagation for nuclear waste disposal.
Statens kérnkraftinspektion, Report SK1 96:18.
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3.5 Selected scientific papers

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 (Franke 1993, Eristrom et al 1997, Pharaoh 1999, Meissner & Krawczyk 1999);
(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 (Tullborg et al 1995,1996, Middleton et al 1996,
Cederbom 1997, Tullborg 1997, Garfunkel & Greiling 1998, Greiling et al 1998,
Samuelsson & Middleton 1998, Larson et al 1999, Cederbom et al 2000); and (3) the
sporadic late Precambrian and Palaeozoic deformation of the internal parts of the craton,
as exemplified by the early history of the Véttern graben in Sweden, the evolution of the
Dnieper-Donets rift in Ukraine and the post-consolidaion deformation in the Gulf of
Finland (Vidal & Moczydlowska 1995, Bogdanova et al 1996, Nikishin et al 1996,
Starostenko et al 1999, Puura et al 1996). Added to the latter group are some references
on the detailed structural geology of the Véttern graben, as an example of the question
of brittle reactivation of earlier (ductile) structures (Andréasson & Rodhe 1990, 1994,
Mansson 1996), which has been arecurring theme in the SKB feasibility studies
(Chapter 8).

The Véttern 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 surfacein
terms of fault and fracture zones. Some of these use digital terrain models as a basis for
delineating rock blocks (7irén & Beckholmen 1989, 1990, 1992), whilst the others ap-
proach morphotectonics from the point of view of identifying and dating changesin
level in ancient peneplains to identify later faulting (Lidmar-Bergstrom 1993, 1996,
1999, Lidmar-Bergstrom et al 1997, Johansson et al 1999; see also Lindmar-Bergstrém
in Fredén (ed.) 1994, p. 44-53).

The second group contains a collection of papers on fracturing at different sitesin
Sweden (Tirén 1991, Munier 1993, Line et al 1997, Tirén et al 1999) and more gener-
ally, on the use of geophysical methods to identify subsurface structures, particularly
zones which could be interpreted as fracture zones (Juhlin 1990, Juhlin et al 1991,
Juhlin 1995, Papasikas & Juhlin 1997, Juhlin & Palm 1999, Ormo 1999, Winstedt et al
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2000). 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).

Trans-European Suture Zone (southern margin of Baltic Shield)

Franke, D., 1993. The southern border of Baltica — a review of the present state of knowledge.
Precambrian Research, 64, 419-430.

Erlstréom, M., Thomas, S.A., Deeks, N., Sivhed, U., 1997. Structure and tectonic evolution of the
Tornquist Zone and adjacent sedimentary basins in Scania and the southern Baltic Sea area.
Tectonophysics, 271, 191-215.

Pharaoh, T.C., 1999. Palaeozoic terranes and their lithospheric boundaries within the Trans-
European Suture Zone (TESZ): a review. Tectonophysics, 314, 17-41.

Meissner, R., Krawczyk, C.H., 1999. Caledonian and Proterozoic terrane accretion in the southwest
Baltic Sea. Tectonophysics, 314, 255-267.

Caledonian foreland basin (western margin of Baltic Shield)

Tullborg, E.-L., Larson, SA., Bjérklund, L., Samuelsson, L., Stigh, J., 1995. Thermal evidence of
Caledonide foreland, molasse sedimentation in Fennoscandia. SKB TR 95-18, Svensk
Ké&rnbrénd ehantering AB.

Tullborg, E.-L., Larson, SA. S berg, J.-P., 1996. Subsidence and uplift of the present land surface in
the southeastern part of the Fennoscandian Shield. GFF, 118, 126-128.

Middleton, M.F., Tullborg, E.-L., Larson, SA., Bjorklund, L., 1996. Modelling of a Caledonian fore-
land basin in Sweden: petrophysical constraints. Marine and Petroleum Geology, 13, 407-415.

Tullborg, E.-L., 1997. Recognition of low-temperature processes in the Fennoscandian shield.
Doctoral thesis, Géteborg University.

Cederbom, C., 1997. Fission track thermochronology applied to Phanerozoic thermotectonic events
in central and southern Sweden. Licentiate thesis, Goteborg University.

Garfunkel, Z., Greiling, R.O., 1998. A thin orogenic wedge upon thick foreland lithosphere and the
missing foreland basin. Geologische Rundschau, 87, 314-325.

Greiling, R.O., Garfunkel, Z., Zachrisson, E., 1998. Evolution of the orogenic wedge in the central
Scandinavian Caledonides and its interaction with the foreland lithosphere. GFF, 120, 181-190.

Samuelsson, J., Middleton, M.F., 1998. The Caledonian foreland basin in Scandinavia: constrained
by the thermal maturation of the Alum Shale. GFF, 120, 307-314.

Larson, S.A., Tullborg, A.-L., Cederblom, C., Stiberg, J.-P., 1999. Sveconorwegian and Caledonian
foreland basins in the Baltic Shield revealed by fission-track thermochronology. TerraNova, 11,
210-215.

Cederbom, C., Larson, SA. Tullborg, E.-L., Stiberg, J.-P., 2000. Fission track thermochronology

applied to Phanerozoic thermotectonic events in central and southern Sweden. Tectonophysics, 316,
153-167.
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Intracratonic events

Vidal, G., Moczydlowska, M., 1995. The Neoproterozoic of Baltica — stratigraphy, palaeobiology and
general geological evolution. Precambrian Research, 73, 197-216.

Bogdanova, S.V., Pashkevich, |.K., Gorbatschev, R., Orlyuk, M.I., 1996. Riphean rifting and major
Palaeoproterozoic crustal boundaries in the basement of the East European Craton: geology and
geophysics. Tectonophysics, 268, 1-21

Nikishin, A.M., Ziegler, P.A., Stephenson, R.A., Cloetingh, SA.P.L., Furne, A.V., Fokin, A., Ershov,
A.V., Bolotov, S.N., Korotaev, M.V., Alekseev, A.S., Gorbachev, V.I., Shipilov, E.V., Lankreijer, A.,
Bembinova, E.Y ., Shalimov, I.V., 1996. Late Precambrian to Triassic history of the East European
Craton: dynamics of sedimentary basin evolution. Tectonophysics, 268, 23-63.

Puura, V., Amantov, A., Tikhomirov, S, Laitakari, ., 1996. Latest events affecting the Precambrian
basement, Gulf of Finland and surrounding areas. In: Explanation to the Map of Precambrian Base-
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4 Glaciation and crustal dynamics

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 (Fredén (ed.) 1994, 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 hydrogeol ogical 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 awhole, as
indicated below.

These results, and the controversy surrounding them, showed that the question of post-
glacial fault movement needed to be viewed in awider context, causing SKB to bein-
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 thisissue 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, in situ 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 reportsin this chapter

35



(Section 4.4), those concerned with interpreting the datain terms of “bedrock stability”
and geodynamic models. Thisincludes 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 al the issues addressed in this chapter are
of considerable academic interest, there is alarge 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 mechanical 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. Berg och jord. Sveriges Nationalatlas.

4.1 Postglacial faulting and paleoseismicity

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 iswell developed. Evidence for neotectonic activity in northern Scandinaviawas
recognized in the 1970’ s and, because of its obvious relevance to repository siting and
safety, became the subject of avery early KBS study (Lagerbcick & Henkel 1977). 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 (Lagerbcick & Witshard 1983, Henkel et al 1983).
Later, SKB launched what became known as the Langarv Project, after the most easily
accessible fault, the Langarv fault, which was chosen for more detailed study (Bcick-
blom & Stanfors 1989). Thefirst 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. Talbot 1986, Henkel 1988, Lagerbdick 1988). The second phase (1989-1991)
confirmed and consolidated the conclusions of the first phase (Lagerbdick 1990, 1991),
and provided an opportunity for review by an international group of expertsin June
1991 (Stanfors & Ericsson 1993). The main conclusions were that the postglacial fault-
ing in the Langj&rv 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 Langérv 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, sinceit
was first suggested in the late 1970s and early 1980s (Mdorner 1977, 1979, Mdorner et al
1981, Bjorkman & Trddgardh 1982, Morner 1985). Later, it was maintained that many
of the fractures on the island of Aspo (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
(Morner 1989), but most geoscientists, after scrutinising the evidence, remain un-
convinced (SKB 1990). However, although the faults remain elusive, evidenceis ac-
cumulating from the study of the late Quaternary sedimentary deposits and other surface
features (Sjoberg 1994, Troften 1997, 2000, Triften & Morner 1997, Morner 1995,
1996, 1999, Morner & Troften 1993, Morner et al 1989, 2000 ) that the retreat of theice
sheets was accompanied by alevel of seismicity which is higher than at the present time.
The subject of deglaciation seismotectonics is documented further in Section 4.5, since
it isworld-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 next 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 afuture glaciation (see Sections 4.4 and 5.4, and Talbot 1999).

Northern Sweden
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Henkel, L., Hult, K., Eriksson, L., Johansson, L., 1983. Neotectonics in northern Sweden — geophysical
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Southern and central Sweden
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4.2 Quaternary geology, climatic change, future glaciations

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 yearsin 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 (4hlbom et
al 1991c, Bjorck & Svensson 1992, Holmgren & Karlén 1998, Westman et al 1999,
Boulton et al 2001a), 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 (Pdsse 1996a, 1996b, 1997, 2001 Brydsten 1999,
Brunberg & Blomgvist 2000, Morén & Passe 2001), aswell as corresponding onesin
Finland (e.g. Miettinen et al 1999) 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 glacia 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 (Boulton & Payne
1993, King-Clayton et al 1997, Boulton et al 1999).
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4.3 Present crustal conditions

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 shest, 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. Mdorner 1977).

These controversia 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 (Kulhdnek & Wahlstrom 1977, Kulhdnek et
al 1980) were followed by the installation of specia seismograph networksin some ar-
eas — in northern Sweden (in connection with the Langérv Project, Kim et al 1988,
Wahlstrom et al 1988, 1989, Slunga 1989, see Section 4.1), in southern Sweden (S/unga
& Nordgren 1987), and on anationa basis (Sundqvist 1995). 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 mechanismsin terms
of causesisthe 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 Slunga 1990, Muir-Wood 1993).

In addition to seismicity, SKB has been involved in the compilation of other types of
geophysical datawith a bearing on present-day crustal conditions and “bedrock stabil-
ity” (see Section 4.4), including in situ stress, heat flow and space geodetics (Bergman
1977, Stephansson et al 1991, Ljunggren & Persson 19935, Ahlbom et al 1995, Sundberg
1995, Scherneck et al 1996).
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4.4 Bedrock stability, large-scale geomechanics, risk
estmation

Based on an early controversy (Bjerhammar 1977, Morner 1977), 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-
versia. 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. Thisisarelatively 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 pal eosei smicity
(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) Large-scale geomechanics (Stephansson 1987, Rosengren & Stephansson 1990,
Stephansson & Hudson 1994, Israelsson et al. 1992, Hansson et al 1995b, Milnes
et al 1998).

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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2) Risk estimation (Bath 1979, Roshoff 1989b, VBB 1992, King-Clayton et al 1997,
LaPointe et al 1997, 1999, 2000, see dso Coppersmith & Youngs 1999, and for
Finland, LaPointe & Cladouhos 1999, Saari 2000).

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.

Bjerhammar, A., 1977. The gravity field in Fennoscandia and postglacial crustal movements.
KBS TR 17, Svensk Kéarnbréndeforsorjning AB.

Morner, N.-A., 1977. Rorelser och instabiliteter i den svenska berggrunden. KBS TR 18, Svensk
Kéarnbrénd eforsdrjning AB.

Large-scale geomechanics

Stephansson, O., 1987. Modelling of crustal rock mechanics for radioactive waste storage in
Fennoscandia — Problem definition. SKB TR 87-11, Svensk Kérnbréansehantering AB.

Rosengren, L., Stephansson, O., 1990. Distinct element modelling of the rock mass response to
glaciation at Finnsjon, Central Sweden. SKB TR 90-40, Svensk Kéarnbrénslehantering AB.

Stephansson, O., Hudson, J.A., 1994. RES approach for scenario development: with the methodology
applied to a 'large rock movement' perturbation. SKB AR 94-43, Svensk Kérnbrénd ehantering AB.

Israelsson, J., Rosengren, L., Stephansson, O., 1992. Sensitivity study of rock mass response to
glaciation at Finnsjon, central Sweden. SKB TR 92-34, Svensk Kérnbrénslehantering AB.

Hansson, H., Stephansson, O., Shen, B., 1995h. Far-field rock mechanics modelling for nuclear waste
disposal. Statens kéarnkraftinspektion, Report SK1 95:40.

Milnes, A.G., Gee, D.G., Lund, C.-E., 1998. Crustal structure and regional tectonics of SE Sweden
and the Baltic Sea. SKB TR 98-21, Svensk Kérnbransehantering AB.

Risk estimation

Béth, M., 1979. Fracture risk estimation for Swedish earthquakes. SKBF/KBS TR 79-27, Svensk
Kéarnbrandeforsorjning AB.

Rdshoff, K., 1989h. Seismic effects on bedrock and underground constructions. A literature survey

of damage on constructions; changes in ground-water levels and flow; changes in chemistry in
groundwater and gases. SKB TR 89-30, Svensk Kérnbranslehantering AB.

VBB 1992. Project SEISMIC SAFETY. Characterisation of seismic ground motions for probabilis-
tic safety analyses of nuclear facilities in Sweden. Summary Report. Statens karnkraftinspektion, SKI
report 92:3.

King-Clayton, L., Chapman, N., Ericsson, L.O., Kautsky, F., 1997. Glaciation and hydrogeology:
proceedings of a workshop on the impact of climate change and glaciations on rock stresses,

groundwater flow and hydrochemistry — past, present and future. SK| Report 97:13.

LaPointe, P.R., Walmann, P., Thomas, A., Fallin, S., 1997. A methodology to estimate earthquake
effects on fractures intersecting canister holes. SKB TR 97-07, Svensk Kéarnbréns ehantering AB.
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LaPointe, P.R., Cladouhos, T., Fallin, S., 1999. Calculation of displacement on fractures intersecting
canisters induced by earthquakes: Aberg, Beberg and Ceberg examples. SKB TR 99-03, Svensk
Kéarnbrand ehantering AB.

LaPointe, P.R., Cladouhos, T.T., Outters, N., Follin, S., 2000. Evaluation of the conservativeness of the
methodology for estimating earthquake-induced movements of fractures intersecting canisters.
SKB TR 00-08, Svensk Kéarnbrans ehantering AB.

Coppersmith, K.J., Youngs, R.R., 1999. Data needs for probabilistic fault displacement hazard
analysis. Journal of Geodynamics, 29, 329-343.

LaPointe, P.R., Cladouhos, T.T., 1999. An overview of a possible approach to calculate rock move-
ments due to earthquakes at Finnish nuclear waste repository sites. Posiva Oy, report POSIVA 99-02.

Saari, J., 2000. Seismic activity parameters of the Finnish potential repository sites. Posiva Oy, report
POSIVA 2000-13.

4.5 Selected scientific papers (Fennoscandia)

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 areasin 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 (Baumann et al 1995, Andrén et al 1999,
Isarin 1999, Petit et al 1999, Chapman 2000, Renssen 2000, Sejrup et al 2000, Stroeven
2000). 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
aquick entry into the literature.

Understanding climatic change is a prerequisite for understanding the growth and decay
of continental ice-sheets, whichisin turn the basis for ng 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.q. Gregersen et al 1991, Miiller et al 1992. Blundell et al 1992). These and
numerous other publications describe historical and present-day seismicity, comple-
menting the large number of SKB reports (e.g. Slunga 1991, Ahjos & Uski 1992,
Gregersen 1992, Kulhdanek & Wahlstrom 1992, 1996, Wahlstrom & Griinthal 1994, see
Section 4.3), and recent devel opments in space geodetics to measure directly crustal
movements (Scherneck et al 1998, Pan et al 1999).

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 (Balling 1995, Kukkonen
1995, 1998, Nyblade 1999, Kukkonen & Peltonen 1999). Thisleads to interpretations
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of the rheological properties of the lithosphere and their variation with depth on avery
long time scale (Dragoni et al 1993, Cloetingh & Burov 1996, Kaikkonen et al 2000).

The same data base is important for the shorter term crustal movements associated with
glacio-isostasy. Fennoscandiais awell known region for glacia rebound, since the
crustal deformation resulting from the retreat of the last ice-sheet is still observable (e.g.
Ekman 1996, Kakkuri 1997, Gudmundsson 1999, Lambeck & Johnston 1998, Lambeck
et al 1998a, 1998b,). 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 (Morner 1978, 1990, 1991, Johnston et al 1998, Lambeck 1999,
Poudjom Djomani 1999, Klemann & Wolf 1999), some directly related to nuclear waste
disposal (Johnston 1987, Stephansson & Shen 1991, Rosengren & Stephansson 1993,
see dlso Talbot 1999). 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. Fjeldskaar et al 2000, Muir-Wood 2000,
Stewart et al 2000).

Pleistocene climates and climatic change

Baumann, K.-H., Lackschewitz, K.S., Mangerud, J., Spielhagen, R.F., Wolf-Welling, T.C.W., Henrich,
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during the past 150 000 years. Quaternary Research, 43, 185-197.
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Davis, M., Delaygue, G., Delmotte, M., Kotlyakov, V.M., Legrand, M., Lipenkov, V.Y ., Lorius, C.,
Pepin, L., Ritz, C., Satzman, E., Stievenard, M., 1999. Climate and atmospheric history of the past
420,000 years from the Vostok ice core, Antarctica. Nature, 399, 429-436.

Chapman, M.R., 2000. Sea surface temperature variability during the last glacial-interglacial cycle:
Assessing the magnitude and pattern of climate change in the North Atlantic. Palacogeography,
Palaeoclimatol ogy, Palaeoecology, 157, 1-25.

Renssen, H., 2000. Permafrost as a critical factor in palaeoclimate modelling: the Younger Dryas
case in Europe. Earth and Planetary Science Letters, 176, 1-5.

Sejrup, H.P., Larsen, E., Landvik, J., King, E.L., Haflidason, H., Nege, A., 2000. Quaternary glacia-
tions in southern Fennoscandia: evidence from southwestern Norway and the northern North Sea
region. Quaternary Science Reviews, 19, 667-685.

Stroeven, A.P., 2000. Age of Sirius Section on Mount Feather, McMurdo Dry Valleys, Antarctica,

based on glaciological inferences from the overridden mountain range of Scandinavia. Global and
Planetary Change, 23, 231-247.
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Crustal dynamics

Gregersen, S., Korhonen, H., Husebye, E.S., 1991. Fennoscandian dynamics: present-day earthquake
activity. Tectonophysics, 189, 333-344.

Miller, B., Zoback, M.L., Fuchs, K., Mastin, L., Gregersen, S., Pavoni, N., Stephansson, O., Ljunggren,
C., 1992. Regional patterns of tectonic stress in Europe. Jour. Geophys. Research, 97, B8, 11783—
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Cambridge Univiversity Press (Cambridge, UK).

Slunga, R., 1991. The Baltic Shield earthquakes. Tectonophysics, 189, 323-331.

Gregersen, S., 1992. Crustal stress regime in Fennoscandia from focal mechanisms. Jour. Geophys.
Research, 97, 11821-11827.

Ahjos, T., Uski, M., 1992. Earthquakes in northern Europe in 1375-1989. Tectonophysics, 207, 1-23.

Kulhdnek, O., Wahlstrém, R., 1992. Macroseismic observations in Sweden, 1984—1990. Geological
Survey of Sweden (SGU), Series C, research paper 825.

Kulhanek, O., Wahlstrém, R., 1996. Macroseismic observations in Sweden, 1991-1995. Geological
Survey of Sweden (SGU), Series C, research paper 829.

Wahlstrom, R., Grinthal, G., 1994. Seismicity and seismotectonic implications in the southern Baltic
Sea area. TerraNova, 6, 149-157.

Pan, M., §6berg, L.E., Tabot, C.J., Asenjo, E., 1999. GPS measurements of crustal deformation in
Skane, Sweden, between 1989 and 1996. GFF, 121, 67-80.

Scherneck, H.-G., Johansson, J.M., Mitrovica, J.X., Davis, J.L., 1998. The BIFROST project: GPS de
termined 3-D displacement rates in Fennoscandia from 800 days of continuous observations in the
SWEPOS network. Tectonophysics, 294, 305-321.

Thermal regime, rheology

Balling, N., 1995. Heat flow and thermal structure of the lithosphere across the Baltic Shield and
northern Tornquist Zone. Tectonophysics, 244, 13-50.

Kukkonen, 1.T., 1995. Thermal aspects of groundwater circulation in bedrock and its effect on
crustal geothermal modelling in Finland, the central Fennoscandian Shield. Tectonophysics, 244,
119-136.

Kukkonen, 1.T., 1998. Temperature and heat flow density in a thick cratonic lithosphere: the
SVEKA transect, central Fennoscandian Shield. Journal of Geodynamics, 26, 111-136.

Nyblade, A.A., 1999. Heat flow and the structure of Precambrian lithosphere. Lithos, 48, 81-91.

Kukkonen, 1.T., Peltonen, P., 1999. Xenolith-controlled geotherm for the central Fennoscandian
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Dragoni, M., Pasguale, V., Verdoya, M., Chiozzi, P., 1993. Rheological consequences of the lithos-
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5 Deep groundwater

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 acomplex sys-
tem of fractures and fracture zones, performance assessment can only be based on sub-
surface hydrogeological investigations in boreholes and underground excavations. The
hydrogeol ogical 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 amajor 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 thisimpression 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 Lansstudier and Forstudier (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 Aspd 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 Forstudie are only listed under the different municipalities in Chapter 8.
However, since thisis such an important subject, SKB and its contractors have been in-
volved in awhole range of activities of amore general nature (devel opment and testing
of methods and instrumentation, hydrogeol ogical 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:

Section 5.1: Geohydrology

Reports dealing with groundwater flow on aregional scale, and the measurement of
large-scale hydraulic parameters.
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Section 5.2: Hydrogeochemistry
Reports on chemical conditions in deep groundwater, and their interpretation in terms of
age, chemical evolution and rock/water interaction.

Section 5.3: Microbiology of groundwater
Reports treating the microbiology of groundwater in Sweden and the deep biospherein
general, and its relation to hydrogeochemistry.

Section 5.4: Hydrogeology and glaciation
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.

5.1 Geohydrology

Geohydrology is the name given to those aspects of hydrogeol ogy 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 iscritical for site-scale investi-
gations (Chapter 6), but at alarger 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, aswell 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 (Carlsson & Carlstedt 1977, Wladis et al 1977, see also the Lansstudier and
Forstudier, Sections 8.2 and 8.3). For depths greater than 100 m, however, the dataiis
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. Magnusson & Duran 1984, LaPointe 1994,
Follin et al 2000, see aso 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 Aspd HRL
(Lindblom & Granemo 1979, Winberg 1991, Andersson, Peter, et al 1993, LaPointe et
al 1995, Rhén et al 1997b, Svensson 1999c, Bossart et al 2001).

The remaining works under this heading are more oriented towards the results obtained

with different methods and towards comparisons between different locations (Lindblom
& Hahn 1979, Ericsson & Ronge 1986, Liedholm 1992, Walker et al 1997), including
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the effect of dissolved gasses on transmissivity (Geller & Jarsjo 1995, Jarsjo &
Destouni 1998). SKB has been involved in testing the Finnish difference flow measure-
ment technique (Ohberg & Rouhiainen 2000) and has supported a number of post-
graduate theses in the area of geohydrology (e.q. Jérsjo 1998, Vidstrand 1999).

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 Finng 6n site (Beberg, in SR97, see Subsection 6.1.1)
are particularly prominent (Lindbom & Boghammar 1992, Boghammar et al 1993,
Hartley et al 1998), but other SR97 sites are al so represented (Rehbinder et al 1997,
Boghammar et al 1997, 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 (Voss & Andersson 1993, Follin 1995, Svensson 1997, 1999a, Engqvist
1997).

Methodology

Carlsson, L., Carlstedt, A., 1977. Estimation of transmissivity and permeability in Swedish bedrock.
Nordic Hydrology, 8, 103—-116.
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Follin, S., Askling, P., Carlsten, S., Stréhle, A., 2000. Smalandsgranitens vattengenomslipplighet.
Jimforelse av borrhalsdata fran Aspé, Laxemar och Klipperas. SKB R-00-46, Svensk
Ké&rnbrénd ehantering AB.

Lindblom, U., Granemo, J.J., 1979. Berikning av permeabilitet i stor skala vid bergrum i Karls-
hamns hamn. SKBF/KBS TR 79-16, Svensk Kérnbrénsleforsorjning AB.

Winberg, A., 1991. Analysis of spatial correlation of hydraulic conductivity data from the Stripa
mine. SKB TR 91-28, Svensk Kérnbréndehantering AB.

Andersson, Peter, Andersson, J.-E., Gustafssson, E., Nordgvist, R., Voss, C., 1993. Site characterisation
in fractured crystalline rock. A critical review of geohydraulic measurement methods. Statens
kérnkraftinspektion, Report SKI 93:23.

LaPointe, P., Wallmann, P., Follin, S., 1995. Estimation of effective block conductivities based on
discrete network analyses using data from the Aspé site. SKB TR 95-15, Svensk K &rnbranslehantering AB.

Rhén, |., Gustafson, G., Wikberg, P., 1997b. Aspﬁ HRL — Geoscientific evaluation 1997/4. Results
from pre-investigations and detailed site characterisation. Comparison of predictions and observa-

tions.

Hydrogeology, groundwater chemistry and transport of solutes. SKB TR 97-05, Svensk
Kéarnbrand ehantering AB.
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Svensson, U., 1999c. Representation of fracture networks as grid cell conductivities. SKB TR 99-25,
Svensk Kérnbranslehantering AB.

Bossart, B., Hermanson, J., Mazurek, M., 2001. Aspﬁ Hard Rock Laboratory. Analysis of fracture
networks based on structural and hydrogeological observations on different scales. SKB TR 01-21,
Svensk Kérnbranslehantering AB.

Lindblom, U., Hahn, T., 1979. Hydraulisk konduktivitet bestimd i stor skala i ytliga partier av
Blekinge kustgnejs. SKBF/KBS TR 79-20, Svensk Kéarnbréng eférsorjning AB.

Ericsson, L.O., Ronge, B., 1986. Correlation between tectonic lineaments and permeability values of
crystalline bedrock in the Gidea area. SKB TR 86-19, Svensk Kérnbréndehantering AB.

Liedholm, M., 1992. The hydraulic properties of different greenstone areas. A comparative study.
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5.2 Hydrogeochemistry

Hydrogeochemical studies are generally thought to have a specia 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 devel opment from a hydrogeol ogical perspective. Apart
from some early reports on the occurrence of naturally radioactive groundwater and
springsin Sweden (dastrup 1981, Ek et al 1982), 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 sitesin terms of rock/water interaction, itis
of particular importance for safety considerations, together with geochemical results
from natural analogues (see referencesin 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 (Rennerfelt 1977, Gidlund 1978, Laurent 1982, Wikberg et al 1983, Smellie et al
1985, Nordstrom & Puigdomenech 1986, Pettersson et al 1990, 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 (Grenthe et al 1992, Romero 1993, Laaksoharju et
al 1993, 1995a, 1998, Banwart et al 1999, Smellie et al 1999, Blomgvist 1999). 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 (Laaksoharju 1999, Gurban
et al 1999). A list SKB-supported post-graduate these is appended, which includes those
works focussed on hydrogeochemistry and transport processes (Nordén 1994, Osthols
1994, Byegard 1995, Christiansen-Sdtmark 1995, Romero 1995, Wen 1995, Daquing
Cui, 1996, Malmstrom 1996, Selroos 1996, Johansson 2000).
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5.3 Microbiology of groundwater

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-
riaand 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 along-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 (Pedersen
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1989, Pedersen & Ekendahl 1990), and later, the possibly of a deep biosphere down to
several kilometresin Swedish bedrock has been proposed (Gold 1999). The results of
SKB-supported research have been published in along series of Technical Reports,
doctoral theses and scientific publications (Pedersen et al 1991, Pedersen & Ekendahl
1992a, Pedersen & Karlsen 1995, Ekendahl 1996, Pedersen 1996, Pedersen (ed.) 1996,
1997, Kotelnikova & Pedersen 1999, Motamedi 1999, Pedersen 1999, 2000). Similar
research, but less extensive, has been carried out within the Canadian and Finnish pro-
grammes (Stroes-Gascoyne et al 1996, Haveman et al 2000). Much of this research has
relevance to the controversy about the possibly biogenic origin of the methane gas
which occursin regionally extensive and volumetrically significant accumulationsin the
Canadian and Baltic Shields (Sherwood Lollar et al 1993a, 1993b), a phenomenon
which may have wider significance (earthquake genesis, cf. Gold op cit).
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5.4 Hydrogeology and glaciation

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.
Talbot 1999). Coupled hydromechanical processes may lead to avariety of adverse
effects, such as:

» Changesin the stress field may cause fractures to open or close, and become either
more or |ess water-conducting.

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

» Glacia 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 (Pusch
1978, Roshoff 1989b, Lindbom & Boghammar 1991, Wallin 1995, Provost et al 1996,
Wallroth 1997, Guimerd et al 1999, Svensson 1999b, Rohr-Torp 2000).

The modelling of afuture 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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(Boulton et al 1993, 1995, Boulton & Caban 1995, Boulton et al 1999, Boulton et al
2001a, 2001b). Glaciation and hydrogeol ogy was also the theme of amajor inter-
national workshop funded jointly by SKB and SK1 in April 1996 (King-Clayton et al
1997), and of other reviews (e.g. Gascoyne 2000).
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6 Underground conditions

Investigations carried out on or very near the Earth’s surface are only of limited usein
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 atoo 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. Sinceit is clearly impossible to carry out such investigations everywhere, the
aim of surface geology and geophysics (e.g. the aim of the Forstudier, 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 aview to building up abody 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” (” Typomraden”)
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-

61



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 Aspo 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.

6.1 SKB study sites

Asindicated 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 fina reportsin 1991-1992, as follows:

6.1.1 Finng6n —Ahlbom et al 1992d
6.1.2 Falveden—Ahlbom et al 1991b
6.1.3 Gided—Ahlbom et al 1991a
6.1.4 Kamlunge —Ahlbom et al 1992b
6.1.5 Klipperas—Ahlbom et al 1992¢
6.1.6 Stern0—Ahlbom et al 1992a

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 arange of geo-
scientific investigations), bedrock structure and geomechanics, and hydrogeol ogy.

62



After the six main Subsections, alist 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.

6.1.1 Finnsjon ("Beberg”)

The Finng0n study site liesin northern Uppland (Tierp municipality, Uppsalalén,
central Sweden). The siteliesin an area of very low relief (060 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. 18501780, see Section 2.5). The bedrock isintersected by
younger pegmatitic, aplitic and mafic veins and dykes, and islocally sheared and hydro-
thermally atered. 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 atotal 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 Finng6n 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 Finngon study site is given in the Uppsala Léns-
studie (Antal et al 1998f, 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 (4hlbom et al
1992d, see also Beberg site description in SKB 1999¢). The selection listed here con-
sists, in the first instance, of general overviews of the site characteristics from both the
early phase of investigation (Almén et al 1978, Olkiewicz et al 1979, Magnusson &
Duran 1984) and later phases (4hlbom & Tirén 1991, Ageskog & Sjodin 1991). The
Finng 6n site served particularly for the development of concepts and methods for
fracture system and fracture zone analysis (Ahlbom et al 1986, Geier et al 1992, Saksa
& Nummela 1998, see also Fracture Zone Project, below), including the seismic imaging
of fracture zones (Dahl-Jensen & Lindgren 1987, Cosma et al 1994), the geomechanical
properties of rock, rock masses and fracture zones ( Swan 1977, Rosengren &
Stephansson 1990, Leijon & Ljunggren 1992), and studies of fracture mineralization
(Tullborg & Larsson 1982).

Hydraulic testing and monitoring was also a major component of Finng on activities,
consisting of water injection tests, interference tests, groundwater head measurements
and various types of tracer tests, over along period of time (Carisson et al 1983a,
1983b, Andersson et al 1991, Boghammar et al 1993). As noted above, these data be-
came the basis for the geohydrological model of the hypothetical Beberg sitein SR 97
(Walker et al 1997, Hartley et al 1998, Gylling et al 1999). The hydrogeological studies
were complemented by groundwater sampling in the deep drillholes and subsequent hy-
drogeochemical modelling (Laurent 1982, Puigdoménech & Nordstrom 1987, Smellie &
Wikberg 1991, Laaksoharju et al 1998). All these different data acquisition and proc-

ng techniques — structural, geohydrological and hydrogeochemical — were eventually
focussed on a special feature of the Finngon 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 (4hlbom et al 1989, Andersson, Peter, 1993).
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6.1.2 Fjillveden

The Fjallveden study site lies in eastern Sormland (Nykoping municipality, Soder-
manlands l&n, central Sweden). The site lies on an undulating inland plateau (50-60 m
a.s.l.), where the bedrock exposureisrelatively 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). Thisrock 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 aregular 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.

Theregiona geological setting of the Fjéllveden siteis given in the Sodermanland
Lansstudie (Antal et al 1998d, see also Subsection 8.3.3). The scope of activities and
the main results of the investigations, as documented in 10 Technical Reportsand 11
Progress Reports, are summarised in the final site report of 1991 (4hlbom et al 1991b).
The site characterisation results were evaluated and published immediately after thein-
vestigation period (4hlbom et al 1983d), together with model calculations of ground-
water flow and hydrogeochemical analyses (Carlsson et al 1983a, Laurent 1983b,
Wikberg et al 1983). A specid feature of the Fjdlveden siteisthe 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 alater study of the
regional characterisation of hydraulic properties at different study sites (Wladis et al
1997).

Antal, |., Bergman, T., Persson, C., Stephens, M., Thunholm, B., Asman, M., Johansson, R., 1998d.
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Wikberg, P., Grenthe, I., Axelsen, K., 1983. Redox conditions in groundwaters from Svartboberget,
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6.1.3 Gidea ("Ceberg”)

The Gided study siteis situated near the coast in central Norrland (northeastern

corner of Vasternorrlands lén, northern Sweden). The site liesin 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 Maago. A total of 13 cored drillholes were sunk at the site, 11 to depths of 500 m
or more, yielding atotal 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 Gidea 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 Gided study siteis given in the Vasternorrland
Lansstudie (Antal et al 1998h). 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 (Ahlbom et al 1991a, see dso CEBERG site
summary in SKB 1999¢). Thelist below contains the original site characterisation report
(Ahlbom et al 1983a) and a selection of other Technical Reports from the origina list,
plus aseries of later reports, particularly those connected with SR-97. Thefirst part of
the list concerns the geological modelling of the site and the resulting uncertainties
(Hermansen et al 1997, Saksa & Nummela 1998), together with geomechanical data
(Ljunggren et al 1985, Bjarnason & Stephansson 1986). Therest of the citations are
hydrogeological, dealing with the following themes:

» characterisation of hydraulic properties of bedrock and fracture zones (Ericsson &
Ronge 1986, Wiadis et al 1997),

* modelling of groundwater flow (Carlsson et al 1983a, Walker & Gylling 1999),
» hydrogeochemistry of deep groundwater (Laurent 1983a, Wikberg et al 1983),
o fracture minerdization (Tullborg & Larsson 1983).

The final citations give overall summaries of the hydrogeology and hydrochemistry of
the site (Ceberg) and compare the relationships at Gidea with the other sites used as a
basisfor SR-97 (Walker et al 1997, Laaksoharju et al 1998).
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Walker, D., Rhén, |., Gurban, ., 1997. Summary of hydrogeologic conditions at Aberg, Beberg and
Ceberg. SKB TR 97-23, Svensk Kéarnbrandehantering AB.

Laaksoharju, M., Gurban, |., Skérman, C., 1998. Summary of hydrochemical conditions at Aberg,
Beberg and Ceberg. SKB TR 98-03, Svensk Kérnbrang ehantering AB.

6.1.4 Kamlunge

The Kamlunge study site liesin northern Norrland (northeastern corner of Norrbottens
lan, 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
iswell 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 arelatively weak foliation. A total of 16 cored drillholes were
sunk at the site, 8 of them to depths of 500 m or more, yielding atotal length of core of
about 7,750 m. The main period of siteinvestigation, including all the core drilling, was
1982-1983, with little activity since (one small research project, some tests of methods
and instruments).

Theregional geological setting of the Kamlunge study siteis given in the Norrbotten
Lansstudie (Bergman et al 1998b). The scope of activities and the main results of the
investigations, as documented in 13 Technical Reports and 17 Progress Reports, are
summarised in the final site report of 1992 (Ahlbom et al 1992b). The original docu-
mentation includes a site evaluation report (4hlbom et al 1983b) and three hydro-
geological reports (Carlsson et al 1983a, Laurent 1983d, Wikberg et al 1983). The
documentation of the later investigation of uranium series disequilibrium in one of the
coresisfound in Smellie 1984a.
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Smellie, JA.T., 1984a. Uranium series disequilibrium studies of drillcore KM3 from the Kamlunge
test-site, northern Sweden. SKBF/KBS TR 84-06, Svensk Kérnbrand eférsorjning AB.

6.1.5 Klipperas

The Klipperas study site is situated in southern Smaland (Kalmar 14n, southern Sweden).
The areain which the site lies is characterized by an extremely low relief (very low
hydraulic gradients) and an ailmost complete lack of bedrock exposures (no surface ex-
pression of fracture zones). The bedrock of the site, asit appearsin the drillcores, is
composed of arelatively homogeneous granite (Smaland granite, see Section 2.2), with
associated aplitic veins and porphyrite dykes, intersected by a number of younger N-S
trending mafic dykes. The Smaland granite belongs to the Transscandinavian Igneous
Belt (see Section 2.5), intruded about 1,800 Ma years ago, and the mafic dykes are

69



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 atotal length of core of about 6935 m.
The main period of siteinvestigation, including all the drilling, was 1984-1985. L ater,
the only new investigation was a borehole radar study, but the site data base continued
to be used for anumber of further studies.

Theregional geological setting of the Klipperas study siteis given in the Kalmar
Lansstudie (Antal et al 1998b). 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 (Ahlbom et al 1992¢). The original site
characterisation report (Olkiewicz & Stejskal 1986) was accompanied by a series of
more detailed reports on different aspects of the site investigations (Seklstedt &
Stenberg 1986, Gentzschein 1986a, Tullborg 1986, Sundblad et al 1985, Laurent 1986).
The hydrogeological investigations were followed up by specialized methodological
studies in geohydrology (4ndersson & Lindgvist 1989, Follin et al 2000) and hydro-
geochemistry (Smellie et al 1987, Possnert & Tullborg 1989, Wersin et al 1994). The
borehole radar study carried out at Klipperas and other sites (Carlisten et al 1987,
Carlsten et al 1989) showed good correl ations between radar intensity and fractured
rock, leading to an increased usage of this new technique in site investigations.
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Smaéland, Southern Sweden. SKB TR 87-21, Svensk Kérnbrans ehantering AB.

Possnert, G., Tullborg, E.-L., 1989. 14C-Analyses of calcite coatings in open fractures from the
Klipperas study site, Southern Sweden. SKB TR 89-36, Svensk Kérnbréndehantering AB.

Wersin, P., Bruno, J., Laaksoharju, M., 1994. The implications of soil acidification on a future HLW
repository. Part II: Influence on deep granitic groundwater. The Klipperas study site as test case.
SKB TR 94-31, Svensk Kérnbréns ehantering AB.

Carlsten, S., Olsson, O., Sehistedt, S., Stenberg, L., 1987. Radar measurements performed at the
Klipperis study site. SKB TR 87-01, Svensk Karnbrans ehantering AB.

Carlsten, S., Lindgvist, L., Olsson, O., 1989. Comparison between radar data and geophysical,
geological and hydrological borehole parameters by multivariate analysis of data. SKB TR 89-15,
Svensk Kérnbrandehantering AB.

6.1.6 Sterno

The Sternd study site is situated on the coast of Blekinge (Blekinge lan, southern
Sweden). The areais 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. Theveining is probably related to alarge 1,450 Maold 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 Maago. A total of 5 cored drillholes were sunk at the site, all of them to depthsin
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 Sternd study site is given in the Blekinge Lansstudie (4ntal
et al 1998a). 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 (4hlbom et al 1992a). The site investigations are described in
the original site characterisation report ( Ahlbom et al 1979) and only afew supplemen-
tary studies have since appeared (Ekman & Gentzschein 1980, Laurent 1982, Carlsson
et al 1983).

Antal, 1., Bergman, T., Gierup, J., Persson, M., Thunholm, B., Wahigren, C.-H., Stephens, M., Johansson,
R., 1998a. Oversiktsstudie av Blekinge lin. Geologiska forutsiittningar. SKB R-98-22, Svensk
Ké&rnbrénd ehantering AB.

Ahlbom, K., Andersson, J.-E., Nordqvist, R., Ljunggren, C., Tirén, SA., Voss, C., 1992a. Sterné study
site. Scope of activities and main results. SKB TR 92-02, Svensk Kérnbrénslehantering AB.

Ahlbom, K., Carlsson, L., Gidlund, G., Klockars, C.-E., Scherman, S., Thoregren, U., 1979. Utvirdering

av de hydrogeologiska och berggrundsgeologiska forhallandena pa Sterné. SKBF/KBS TR 79-09,
Svensk Kérnbransleférsorjning AB.
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Ekman, L., Gentzschein, B., 1980. Komplettering och sammanfattning av geohydrologiska under-
sokningar inom Sternéomradet, Karlshamn. SKBF/KBS TR 80-01, Svensk Kéarnbrandeforsdrjining AB.

Laurent, S., 1982. Analysis of groundwater from deep boreholes in Krakemala, Sterné and Finnsjon.
SKBF/KBS TR 82-23, Svensk Kérnbrénd eforsorjning AB.

Carlsson, L., Gidlund, G., Hesselstrom, B., 1983b. I: Evaluation of the hydrogeological conditions at
Finnsjon; II: Supplementary geophysical investigations of the Sternd peninsula.
SKBF/KBS TR 83-56, Svensk Karnbrénd eforsorjning AB.

6.1.7 Other SKB drill sites

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 Aspd
Hard Rock Laboratory (Section 6.3). A description of these investigationsisgivenin
one of the background reports to the Oskarshamn feasibility study (Bergman et al
19994). Three sites in the surroundings of Aspé HRL have been drilled — Avro,
Krékemalaand Laxemar. In addition to drilling, the island of Avro has been used as a
test for the identification of fracture zones using reflection seismic methods (Juhlin &
Palm 1997). The Krékemala site was originally planned as a study site, in the parti-
cularly homogeneous and coarse grained Gotemar granite pluton (“anorogenic” granite,
see Section 2.5), but was later abandoned. However, information from Krékemdais
contained in a number of site comparison studies, concerning geomechanics, geohydro-
logy and hydrogeochemistry (Swan 1977, Magnusson & Duran 1984, Laurent 1982). At
Laxemar, two cored drillholes were sunk, one down to over 1,700 m depth (Andersson
1994, Laaksoharju et al 1995, Ekman 2001) and the hydrogeological data has been used
in amore regional study of the hydraulic properties of Smadand granite (Follin et al
2000).

The two reports under the second heading below concern the Forsmark site (Osthammar
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 Finng6n 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 Bergman

et al 1996 and Axelsson & Hansen 1998.

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 (4hlbom et al
1983¢, Gentzschein & Tullborg 1985), in addition to some reports on specia themes
(Wikberg et al 1983, Laurent 1983c, Larsson & Tullborg 1984). 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 (Bergman et al 1996,
see Section 8.3.4). Thefinal citations (Bergman & Isaksson 1996, Tullborg & Larsson
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1982) refer to the Studsvik nuclear research site in Nykoping municipality (Subsection
8.3.3), where an early series of field migration experiments were carried out (Section
7.2).

Sites near Aspo — Avro, Krakemdla, Laxemar

Bergman, T., Johansson, R., Lindén, A.H., Rudmark, L., Wahlgren, C.-H., Follin, S., Isaksson, H.,
Lindroos, H., Stanfors, R., 1999a. Foérstudie Oskarshamn. Erfarenheter fran geovetenskapliga under-
s6kningar i nordostra delen av kommunen. SKB R-99-04, Svensk Ké&rnbrans ehantering AB.

Juhlin, C., Pam, H., 1997. Reflection seismic studies on the island of Avro. SKB PR D-97-09, Svensk
Kéarnbrand ehantering AB.

Swan, G., 1977. The mechanical properties of the rocks in Stripa, Krikemala, Finnsjon and
Blekinge. KBS TR 48, Svensk Kérnbrandeforsorjning AB.

Magnusson, K .-A., Duran, O., 1984. Comparative study of geological, hydrological and geophysical
borehole investigations. SKBF/KBS TR 84-09, Svensk Kérnbrandeforsorjning AB.

Laurent, S., 1982. Analysis of groundwater from deep boreholes in Krakemala, Sterné and Finnsjon.
SKBF/KBS TR 82-23, Svensk Kérnbrand eforsorjning AB.

Andersson, O., 1994. Deep drilling KLX02. Drilling and documentation of a 1,700 m deep borehole
at Laxemar, Sweden. SKB TR 94-19, Svensk Kérnbréns ehantering AB.

Laaksoharju, M., Smellie, JA.T., Nilsson, A.-C., Skdrman, C., 1995b. Groundwater sampling and
chemical characterisation of the Laxemar deep borehole KLX02. SKB TR 95-05, Svensk
Ké&rnbrénd ehantering AB.

Ekman, L., 2001. Project Deep Drilling KL.X02 — Phase 2. Methods, scope of activities and results.
Summary report. SKB TR 01-11, Svensk Kérnbrénsl ehantering AB.

Follin, S., Askling, P., Carlsten, S., Stréhle, A., 2000. Smalandsgranitens vattengenomslipplighet.
Jimforelse av borrhalsdata fran Aspé, Laxemar och Klipperas. SKB R-00-46, Svensk
Ké&rnbrénd ehantering AB.

Site near Finnsjon — Forsmark

Bergman, T., Ekblad, L., Isaksson, H., Larsson, H., Leijon, B., 1996. Forstudie Osthammar.
Samlingsrapport avseende: bergtekniska erfarenheter i regionen, sammanstillning av geoinforma-
tion vid Forsmarksverket och data fran kiirnborrhil KF001 vid Forsmark. SKB PR D-96-025,
Svensk Kérnbranslehantering AB.

Axelsson, C.-L., Hansen, L.M., 1998. Update of structural models at SFR nuclear waste repository,
Forsmark, Sweden. SKB R-98-05, Svensk Karnbransehantering AB.

Other drill sites

Ahlbom, K., Carlsson, L., Gentzschein, B., Jamtlid, A., Olsson, O., Tirén, S.A., 1983c. Evaluation of the
geological, geophysical and hydrogeological conditions at Svartboberget. SKBF/KBS TR 83-55,
Svensk Kérnbransleférsorjning AB.

Wikberg, P., Grenthe, I., Axelsen, K., 1983. Redox conditions in groundwaters from Svartboberget,
Gidea, Fjillveden and Kamlunge. SKBF/KBS TR 83-40, Svensk Karnbrans eforsorjning AB.
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Laurent, S., 1983c. Analysis of groundwater from deep boreholes in Svartboberget.
SKBF/KBS TR 83-41, Svensk Kérnbrand eforsorjning AB.

Gentzschein, B., Tullborg, E.-L., 1985. The Taavinunnanen gabbro massif. A compilation of results
from geological, geophysical and hydrogeological investigations. SKB TR 85-02, Svensk
Ké&rnbrénd ehantering AB.

Larson, SA., Tullborg, E.-L., 1984. Fracture fillings in the gabbro massif of Taavinunnanen, north-
ern Sweden. SKBF/KBS TR 84-08, Svensk Kérnbrénsleforsorjning AB.

Bergman, T., Ekblad, L., Isaksson, H., Larsson, H., Leijon, B., 1996. Forstudie Osthammar.
Samlingsrapport avseende: bergtekniska erfarenheter i regionen, sammanstillning av geoinforma-
tion vid Forsmarksverket och data fran kirnborrhal KF001 vid Forsmark. SKB PR D-96-025,
Svensk Kérnbrandehantering AB.

Bergman, T., Isaksson, H., 1996. Forstudie Nykoping. Sammanstiillning av geoinformation vid
Studsvik. SKB PR D-96-026, Svensk Karnbranslehantering AB.

Tullborg, E.-L., Larsson, S.A., 1982. Fissure fillings from Finnsjon and Studsvik, Sweden.
Identification, chemistry and dating. SKBF/KBS TR 82-20, Svensk Kéarnbrand eforsorjning AB.

6.2 Stripa mine

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 Stripairon mine (Orebro |4n, 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:

* Phase 1 (1980-1985): 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; hydrogeochemica methods;
tracer experiments for understanding the migration of dissolved componentsin
groundwater).

* Phase 2 (1983—1988): 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).

* Phase 3 (1986-1992): mgjor “ 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 (vaidation), 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 atunnel 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 SKB 1992a, 1992b, 1993a (for amore recent and personal
view, see also Witherspoon 2000).

The early reports on conditions at the Stripa site appeared in the regular KBS Technical
Report series (e.9. Swan 1977, Carlsson 1977, Olkiewicz et al 1978) and in reports of
the Swedish-American Cooperative programme (SAC reports, not included here). With
theinitiation 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 | investigations are summarised in Carlsson &
Olsson 19835 and Andersson & Klockars 1985, whilst the results of their continuation in
Phase 2 areto be found in Gale et al 1987 and Andrews et al 1988. From the large num-
ber of individual reports, some have been selected to illustrate the scope of the cross-
hole experiments (Pihl et al 1986, Black et al 1987, Olsson et al 1987a, 1987b), the 3D
migration experiment (Abelin et al 1987, Andersson & Dverstorp 1987) and the tests
with borehole radar to study flow distribution (Andersson, Per, et al 1989).

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 (Olsson 1992). Severa 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 devel oped and experience collected. These deal with the processing and
interpretation of lithological and structural data (7riumf 1992, Gale et al 1991, Olsson
1993), the characterisation of fracture/fracture systems for hydrogeological studies (Doe
& Geier 1991, Martel 1992), the results of hydraulic and hydrochemical modelling
(Winberg 1991, Davis & Nordstrom 1992), and some geomechanical modelling (Barton
et al 1992).

SKB 1992a. Stripa Project. Annual Report 1991. SKB TR-92-26, Svensk Kérnbrans ehantering AB.

SKB 1992b. FUD-Program 92. Kirnkraftavfallets behandling och sluférvaring. 13. Stripa-
projektet. Svensk Karnbréanslehantering AB.

SKB 1993a. SKB Annual Report 1992. Part III. Summary of the International Stripa Project
1980-1992. SKB TR 92-46, Svensk K&rnbrénslehantering AB.

Witherspoon, P.A., 2000. The Stripa project. International Journal of Rock Mechanics and Mining
Sciences, 37, 385-396.
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Original site characterisation

Swan, G., 1977. The mechanical properties of the rocks in Stripa, Krikemala, Finnsjon and
Blekinge. KBS TR 48, Svensk Kérnbrénsleforsorjning AB.

Carlsson, H., 1977. Bergspinningsmétningar i Stripa gruva. KBS TR 49, Svensk
Kéarnbrandeforsorjning AB.

Olkiewicz, A., Hansson, K., Almén, K.-E., Gidlund, G., 1978. Geologisk och hydrogeologisk grund-
dokumentation av Stripa férsoksstation. KBS TR 63, Svensk Kéarnbrand eférsorjning AB.

Phases 1 and 2 (Methods and techniques)

Carlsson, L., Olsson, T., 1985. Hydrogeological and hydrochemical investigations in boreholes
— Final report. SKB TR 85-10, Svensk Karnbrénsehantering AB.

Andersson, Peter, Klockars, C.-E., 1985. Hydrogeological investigations and tracer tests in a
well-defined rock mass in the Stripa mine. SKB TR 85-12, Svensk Ké&rnbranslehantering AB.

Gale, J., Macleod, R., Welhan, J.,, Cole, C., Vail, L., 1987. Hydrogeological characterisation of the
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Andrews, J., Fontes, J.-C., Fritz, P., Nordstrom, D.K., 1988. Hydrogeochemichal assessment of
crystalline rock for radioactive waste disposal: The Stripa experience. SKB TR 88-05, Svensk
Ké&rnbrénd ehantering AB.

Pihl, J., Hammarstrdm, M., lvansson, S., Morén, P., 1986. Crosshole investigations — Results from
seismic borehole tomography. SKB TR 87-06, Svensk Kérnbranslehantering AB.

Black, J., Holmes, D., Brightman, M., 1987. Crosshole investigations — Hydrogeological results and
interpretations. SKB TR 87-18, Svensk Karnbréans ehantering AB.

Olsson, O., Fak, L., Lundmark, L., Sandberg, E., 1987a. Crosshole investigations — Results from
borehole radar investigations. SKB TR 87-11, Svensk Kérnbranslehantering AB.

Olsson, O., Black, J., Cosma, C., Pihl, J., 1987. Crosshole investigations — Final report.
SKB TR 87-16, Svensk Karnbréns ehantering AB.

Abelin, H., Birgersson, L., Gidlund, J., Moreno, L., Neretnieks, |., Widén, H., Agren, T., 1987.
3-D migration experiment — Report 3. Performed experiments, results and evaluation.
SKB TR 87-21, Svensk Kérnbréns ehantering AB.

Andersson, J., Dverstorp, B., 1987. 3-D migration experiment — Report 4. Fracture network
modelling of the Stripa 3-D site. SKB TR 87-22, Svensk Kérnbranslehantering AB.

Andersson, Per, Andersson, Peter, Gustafsson, E., Olsson, O., 1989. Investigation of flow distribution

in a fracture zone at the Stripa mine, using the radar method, results and interpretation.
SKB TR 89-33, Svensk Kérnbrans ehantering AB.

Phase 3 (Site Characterisation and Validation experiment)

Olsson, O. (ed.), 1992. Stripa Project. Site Characterisation and Validation — Final Report.
SKB TR-92-22, Svensk Kéarnbranslehantering AB.

Triumf, C.-A., 1992. Classification of lithological units based on geophysical borehole logging
— Data from the Stripa mine. SKB TR 92-18, Svensk K&rnbrand ehantering AB.
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Gale, J., MacLeod, R, Bursey, G., Strahle, A., Tirén, SA., 1991. Characterisation of the structure and
geometry of the H fracture zone at the SCV site. SKB TR-91-37, Svensk Kérnbransehantering AB.

Olsson, O., 1993. How to build structural models of a site — the Stripa experience.
SKB PR 44-93-007, Svensk Kérnbranslehantering AB.

Doe, T.W., Geier, J.E., 1991. Interpretation of fracture system geometry using well test data.
SKB TR-91-03, Svensk Kérnbransehantering AB.

Martel, S., 1992. Geologic characterisation of fractures as an aid to hydrologic modeling of the SCV
block at the Stripa mine. SKB TR-92-24, Svensk Kéarnbrans ehantering AB.

Winberg, A., 1991. Analysis of spatial correlation of hydraulic conductivity data from the
Stripa mine. SKB TR 91-28, Svensk Kérnbransehantering AB.

Davis, S.N., Nordstrom, D.K. (eds.), 1992. Hydrogeochemical investigations in boreholes at the Stripa
mine. Final report by the Hydrochemical Advisory Section and their associates. SKB TR 92-19,
Svensk Kérnbrandehantering AB.

Pedersen, K., Ekendahl, S., 1992b. Incorporation of CO, and introduced organic compounds by
bacterial populations in groundwater from the deep crystalline bedrock of the Stripa mine.
Journal of Genetics and Microbiology, 138, 369-376.

Barton, N., Makurat, A., Monsen, K., Vik, G., Tunbridge, L., 1992. Rock mechanics characterisation
and modelling of the disturbed zone phenomena at Stripa. SKB TR-92-12, Svensk
Kéarnbrand ehantering AB

6.3 Aspo Hard Rock Laboratory (”Aberg”)

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 Aspd, 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 Aspé (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 a5 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 Aspé HRL have
been formulated in terms of Stage Goals (SKB 1996b):

» Goal 1: verification of pre-investigation methods
» Goal 2: finalization of detailed investigation methodol ogy
» Goa 3: testing of models for groundwater flow and radionuclide migration
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» Goa 4: demonstration construction and handling methods

» Goa 5: testing of important parts of the repository system (in SKB 1999f
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 Aspo operating phase and are being carried out within an inter-
national research programme.

In the following, the Asp6 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
Aspo 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 Aspo data as a basis for a performance
assessment exercise by the Swedish regulatory body, SKI, is documented in Subsection
6.3.3. It isfair to say that the construction and operation of Aspd 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 yearsto come.

6.3.1 Site characterisation and validation

The Site Characterisation and Validation (SCV) experiment at Stripa (Section 6.2) was
asmall-scale version of what has been attempted on alarge scale at Aspd — 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 studiesin the
pre-investigation phase included detailed geologica 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 (Gustafson et al 1988, 1989). At alater
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 (Stanfors et al 1991, Almén &
Zellman 1991, Wikberg et al 1991, Gustafson et al 1991, Almén et al 1991). A report
on hydrogeochemical conditions at the site closes the documentation of this pre-
construction site characterisation effort (Smellie et al 1992).

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: Stanfors et al 1997a, 1997b, Rhén et al 1997a, see also Stanfors et al 1999),
including acritical evaluation of the relation between pre-construction predictions and
post-construction results (Rhén et al 1997b), and areport the devel opment of improved
models and predictions (Rhén et al 1997¢). 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 changesin layout, or changesin
construction method or specifications (SKB 1996b).

SKB 1996b. Aspé Hard Rock Laboratory. 10 Years of Research. Svensk K&rnbranslehantering AB.

SKB 1999f. Aspé Hard Rock Laboratory. Annual Report 1998. SKB TR 99-10, Svensk
Ké&rnbrénd ehantering AB.

Pre-investigation phase (surface-based studies) 1986—1990

Gustafson, G., Stanfors, R., Wikberg, P., 1988. Swedish Hard Rock Laboratory. First evaluation of
preinvestigations 1986—87 and target area characterisation. SKB TR 88-16, Svensk
Kéarnbrand ehantering AB.
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year preinvestigations and description of the target area, the island of Aspé. SKB TR 89-16, Svensk
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Stanfors, R., Erlstrom, M., Markstrom, 1., 1991. Aspﬁ Hard Rock Laboratory. Overview of the
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Almén, K .-E., Zellman, O., 1991. Aspé Hard Rock Laboratory. Field investigation methodology and
instruments used in the pre-investigation phase, 1986-1990. SKB TR 91-21, Svensk
Kéarnbrand ehantering AB.

Wikberg, P., Gustafsson, G., Rhén, |., Stanfors, R., 1991. Asps Hard Rock Laboratory. Evaluation and
conceptual modelling based on the pre-investigations 1986-1990. SKB TR 91-22, Svensk
Kéarnbrand ehantering AB.

Gustafson, G., Liedholm, M., Rhén, |., Stanfors, R., Wikberg, P., 1991. Aspﬁ Hard Rock Laboratory.
Predictions prior to excavation and the process of their validation. SKB TR 91-23, Svensk
Kéarnbrand ehantering AB.

Almén, K.-E., Olsson, P., Rhén, |., Stanfors, R., Wikberg, P., 1994. Aspﬁ Hard Rock Laboratory.
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Smellie, JA.T., Laaksoharju, M., 1992. The Aspﬁ Hard Rock Laboratory: Final evaluation of the
hydrogeochemical pre-investigations in relation to existing geologic and hydraulic conditions.
SKB TR 92-31, Svensk Kérnbrans ehantering AB.

Construction phase — detailed site characterisation, 1990-1995 and later

Stanfors, R., Erlstrom, M., Markstrom, |., 1997a. Aspﬁ HRL — Geoscientific evaluation 1997/1.
Overview of site characterisation 1986—1995. SKB TR 97-02, Svensk Ké&rnbréns ehantering AB.
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Rhén, |., Backblom, G., Gustafson, G., Stanfors, R., Wikberg, P., 1997a. Aspé6 HRL — Geoscientific
evaluation 1997/2. Results from pre-investigations and detailed site characterisation. Summary
report. SKB TR 97-03, Svensk Kérnbréndehantering AB.

Stanfors, R., Olsson, P., Stille, H., 1997b. Aspﬁ HRL — Geoscientific evaluation 1997/3. Results from
pre-investigations and detailed site characterisation. Geology and mechanical stability.
SKB TR 97-04, Svensk Kérnbrans ehantering AB.
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conditions of the Aspd hard rock laboratory. Applied Geochemistry, 14, 819-834.

Rhén, |., Gustafson, G., Wikberg, P., 1997b. Aspﬁ HRL — Geoscientific evaluation 1997/4. Results
from pre-investigations and detailed site characterisation. Comparison of predictions and observa-
tions. Hydrogeology, groundwater chemistry and transport of solutes. SKB TR 97-05, Svensk
Kéarnbrand ehantering AB.

Rhén, |., Gustafson, G., Stanfors, R., Wikberg, P., 1997c. Aspé HRL — Geoscientific evaluation 1997/5.
Models based on site characterisation 1986-1995. SKB TR 97-06, Svensk Kéarnbrand ehantering AB.

6.3.2 Thematic reports, and Aspo6 as Aberg in SR-97

The Aspo 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 (" Aspo diorite”) and adamellites (" Avro
granite”), intersected by fine grained Sméaland granites, which occur asirregular intru-
sions, dykes, veins and patches (Wikman & Kornfdlt 1995, Kornfilt et al 1997). Other
lithol ogies occurring as xenoliths in the granitoids include metavol canite and green-
stone, concentrated in afoliated NE-SW striking zone across the centre of theisland

(" Aspd shear zone”). The age of the granitoidsis ca. 1,800 Ma.

With regard to bedrock structure and stability, the Aspd rocks are intersected by a
number of fracture zonesin 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 observationsin the tunnel are
found in the site characterisation reports above (Subsection 6.4.1). However, thereis
still considerabl e 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 (7irén 1996, cf. Aberg site summary in SKB
1999¢). The different stages of brittle deformation in the Aspo area has been studied in
some detail, but many problems remain (Munier 1993, Maddock et al 1993, Poteri
1995, Sirat 1999, Bossart et al 2001, and SKB Progress Reports cited therein). One
worker in the Aspo area has maintained that many of the fractures on Aspé were formed
during the retreat of the last ice sheet, about 9,000 years ago (Morner 1989), but most
geosci entists remain unconvinced by the evidence presented (SKB 7990) —thisin 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 (Mazurek et al 1997, Bossart et al 2001), con-
tinuing with the geostatistical modelling of fracture arrays and hydraulic parameters
(LaPointe 1994, LaPointe et al 1995, Vidstrand 1999), 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 Aspo Task Force,
using different modelling approaches (Billaux et al 1994, Gylling et al 1994, Gylling
1995, 1997, Uchida et al 1994, Holton & Milicky 1997). Similarly, a multinational ap-
proach was used in the drawdown experiment, which attempted to model the hydraulic
impact of the tunnel itself, once excavated (Tanaka et al 1996, Uchida et al 1997,
Mahara et al 1998, see also Axelsson & Follin 2000). 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 (Walker et al
1997, Walker & Gylling 1998, see also Outters & Shuttle 2000), and a special study of
the hydraulic properties of Smaland granite over awider area (Follin et al 2000).

The reports collected under hydrogeochemistry include, in the first instance, some
entries describing specific aspects of chemical conditionsin Aspd groundwater
(Landstrom & Tullborg 1995, Laaksoharju (ed.), 1995, Banwart (ed.), 1995). These
and other aspects are summarised in the corresponding Aberg report for SR-97
(Laaksoharju et al 1998), but perhaps even more extensively, and subjected to peer
review, in the special issue of the journal Applied Geochemistry on the geochemistry
of the Aspo site (Gascoyne & Wikberg, eds., 1999). Finally, under coastal hydrology and
glaciation, there are collected a series of reports which treat more general aspects

of the hydrogeology of the Aspi site, as a coastal site with a past (and presumably
future) history of glaciation (Wallin 1995, Enggvist 1997, Svensson 1999a, 1999b,
see also Section 5.4).
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6.3.3 SKI project SITE-94

The SKI performance assessment project SITE-94 (see Section 10.2) is based on data
from the pre-investigation phase of the Aspo 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 Aspo site, and, since the models were devel oped by

a completely independent group of geoscientists, also provided a means of judging the
uncertainties inherent in site models. The database used in SITE-94 issummarised in a
special report (Geier et al 1996) and the development of an independent geological and
structural model for the site is described in detail, together with detailed background in-
formation, in Tirén et al 1996 and Tirén (ed.) 1997. Other Site characterisation aspects
are treated in anumber of individual reports, for example, borehole geostatistics
(LeLoc'h & Osland 1996), hydrogeology (Voss et al 1996), groundwater flow modelling
(Tsang 1996), and hydrogeochemistry (Glynn & Voss 1996). For amore complete list of
the SITE-94 technical reports, see Section 10.2.
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Report SK1 96:9.

Glynn, P., Voss, C., 1996: Geochemical characterisation of Simpevarp ground waters near the Aspo
Hard Rock Laboratory. Statens kérnkraftinspektion, Report SK1 96:29.

6.4 Other underground data

In addition to the problem-orientated investigations outlined above, underground condi-
tions have been studied and reported from many different situations, although not
alwaysin aform 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 aimost 1000 m. However, there seemsto be no
synthesis of this experience in Sweden, as, for instance, has been made for Canadian
mines (Raven & Gale 1986, Raven & Clark 1993, see also Roshoff 1989b), although
some information is found in one of the Osthammar Forstudie reports (Bergman et al
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1996) and in areport on Swedish experience with water table draw-down around under-
ground excavations (4xelsson & Follin 2000).

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 Bergman
et al 1996 and other Forstudie reports, Section 8.3, aswell as Andersson et al 1987,
Stanfors 1987, Palmqvist & Stanfors 1987, Olsson & Palmqvist 1989, Hakami et al
1991, Axelsson & Hansen 1997, Axelsson & Follin 2000). 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 Juhlin et al 1998). This contains
a selection of documents on the Laxemar deep borehole (Ekman 2001), on the deep
gas drilling project in the Siljan area, Daarnalan (Juhlin 1990, Juhlin et al 1991,
Juhlin & Pedersen 1993, Gold 1999), on the Russian deep hole on the Kola peninsula
(Moiseyenko 1986, Kazansky 1992, NEDRA 1992), and on the continental deep bore-
hole, KTB, in the Hercynian basement of Germany (Emmermann et al 1995,
Emmermann & Lauterjung 1997, Kohl & Rybach 1996). 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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Tunnels
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7 Transport of radionuclides in the geosphere

One of the main aims of the siting of KBS-3-type repositoriesis 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-scalesinvolved, it has long been
recognized that confidence cannot be built up on the basis of |aboratory 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 isrelatively short, and the documentation is
highly selective, especialy in Section 7.2. Thisis because the material is not directly
related to the siting process and therefore lies mainly outside the scope of the present
compilation.

7.1 Natural analogues

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 agiven
radionuclide, or other element, has moved in a measurable time interval. For instance,
in an early Swedish study, weread: “ (The data) indicated U migration along distances
of 40 cm or more on atime scale of 1 million years, in conjunction with Th immobility
under the same conditions.” (Smellie et al 1986). Thisisthe essence: the whole story
isthat 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 hydrogeol ogy.
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In Sweden, small inroads in the early 1980s (Smellie 1982, 1984b, Smellie & Rosholt
1984, Smellie & Stuckless 1985, Smellie 1985) quickly led to the recognition of the
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 del eterious,
natural conditions (e.g. Chapman et al 1984, McKinley & Alexander 1992, 1996,
Brandenberg et al 1993, Miller et al 1994, Smellie et al 1997, Smellie & Karlsson 1999,
Wronkiewicz et al 1999, Miller et al 2000). 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 awide 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 (Chapman et al 1989, Chapman et al 1992, Nord-
strom et al 1992, Romero et al 1992), the Cigar Lake Analog Study, in Canada (Cramer
& Smellie 1994a,b, Liu 1995, Smellie & Karlsson 1996), and the Magarin project in
Jordan (Khoury et al 1992, Alexander et al 1992, Clark et al 1994, Smellie (ed.) 1998,
2000).

Internationally, since the 1970s, anal ogue studies have focussed particularly on a series
of unique geological occurrencesin 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’. Thisinterest isillustrated by the
number of SKB Technical Reports which have treated different aspects of this African
locality (e.g. Curtis & Gancarz 1983, Curtis 1985, Pedersen (ed.) 1996, Oversby 1996,
Gurban et al 1998, 1999, Zetterstrom 2000,), and by the enormous volume of published
scientific literature, of which only a minute selection are added here (e.g. Curtis et al
1989, Hidaka et al 1992,1999, Hidaka 1999, Menet et al 1992, Smellie 1995, Gauthier-
Lafaye et al 1996, Janeczek 1999, Gauthier-Lafaye et al 2000).

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 (Jaakola et
al 1989, Blomgvist et al 1991), most recently within the framework of EU-supported
research projects (Blomqvist et al 1995, Casanova et al 1999, Kaija et al 2000,
Blomgvist et al 2000). However, natural analogue research has not only been in the form
of international large-scale, interdisciplinary and multiprocess projects. Restricted,
small-scale localities representing specia 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. Hallberg et al 1987, Pusch & Karnland
1988, Finch & Ewing 1989, Marcos & Ahonen 1999, Milodowski et al 2000).
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7.2 Field experiments

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 conditionsin
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 “in situ” migration experiments were carried out on the site of the nuclear
research facility at Studsvik (Landstrom et al 1977, Landstrom et al 1978, Klockars
et al 1980, Landstrom 1980, Klockars et al 1982, Landstrom et al 1983). Later, parts
of the underground laboratories at Stripa and Aspd 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 (Birgersson &
Neretnieks 1988) and tracer migration on single fractures and in 3D fracture networks
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(Abelin et al 1985, Abelin et al 1987, Herbert & Lanyon 1992, Birgersson et al
1992b,1992¢, Long & Karasaki 1992, Hodgkinson & Cooper 1992a,1992b). More
sophisticated experiments are at present underway, organized as international collabora-
tive projects managed by SKB, in the Aspd HRL (Section 6.3). The first of these proj-
ects, TRUE-1 (Tracer Retention Understanding Experiments, Stage 1) has recently been
completed (Winberg (ed.) 1996, Winberg et al 2000, SKB 2001b), whilst two other ma-
jor experiments related to radionuclide transport are at present underway, the TRUE
Block Scale and the Long-Term Diffusion experiments (Winberg 1996b, Byegard et al
1999, see SKB 2000d). 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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8 SKB's siting programme

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:

Section 8.1: Country-wide and regional studies

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 effortsin 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 isthe volume “Berg och jord” (in the English version, “Geology”) of the Swedish
National Atlas (Fredén (ed.) 1994), 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 (Lansstudier and Forstudier, see below), which had
been lacking during the earlier phases of the siting process.

Section 8.2: “Linsstudier” (feasibility studies at county scale)

After the publication of the SNA “Berg och jord” volume (Fredén (ed.) 1994), and
SKB's own national overview report (SKB 1995b), SGU was contracted to carry out
problem-oriented compilations of bedrock conditions in each Swedish “county” (called
“lan” in Swedish). These desk studies were called “Lansstudier”, which can best be
described as: feasibility studies at county scale, and were compl eted between 1997

and 1999.

Section 8.3: “Forstudier” (feasibility studies at municipality scale)

Partly before, partly parallel with, and partly after completion of the Lansstudier, SGU
was also involved in the compilation of geoscientific datain 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 “Forstudier” (literally “pre-studies’), which can best be described as: feasi-
bility studies at municipality scale. The Forstudier were carried out between 1993 and
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2000. In the list below, the order of the municipalitiesis chronological, according to
when the feasibility study was initiated.

Fredén, C. (ed.), 1994. Berg och jord. Sveriges Nationalatlas.

SKB 1995b. General Siting Study 95 — Siting of a deep repository for spent nuclear fuel.
SKB TR 95-34, Svensk Kérnbréns ehantering AB.

8.1 Country-wide and regional studies

At the national level, the search for suitable KBS-3-type repository sites can be
regarded as taking place in three phases:

Phase 1: mid-1970s to 1985

Nuclear power and its future became one of the main political themesin 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. Kulhdanek & Wahlstrom 1977, Roshoff &
Lagerlund 1977, Larsson et al 1977, Flodén 1977, Bergman 1977, Scherman 1978).

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). Thiswork, 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, astheim-
plementing organization, and governmental control bodies (SK1, SSI, etc.), as the regu-
lators.

Phase 2: 1985-1992

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 |ess favourable were those in which the basement was covered
by thick sedimentary sequences (Gotland, Skane), those in which it was involved inin-
tensive, especially geological young, faulting (Skane), and dominated by Caledonian
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nappes (Fjalregionen). 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, Avro, Laxemar,
Krakemala, 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 devel oping 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 Aspd (Chapter 6),
country-wide surveys of relevant data continued to be commissioned and published in
the Technical Report series, aslisted below (e.g. Nordstrom & Puigdomeénech 1986,
Kornfdlt & Larsson 1987, Slunga & Nordgren 1987, Roshoff 1989a, Pettersson et al
1990, Slunga 1990. Muir-Wood 1993, Laaksoharju et al 1993).

Phase 3: 1992 onwards

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 (SKB
1992b, p.67):

"De flesta av de undersokta omradena duger formodligen for ett djupforvar, men det
finns skillnader som gor omradena mer eller mindre ldmpliga. En viktig observation dr
att lampliga, resp. mindre ldmpliga, omraden inte kan hdnforas till nagon speciell
landsdel eller nagon speciell geologisk miljo. I stdllet dr det de lokala forhallandena

i omradet, och i den omgivande regionen, som avgor ett omrades ldmplighet.”

In a supplementary study to the 1992 R& D programme (SKB 1994), 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 sincel992 uses the conclusion quoted
above, which is essentially geoscientific in nature, asits 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 favourabl e 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, criteriawere
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 afeasibility study.

In addition to the SGU compilation in SNA “Berg och jord” (Fredén (ed.) 1994, see also
Stephens et al 1994), the most important report in Phase 3 is the 1995 General Siting
Study (SKB 1995b), together with the later comparison of siting factorsin inland v.
coastal and northern v. southern areas (Leijon 1998), against the background of amore
general review ( McEwen & Balch 1993). 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 (Larsson &
Tullborg 1993, Wannds & Flodén 1994, Muir-Wood 1995, Eriksson & Isaksson 19935,
Scherneck et al 1996, Milnes et al 1998), rock stresses (Ljunggren & Persson 1995), and
geothermal conditions (Sundberg 1995, Ahlbom et al 1995).

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 (4ndersson et al
1997, Strom et al 1998, 1999, Andersson et al 2000a, 2000b, SKB 2000k, 2000I), These
were eventually applied to the evaluation of the potentially favourable areas identified in
the Forstudie, although the final decisions were based also on non-geoscientific

criteria (see Section 8.3).

Phase 1

Kulhanek, O., Wahistrom, R., 1977. Earthquakes of Sweden 1891-1957, 1963-1972.
SKBF/KBS TR 21, Svensk Kérnbrand eférsorjning AB.

Roshoff, K., Lagerlund, E., 1977. Tektonisk analys av sodra Sverige. Viittern — Norra Skane.
SKBF/KBS TR 20, Svensk Kérnbrans eforsorjning AB.

Larsson, I., Lundgren, T., Wiklander, U., 1977. Blekinge kustgnejs. Geologi och hydrogeologi.
SKBF/KBS TR 25, Svensk Kéarnbrand eférsorjning AB.

Flodén, T., 1977. Tectonic lineaments in the Baltic from Giivle to Simrishamn. SKBF/KBS TR 59,
Svensk Kérnbransleférsorjning AB.

Bergman, S.G.A., 1977. Spanningsmiitingar i skandinavisk berggrund — forutséttningar, resultat
och tolkning. SKBF/KBS TR 64, Svensk Karnbransleférsorjning AB.

Scherman, S., 1978. Forarbeten till platsval, berggrundsundersékningar. SKBF/KBS TR 60, Svensk

Kéarnbrandeforsorjning AB.

Phase 2

Nordstrom, D K., Puigdomenech, ., 1986. Redox chemistry of deep groundwaters in Sweden.
SKBF/SKB TR 86-03, Svensk Kéarnbrangeforsorjning AB.

Kornfélt, K.-A., Larsson, K., 1987. Geological maps and cross-sections of Southern Sweden.
SKBF/SKB TR 87-24, Svensk Kérnbrénd eforsorjning AB.
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Slunga, R., Nordgren, L., 1987. Earthquake measurements in southern Sweden, Oct 1, 1986—Mar 31,
1987. SKB TR 87-27, Svensk Kérnbréns ehantering AB.

Rdshoff, K., 1989a. Characterisation of the morphology, basement rock and tectonics in Sweden.
SKB TR 89-03, Svensk Kérnbrans ehantering AB.

Pettersson, C., Ephraim, J., Allard, B., Borén, H., 1990. Characterisation of humic substances from
deep groundwaters in granitic bedrock in Sweden. SKB TR 90-29, Svensk Kéarnbréns ehantering AB.

Slunga, R., 1989. The earthquakes of the Baltic shield. SKB TR 90-30, Svensk Ké&rnbranslehantering AB.

Muir-Wood, R., 1993. A review of the seismotectonics of Sweden. SKB TR 93-13, Svensk
Ké&rnbrénd ehantering AB.

Laaksoharju, M., Smellie, JA.T., Ruotsalainen, P., Snellman, M.V., 1993. An approach to quality

classification of deep groundwaters in Sweden and Finland. SKB TR 93-27, Svensk
Ké&rnbrénd ehantering AB.

Phase 3

SKB 1992b. FUD-Program 92. Kirnkraftavfallets behandling och sluférvaring. Svensk
Ké&rnbrénd ehantering AB.

SKB 1994. FUD-Program 92. Kompletterande Redovisning. Svensk Kérnbransehantering AB.
Fredén, C. (ed.), 1994. Berg och jord. Sveriges National atlas.

Stephens, M.B., Wahlgren, C.-H., Weihed, P., 1994. Geological map of Sweden, scale 1:3 million.
Geological Survey of Sweden, Series Ba, 52.

SKB 1995b. General Siting Study 95 — Siting of a deep repository for spent nuclear fuel.
SKB TR 95-34, Svensk Kérnbrans ehantering AB.

Leijon, B., 1998. Nord-syd/Kust/inland. Generella skillnader i forutséittningar for lokalisering av
djupférvar mellan olika delar av Sverige. Svensk Karnbransehantering AB, Rapport SKB R-98-16.

McEwen, T., Balch, C., 1993. Review of the status of siting radioactive waste repositories.
SKB PR 44-93-001, Svensk Kérnbréns ehantering AB.

Larson, S.A., Tullborg, E.-L., 1993. Tectonic regimes in the Baltic Shield during the last 1200 Ma
— A review. SKB TR 94-05, Svensk Kérnbrans ehantering AB.

Wannés, K.O., Flodén, T., 1994. Tectonic framework of the Hané Bay area, southern Baltic Sea.
SKB TR 94-09, Svensk K&rnbréns ehantering AB.

Muir-Wood, R., 1995. Reconstructing the tectonic history of Fennoscandia from its margins:
The past 100 million years. SKB TR 95-36, Svensk Kérnbréndehantering AB.

Eriksson, P., Isaksson, H., 1995. Oversiktsstudier. Texturanalys av flygmagnetiska data i Sverige.
SKB PR D-95-010, Svensk Kérnbréns ehantering AB.

Scherneck, H.-G., Johansson, J.M., Elgered, G., 1996. Application of space geodetic techniques for the
determination of intraplate deformations and movements in relation with the postglacial rebound of

Fennoscandia. SKB TR 96-19, Svensk Kérnbrénsehantering AB.

Milnes, A.G., Gee, D.G,, Lund, C.-E., 1998. Crustal structure and regional tectonics of SE Sweden
and the Baltic Sea. SKB TR 98-21, Svensk Karnbrénsehantering AB.
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Ljunggren, C., Persson, M., 1995. Beskrivning av databas — Bergspinningsméitningar i Sverige.
SKB PR D-95-017, Svensk Kérnbranslehantering AB.

Sundberg. J., 1995. Termiska egenskaper for kristallint berg i Sverige — Kartor 6ver virmekonduktivitet,
virmeflode och temperatur pa 500 m djup. SKB PR D-95-018, Svensk Kérnbrans ehantering AB.

Ahlbom, K., Olsson, O., Sehistedt, S., 1995. Temperature conditions in the SKB study sites.
SKB TR 95-16, Svensk Kérnbrans ehantering AB.

Andersson, J., Almén, K.-E., Ericsson, L.O., Frederiksson, A., Karlsson, F., Stanfors, R., Strém, A., 1997.
Parametrar att bestimma vid geovetenskaplig platsundersokning. SKB R-97-03, Svensk
Kéarnbrand ehantering AB.

Strém, A., Almén, K.-E., Andersson, J., Ericsson, L.O., Svemar, C., 1998. Geovetenskapliga
virderingsfaktorer och Kriterier for lokalisering och platsutvirdering. Ligesredovisning.
SKB R-98-20, Svensk Karnbrans ehantering AB.

Strom, A., Almén, K .-E., Ericsson, L.O., Svemar, C., 1999. Geoscientific evaluation factors and
criteria for siting and site evaluation. SKB R-99-07, Svensk Kéarnbrand ehantering AB.

Andersson, J., Strom, A., Svemar, C., Almén, K.-E., Ericsson, L.O., 2000a. Vilka krav stiller
djupforvaret pa berget? Geovetenskapliga liimplighetsindikatorer och kriterier for lokalisering
och platsviirdering. SKB R-00-15, Svensk Kéarnbrans ehantering AB.

Andersson, J., Strdm, A., Svemar, C., Almeén, K.-E., Ericsson, L.O., 2000b. What requirements does a
KBS-3 repository make on the host rock? Geoscientific suitability indicators and criteria for siting
and site evaluation. SKB TR 00-12, Svensk Kéarnbrand ehantering AB.

SKB 2000k. Geovetenskapligt inriktat program for undersokning och utviirdering av platser for
djupforvaret. SKB R-00-30, Svensk Kéarnbrénslehantering AB.

SKB 2000I. Geoscientific programme for investigation and evaluation of sites for the deep
repository. SKB TR 00-20, Svensk Kérnbransehantering AB.

8.2 ”Lansstudier” (feasibility studies at county scale)

SGU geoscientists carried out the work of compiling the data for the Lansstudier during
1997 and 1998. Thisresulted 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 Lénsstudier 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 Lansstudier have made a valuable con-
tribution to the geoscientific background material for the siting process. It isimportant
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 Lans-
studier were started. As emphasised above, national coverage of Swedish geoscienceis
provided in the volume “Berg och Jord” in Sveriges Nationalatlas, written by SGU and
other Swedish researchers (Fredén (ed.) 1994). Thiswas published in 1994, and formed
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one of the main sources for the material presented in SKB’s General Siting Study (SKB
1995b). 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 Lansstudier (which are often copies of the relevant parts of the Geological Map of
Sweden 1:1 250 000, from Fredén (ed.) 1994). With the exception of Norrbotten and

V asterbotten, they were al published in the 1980s and early1990s.

It isimportant to note, however, that the Lansstudier 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 Lansstudie).

» The definition of areas of high ore potential (Fig. 10 in each Lansstudier), 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 Lansstudie), to be avoided because of presumed adverse underground condi-
tions.

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

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

An excellent summary of the main results of the Lanstudier and the Forstudie (Section
8.3) from a geological point of view isgiven in Stephens & Bergman 1999.

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

Northern Sweden: Norrbotten (Bergman et al 1998b), V ésterbotten (Antal et al 1998i),
Jamtland (Antal et al 1999b), Vésternorrland (Antal et al 1998h), Dalarna (Gierup et al
1999c¢), Géavleborg (4ntal et al 1998g).

Central Sweden: V armland (Fredén et al 1999), Orebro (Bergman et al 1999d),
Vastmanland (Bergman et al 1999¢), Uppsala (4Antal et al 1998f), Véstra Gétaland
(Antal et al 1999¢), Ostergotland (4Antal et al 1998¢), Sodermanland (4Antal et al 1998d),
Stockholm (4ntal et al 1998e).

Southern Sweden: Haland (4ntal et al 1999a), Jonkoping (Gierup et al 1999d),
Kalmar (4dntal et al 1998b), Skane (Gierup et al 1999b), Kronoberg (Gierup et al
1999a), Blekinge (4ntal et al 1998a).
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Many of the Lansstudier reports form the most convenient source for information on
the regional geological setting of the SKB study sites (Section 6.1) and the Forstudie
municipalities (Section 8.3), as indicated under each site/municipality.

Fredén, C. (ed.), 1994. Berg och jord. Sveriges Nationalatlas.

SKB 1995b. General Siting Study 95 — Siting of a deep repository for spent nuclear fuel.
SKB TR 95-34, Svensk Kérnbréns ehantering AB.

Stephens, M.B., Bergman, T., 1999. Pa spaning efter en plats fér djupforvar av anviint kiirnbriinsle.
Geologisk forum, 23, 13-17.

Northern Sweden

Bergman, S., Gierup, J., Kubler, L., Lagerback, R., Thunholm, B., Stephens, M., Johansson, R., 1998b.
Oversiktsstudie av Norrbottens lin. Geologiska forutsiittningar. SKB R-98-40, Svensk

Kéarnbrand ehantering AB.

Antal, 1., Stalen, L.K., Sundh, M., Thunholm, B., Asman, M., Stephens, M., Johansson, R., 1998i.
Oversiktsstudie av Viisterbottens lin. Geologiska forutsiittningar. SKB R-98-38, Svensk
Ké&rnbrand ehantering AB.

Antal, |., Bergman, S., Fredén, C., Gierup, J., Stelen, L.K., Thunholm, B., Stephens, M., Johansson, R.,
1999b. Oversiktsstudie av Jimtlands lin (urbergsdelen). Geologiska forutsittningar. SKB R-99-25,
Svensk Kérnbrandehantering AB.

Antal, |., Fredén, C., Gierup, J., Stalen, L.K., Thunholm, B., Stephens, M., Johansson, R., 1998h:
Oversiktsstudie av Visternorrlands Lin. Geologiska forutsittningar. SKB R-98-36, Svensk
Ké&rnbrénd ehantering AB.

Gierup, J., Kubler, L., Lindén, A., Ripa, M., Stephens, M., Stalen, L.K., Thunholm, B.
Johansson, R., 1999c. Oversiktsstudie av Dalarnas lin (urbergsdelen). Geologiska forutsittningar.
SKB R-99-29, Svensk Kéarnbrans ehantering AB.

Antal, |., Bergman, S., Fredén, C., Gierup, J., Thunholm, B., Stephens, M., Johansson, R., 1998g.
Oversiktsstudie av Givleborgs lin. Geologiska forutsittningar. SKB R-98-34, Svensk
Ké&rnbrénd ehantering AB.

Central Sweden

Fredén, C., Gierup, J., Johansson, R., Stalen, L.K., Thunholm, B., Wahlgren, C.-H., Stephens, M., 1999.
Oversiktsstudie av Virmlands Lin. Geologiska forutsittningar. SKB R-99-21, Svensk
Kéarnbrand ehantering AB.

Bergman, T., Fredén, C., Gierup, J., Kibler, L., Stephens, M., Staglen, L.K., Thunholm, B., Johansson, R.,
1999d. Oversiktsstudie av Orebro lin. Geologiska forutsittningar. SKB R-99-23, Svensk
Ké&rnbrénd ehantering AB.

Bergman, T., Gierup, J., Kibler, L., Lindén, A., Stephens, M., Stalen, L.K., Thunholm, B., Johansson, R.,
1999. Oversiktsstudie av Viistmanlands Lin. Geologiska forutsittningar. SKB R-99-31, Svensk
Kéarnbrand ehantering AB.

Antal, 1., Bergman, S., Gierup, J., Persson, C., Thunholm, B., Stephens, M., Johansson, R., 1998f.

Oversiktsstudie av Uppsala Lin. Geologiska forutsittningar. SKB R-98-32, Svensk
Ké&rnbrénd ehantering AB.
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Antal, |., Berglund, J., Eliasson, T., Gierup, J., Hilldén, A., Stalen, L.K., Thunholm, B., Stephens, M.,
Johansson, R., 1999c. Oversiktsstudie av vistra Gotalands Lin. Geologiska forutsittningar.
SKB R-99-33, Svensk Kérnbrénslehantering AB.

Antal, |., Bergman, T., Gierup, J., Lindén, A., Stephens, M., Thunholm, B., Johansson, R., 1998c.
Oversiktsstudie av Ostergétlands Lin. Geologiska forutsittningar. SKB R-98-26, Svensk
Kéarnbrand ehantering AB.

Antal, |., Bergman, T., Persson, C., Stephens, M., Thunholm, B., Asman, M., Johansson, R., 1998d.
Oversiktsstudie av Sodermanlands Lin. Geologiska forutsittningar. SKB R-98-28, Svensk
Ké&rnbrénd ehantering AB.

Antal, |., Bergman, T., Persson, C., Stephens, M., Thunholm, B., Asman, M., Johansson, R., 1998e.
Oversiktsstudie av Stockholms liin. Geologiska forutsittningar. SKB R-98-30, Svensk
Kéarnbrand ehantering AB.

Southern Sweden

Antal, |., Berglund, J., Gierup, J., Lundgvist, I., Passe, T., Stglen, L.K., Thunholm, B., Stephens, M.,
Johansson, R., 1999a. Oversiktsstudie av Hallands lin. Geologiska forutsittningar. SKB R-99-17,
Svensk Kérnbréandehantering AB.

Gierup, J., Johansson, R., Pamnert, M., Persson, M., Thunholm, B., Wahigren, C.-H., Wikman, H.,
Stephens, M., Johansson, R., 1999d. Oversiktsstudie av Jonkopings Lin. Geologiska forutsittningar.
SKB R-99-35, Svensk Kérnbrénslehantering AB.

Antal, |., Bergman, T., Gierup, J., Rudmark, L., Thunholm, B., Wahlgren, C.-H., Stephens, M.,
Johansson, R., 1998b. Oversiktsstudie av Kalmar Lin. Geologiska forutsidttningar. SKB R-98-24,
Svensk Kérnbrandehantering AB.

Gierup, J., Kubler, L., Pamnert, M., Persson, M., Thunholm, B., Wahigren, C.-H., Wikman, H.,
Stephens, M., Johansson, R., 1999b. Oversiktsstudie av Skéne Lin (urbergsdelen). Geologiska
forutsidttningar. SKB R-99-27, Svensk Karnbransl ehantering AB.

Gierup, J., Johansson, R., Persson, M., Stalen, L.K., Thunholm, B., Wahlgren, C.-H., Wikman, H.,
Stephens, M., 1999a. Oversiktsstudie av Kronobergs Lin. Geologiska forutsittningar. SKB R-99-19,
Svensk Kérnbranslehantering AB.

Antal, |., Bergman, T., Gierup, J., Persson, M., Thunholm, B., Wahlgren, C.-H., Stephens, M.,
Johansson, R., 1998a. Oversiktsstudie av Blekinge Liin. Geologiska forutséittningar. SKB R-98-22,
Svensk Kérnbrandehantering AB.

8.3 ”Forstudier” (feasibility studies at municipality scale)

As pointed out above, SKB has taken asits 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 Lansstudier (Section 8.2). In 1992,
SKB decided that these local investigations, called Forstudier (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 devel opment,
etc., and they would be carried out in close interaction with the local population and
other interested parties. Subsequently, between 1993 and 2000, eight Forstudier were
completed. In two of the municipalities concerned, Storuman and Mal, decisions were
made, by local referendum after the Forstudier had been completed, not to allow further
investigation. For the remaining six municipalities, Nykoping, Osthammar, Oskars-
hamn, Tierp, Alvkarleby, 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 (Osthammar, Oskarshamn, Tierp and Alvkarleby) 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 Mal4, 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) Oresand minerals (in later studiesincluded 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 specia 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 (" Preliminér dlutrapport”) 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 “Preliminar dutrapport”, two further activities took place:
(1) aperiod 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
afterwardsin areport 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
“Preliminar sutrapport” 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 Mald, which did not follow the later established pattern. An
English summary of the results of the last six Forstudier has been published as a SKB
Technical Report (SKB 2001a).

In the following, the Forstudier are listed in chronological order, according to the
starting date of the investigations.

SKB 2001a. Feasibility Studies — Osthammar, Nykoping, Oskarshamn, Tierp, Hultsfred and
Alvkarleby. Summary Report. SKB TR 01-16, Svensk Kéarnbréns ehantering AB.

8.3.1 Storuman

Theregiona geological setting of Storuman municipality is given in the earliest For-
studie report (Eliasson & Lundgvist 1994) and in the V asterbotten Lansstudie (4ntal

et al 1998i). The geoscientific part of the feasibility study consists of reports on bedrock
geology (Lindroos 1994b), ore potential (Lindroos 1994a), geophysics (Isaksson &
Johansson 1994), Quaternary deposits (Johansson et al 1994) and hydrogeol ogy
(Nyberg & Jonsson 1994, Jonsson & Nomtak 1994a). Special reports describe geologi-
cal and hydrologica data from the Juktan power station and general rock engineering
experience from the area (Axelsson et al 1994, Leijon 1994). No preliminary evaluation
report was published for Storuman, but some geological field work and re-interpretation
of geophysical data was carried out (Lindroos et al 1994), before the final evaluation
was made (SKB 1995a).

Eliasson, T., Lundgvigt, T., 1994. Storumans kommun i ett regional-geologiskt sammanhang.
SKB PR 44-94-003, Svensk Kérnbranslehantering AB.

Antal, I., Stglen, LK., Sundh, M., Thunholm, B., Asman, M., Stephens, M., Johansson, R., 1998i.
Oversiktsstudie av Viisterbottens lin. Geologiska forutsiittningar. SKB R-98-38, Svensk
Kéarnbrand ehantering AB.

Lindroos, H., 1994b. Forstudie Storuman, Beskrivning till berggrundskarta éver urberget i
Storumans kommun. SKB PR 44-94-009, Svensk Kérnbransehantering AB.

Lindroos, H., 1994a. Forstudie Storuman, Malmer och mineral inom Storumans kommun.
SKB PR 44-94-008, Svensk Kérnbranslehantering AB.

Isaksson, H., Johansson, R., 1994. Forstudie Storuman, Geofysisk dokumentation och tolkning.
SKB PR 44-94-010, Svensk Kérnbranslehantering AB.

Johansson, K., Ranged, G., Rodhe, L., 1994. Férstudie Storuman, Beskrivning till jordartskarta Gver
Storumanomradet. SKB PR 44-94-004, Svensk Kérnbréndehantering AB.

Nyberg, G., Jonsson, S., 1994. Forstudie Storuman, Storumans kommun, geohydrologisk
beskrivning. SKB PR 44-94-005, Svensk Kérnbrénsehantering AB.
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Jonsson, R., Nomtak, V., 1994a. Férstudie Storuman, Vattenkemiska férhallanden.
SKB PR 44-94-006, Svensk Kérnbranslehantering AB.

Axelsson, C.-L., Hansen, L., Olsson, T., 1994. Juktans pumpkraftverk. Sammanstillning av geologisk
och hydrologisk information. SKB PR 44-94-007, Svensk Kérnbréndehantering AB.

Leijon, B., 1994. Forstudie Storuman, Bergbyggnadstekniska erfarenheter i regionalt och lokalt
perspektiv. SKB PR 44-94-011, Svensk Kérnbranslehantering AB.

Lindroos, H., Isaksson, H., Johansson, R., 1994. Forstudie Storuman, Geologiska féltkontroller och
geofysisk tolkning av intressanta omraden — samlingsrapport. SKB PR 44-94-035, Svensk
Kéarnbrand ehantering AB.

SKB 1995a: Feasibility study for siting of a deep repository within the Storuman municipality.
SKB TR 95-08, Svensk Kérnbrans ehantering AB.

8.3.2 Mala

For the regional geological setting of Mala municipality, consult the V asterbotten
Lansstudie (Antal et al 1998i). The geoscientific part of the feasibility study consists
of reports on bedrock geology (Lindroos 1994c), ore potentia (Lindroos 1994d),
geophysics (Isaksson et al 1994), Quaternary deposits (Ransed et al 1994) and hydro-
geology (Jonsson & Nomtak 1994b, Axelsson & Ekstav 1995), together with a survey
of rock engineering experience in the area (Leijon 1995). Only afinal evaluation report
was published for Mala (SKB 1996a).

Antal, I., Stglen, LK., Sundh, M., Thunholm, B., Asman, M., Stephens, M., Johansson, R., 1998i.
Oversiktsstudie av Viisterbottens lin. Geologiska forutsiittningar. SKB R-98-38, Svensk
Kéarnbrand ehantering AB.

Lindroos, H., 1994c. Forstudie Mala, Beskrivning till berggrundskarta éver Mald kommun.
SKB PR 44-94-027, Svensk Kérnbréand ehantering AB

Lindroos, H., 1994d. Forstudie Mala, Malmer och mineral inom Mald kommun. SKB PR 44-94-028,
Svensk Kérnbrandehantering AB.

Isaksson, H., Johansson, R., Triumf, C.-A., 1994. Férstudie Mala, Geofysisk dokumentation
och tolkning. SKB PR 44-94-028, Svensk Kéarnbrand ehantering AB.

Ransed, G., Rodhe, L., Sundh, M., 1994. Forstudie Mala, Jordarter i Mala-omradet.
SKB PR 44-94-030, Svensk Kérnbranslehantering AB.

Jonsson, R., Nomtak, V., 1994b. Forstudie Mala, Vattenkemiska férhallanden. SKB PR 44-94-031,
Svensk Kérnbranslehantering AB.

Axelsson, C.-L., Ekstav, A., 1995. Forstudie Mala. Hydrogeologisk beskrivning. SKB PR 44-95-003,
Svensk Kérnbranslehantering AB.

Leijon, B., 1995. Forstudie Mala. Bergbyggnadstekniska data och erfarenheter. SKB PR 44-95-011,
Svensk Kérnbrandehantering AB.

SKB 1996a. Feasibility study for siting of a deep repository within the Mala municipality.
SKB TR 96-22, Svensk Kérnbréns ehantering AB.
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8.3.3 Nykoping

Theregiona geologica setting of Nykoping municipality is described in the Soderman-
lands Lansstudie (Antal et al 1998d). The geoscientific part of the feasibility study con-
sists of reports on bedrock and Quaternary geology, with special emphasis on deforma-
tion zones (Isaksson et al 1996), ore potential (Lindroos 1996a), and hydrogeol ogy
(Jacks et al 1996a). Specia reports consist of reports on geological information from
the area surrounding industrial and nuclear research complex at Studsvik (Bergman &
Isaksson 1996), on the possible significance of the existence of a meteorite impact crater
offshore from Studsvik (Juhlin & Tullborg 1996), and on general rock engineering ex-
perience from the municipality (Windelhed et al 1996). The publication of the prelimi-
nary evaluation report (SKB 1997a) was followed by field control of geological condi-
tions in the candidate areas (Bergman et al 1999c), before the publication of the final
evauation (SKB 2000e). It should be noted that the SKB study site Fjéllveden (Subsec-
tion 6.1.2) lies within the municipality. An English summary of the results of the
Nykoping feasibility study is givenin SKB 2001 a.

Antal, |., Bergman, T., Persson, C., Stephens, M., Thunholm, B., Asman, M., Johansson, R., 1998d.
Oversiktsstudie av Sodermanlands Lin. Geologiska forutsittningar. SKB R-98-28, Svensk
Kéarnbrand ehantering AB.

Isaksson, H., Bergman, T., Johansson, R., Persson, C., Lindén, A., Stephens, M., 1996. Forstudie
Nykoping. Jordarter, bergarter och deformationszoner. SKB PR D-96-013, Svensk
Kéarnbrand ehantering AB.

Lindroos, H., 1996a. Forstudie Nykoping. Malmer och mineral inom Nykopings kommun.
SKB PR D-96-008, Svensk Kérnbranslehantering AB.

Jacks, G., Follin, S., Arebick, M., 1996a. Forstudie Nykoéping. Grundvattnets rorelse, kemi och
langsiktiga forindringar. SKB PR D-96-014, Svensk Kérnbréns ehantering AB.

Windelhed, K., Leijon, B., Ekman, L., 1996. Forstudie Nykoping. Erfarenheter fran berganligg-
ningar i regionen samt undersékningsresultat fran Bjorksund. SKB PR D-96-023, Svensk
Ké&rnbrénd ehantering AB.

Bergman, T., Isaksson, H., 1996. Forstudie Nykoping. Sammanstillning av geoinformation
vid Studsvik. SKB PR D-96-026, Svensk Ké&rnbrénslehantering AB.

Juhlin, C., Tullborg, E.-L., 1996. Forstudie Nykoping. Meteoritnedslaget i havsfjirden Tviiren
vid Studsvik. SKB PR D-96-015, Svensk Kéarnbranslehantering AB.

SKB 1997a. Forstudie Nykoping. Preliminiir Slutrapport. Svensk Karnbrans ehantering AB, June
1997.

Bergman, T., Johansson, R., Lindén, A., Lundstrém, 1., Stephens, M., Isaksson, H., 1999c. Forstudie
Nykoping. Filtkontroll av berggrunden inom potentiellt gynnsamma omraden. SKB R-99-61,
Svensk Kérnbrandehantering AB.

SKB 2000e. Forstudie Nykoping. Slutrapport. Svensk Kérnbréns ehantering AB, October 2000.

SKB 2001a. Feasibility Studies — Osthammar, Nykoping, Oskarshamn, Tierp, Hultsfred and
Alvkarleby. Summary Report. SKB TR 01-16, Svensk Kéarnbréans ehantering AB.
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8.3.4 Osthammar

The regional geological setting of Osthammar municipality is described in the Uppsala
Lansstudie (Antal et al 1998f). The geoscientific part of the feasibility study consists of
reports on bedrock and Quaternary geology, with special emphasis on deformation
zones (Bergman S et al 1996), ore potentia (Lindroos 1996b), and hydrogeology (Jacks
et al 1996b). A specia report consists of areview 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 (Bergman et al 1996). The publication of the prelimi-
nary evaluation report (SKB 1997b) was followed by field control of geological condi-
tions in the candidate areas (Bergman et al 1998a), before the publication of the final
evaluation (SKB 2000f). 1t should be noted that the SKB study site Finng6n, or
“Beberg” (Subsection 6.1.1) liesjust outside the municipal boundary. An English sum-
mary of the results of the Osthammar feasibility study is given in SKB 2001a.

Antal, 1., Bergman, S., Gierup, J., Persson, C., Thunholm, B., Stephens, M., Johansson, R., 1998f.
Oversiktsstudie av Uppsala Lin. Geologiska forutsiittningar. SKB R-98-32, Svensk
Ké&rnbrénd ehantering AB.

Bergman, S.,Isaksson, H., Johansson, R., Lindén, A.H., Persson, C., Stephens, M., 1996. Férstudie
Osthammar. Jordarter, bergarter, och deformationszoner. SKB PR D-96-016, Svensk
Ké&rnbrénd ehantering AB.

Jacks, G., Follin, S., Arebsck, M., 1996b. Forstudie Osthammar. Grundvattnets rorelse, kemi och
langsiktiga forindringar. SKB PR D-96-017, Svensk Kérnbréns ehantering AB.

Lindroos, H., 1996b. Forstudie Osthammar. Malmer och mineral inom Osthammars kommun.
SKB PR D-96-012, Svensk Kérnbranslehantering AB.

Bergman, T., Ekblad, L., Isaksson, H., Larsson, H., Leijon, B., 1996. Forstudie Osthammar.
Samlingsrapport avseende: bergtekniska erfarenheter i regionen, sammanstillning av geoinforma-
tion vid Forsmarksverket och data fran kirnborrhal KF001 vid Forsmark. SKB PR D-96-025,
Svensk Kérnbrandehantering AB.

SKB 1997b. Forstudie Osthammar. Preliminir slutrapport. Svensk K&rnbréng ehantering AB,
September 1997.

Bergman, S., Bergman, T., Johansson, R., Stephens, M., Isaksson, H., 1998a: Forstudie Osthammar.

Delprojekt jordarter, bergarter och deformationszoner. Kompletterande arbeten 1998.
SKB R-98-57, Svensk Kérnbrénslehantering AB.

SKB 2000f. Forstudie Osthammar. Slutrapport. Svensk Kérnbranslehantering AB, October 2000.

SKB 2001a. Feasibility Studies — Osthammar, Nykoping, Oskarshamn, Tierp, Hultsfred and
Alvkarleby. Summary Report. SKB TR 01-16, Svensk K&rnbranslehantering AB.

8.3.56 Oskarshamn

Theregiona geological setting of Oskarshamn municipality is described in the Kalmar
Lansstudie (Antal et al 1998b) and the regional tectonicsin Milnes et al 1998. 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 (Bergman et al 1998), and
hydrogeology (Follin et al 1998). Special reports consist of a detailed description of
conditions in the northeastern part of the municipality, where the Aspé HRL (Section
6.3) islocated (Bergman et al 1999a), and areview of general rock engineering experi-
ence from the municipality (Larsson & Leijon 1999). The publication of the preliminary
evaluation report (SKB 1999¢) was followed by field control of geological conditionsin
the candidate areas (Bergman et al 2000b), before the publication of the final evaluation
(SKB 2000g). In addition to Aspd HRL, or “Aberg” (Section 6.3), the Krékeméalasite,
Avro 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 isgivenin
SKB 2001a.

Antal, |., Bergman, T., Gierup, J., Rudmark, L., Thunholm, B., Wahlgren, C.-H., Stephens, M.,
Johansson, R., 1998b. Oversiktsstudie av Kalmar Lin. Geologiska forutsidttningar. SKB R-98-24,
Svensk Kérnbrandehantering AB.

Milnes, A.G., Gee, D.G., Lund, C.-E., 1998. Crustal structure and regional tectonics of SE Sweden
and the Baltic Sea. SKB TR 98-21, Svensk Kérnbransehantering AB.

Bergman, T., Johansson, R., Lindén, A.H., Lindgren, J., Rudmark, L., Wahlgren, C.-H., Isaksson, H.,
Lindroos, H., 1998. Forstudie Oskarshamn. Jordarter, bergarter och deformationszoner.
SKB R-98-56, Svensk Kérnbrénslehantering AB.

Follin, S., Areback, M., Axelsson, C.-L., Stigsson, M., Jacks, G., 1998. Forstudie Oskarshamn.
Grundvattnets rérelse, kemi och lingsiktiga férindringar. SKB R-98-55, Svensk
Ké&rnbrénd ehantering AB.

Bergman, T., Johansson, R., Lindén, A.H., Rudmark, L., Wahlgren, C.-H., Follin, S., Isaksson, H.,
Lindroos, H., Stanfors, R., 1999a. Forstudie Oskarshamn. Erfarenheter fran geovetenskapliga
undersokningar i norddstra delen av kommunen. SKB R-99-04, Svensk Kérnbrénslehantering AB.

Larsson, H., Leijon, B., 1999. Forstudie Oskarshamn. Bergtekniska data, erfarenheter och
bedomningar. SKB R-99-05, Svensk Kérnbransehantering AB.

SKB 1999¢. Forstudie Oskarshamn. Preliminér Slutrapport. Svensk Kérnbréns ehantering AB, June
1999.

Bergman, T., Rudmark, L., Wahlgren, C.-H., Johansson, R., Isaksson, H., Stanfors, R., 2000b.
Forstudie Oskarshamn. Kompletterande geologiska studier. SKB R-00-45, Svensk
Kéarnbrand ehantering AB.

SKB 2000g. Forstudie Oskarshamn. Slutrapport. Svensk Kérnbréns ehantering AB, December 2000.

SKB 2001a. Feasibility Studies — Osthammar, Nykoping, Oskarshamn, Tierp, Hultsfred and
Alvkarleby. Summary Report. SKB TR 01-16, Svensk Kéarnbréans ehantering AB.

8.3.6 Tierp

The regiona geological setting of Tierp municipality is described in the Uppsala
Lansstudie (Antal et al 1998f). The geoscientific part of the feasibility study consists
of reports on bedrock and Quaternary geology, including deformation zones and ore
potential (Bergman T et al 1999b), and hydrogeology (Follin et al 1999). The publica-
tion of the preliminary evaluation report (SKB 2000a) was followed by field control

109



of geological conditionsin the candidate areas (Bergman T et al 2000c¢), before the
publication of the final evaluation (SKB 2000h). It should be noted that the SKB study
site Finngon, or “Beberg” (Subsection 6.1.1) lies within the municipality, and that the
results of the feasibility study in the adjacent Osthammar (Subsection 8.3.4) provide
relevant comparative material. An English summary of the results of the Tierp
feasibility study isgivenin SKB 2001a.

Antal, |., Bergman, S., Gierup, J., Persson, C., Thunholm, B., Stephens, M., Johansson, R., 1998f.
Oversiktsstudie av Uppsala Lin. Geologiska forutsittningar. SKB R-98-32, Svensk
Kéarnbrand ehantering AB.

Bergman, T., Johansson, R., Lindén, A.H., Rudmark, L., Stephens, M., Isaksson, H., Lindroos, H., 1999b.
Forstudie Tierp. Jordarter, bergarter och deformationszoner. SKB R-99-53, Svensk
Ké&rnbrénd ehantering AB.

Follin, S., Areback, M., Sti gsson, M., Isgren, F., Jacks, G., 1999. Forstudie Tierp. Grundvattnets
rorelse, kemi och langsiktiga forandringar. SKB R-99-57, Svensk Ké&rnbréndehantering AB.

SKB 2000a. Forstudie Tierp. Preliminiir slutrapport. Svensk Karnbrans ehantering AB, February
2000.

Bergman, T., Johansson, R., Stephens, M., Wahlroos, J.-E., Isaksson, H., 2000c. Forstudie Tierp och
Alvkarleby. Filtkontroll av berggrunden inom potentiellt gynnsamma omraden samt tyngdkrafts-
modellering. SKB R-00-47, Svensk Kérnbréndehantering AB.

SKB 2000h. Férstudie Tierp. Slutrapport. Svensk Kérnbréns ehantering AB, December 2000.

SKB 2001a. Feasibility Studies — Osthammar, Nykoping, Oskarshamn, Tierp, Hultsfred and
Alvkarleby. Summary Report. SKB TR 01-16, Svensk K&rnbranslehantering AB.

8.3.7 Alvkarleby

The regional geological setting of Alvkarleby municipality is described in the Uppsala
Lansstudie (Antal et al 1998f). The geoscientific part of the feasibility study consists

of reports on bedrock and Quaternary geology, including deformation zones and ore
potential (Bergman T et al 2000a), and hydrogeology (Axelsson et al 2000a). The publi-
cation of the preliminary evaluation report (SKB 2000b) was followed by field control of
geological conditions in the candidate areas (Bergman T et al 2000c¢), before the publi-
cation of the final evaluation (SKB 2000i). The results of the feasibility studiesin the
adjacent Tierp and Osthammar provide relevant comparative material. An English
summary of the results of the Alvkarleby feasibility study is givenin SKB 2001a.

Antal, 1., Bergman, S., Gierup, J., Persson, C., Thunholm, B., Stephens, M., Johansson, R., 1998f.
Oversiktsstudie av Uppsala Lin. Geologiska forutsiittningar. SKB R-98-32, Svensk
Ké&rnbrénd ehantering AB.

Bergman, T., Johansson, R., Lindén, A.H., Rudmark, L., Stephens, M., Isaksson, H., Lindroos, H., 2000a.
Forstudie Alvkarleby. Jordarter, bergarter och deformationszoner. SKB R-00-04, Svensk
Kéarnbrand ehantering AB.

Axelsson, C.-L., Follin, S., Areback, M., Stigsson, M., Isgren, F., Jacks, G., 2000a. Forstudie

Alvkarleby. Grundvattnets rorelse, kemi och langsiktiga férandringar. SKB R-00-03, Svensk
Kéarnbrand ehantering AB.
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SKB 2000b. Forstudie Alvkarleby. Prelimniir Slutrapport. Svensk Kéarnbréns ehantering AB, April
2000.

Bergman, T., Johansson, R., Stephens, M., Wahlroos, J.-E., Isaksson, H., 2000c. Férstudie Tierp och
Alvkarleby. Filtkontroll av berggrunden inom potentiellt gynnsamma omriden samt tyngdkrafts-
modellering. SKB R-00-47, Svensk Karnbrans ehantering AB.

SKB 2000i. Forstudie Alvkarleby. Slutrapport. Svensk Karnbréns ehantering AB, December 2000.

SKB 2001a. Feasibility Studies — Osthammar, Nykoping, Oskarshamn, Tierp, Hultsfred and
Alvkarleby. Summary Report. SKB TR 01-16, Svensk Kéarnbréans ehantering AB.

8.3.8 Hultsfred

The regional geological setting of Hultsfred municipality is described in the Kalmar
Lansstudie (Antal et al 1998b) and the regional tectonic situation in Milnes et al 1998.
The geoscientific part of the feasibility study consists of reports on bedrock and Quater-
nary geology, including deformation zones and ore potential (Johansson et al 2000),
and hydrogeology (A4xelsson et al 2000b). The publication of the preliminary evaluation
report (SKB 2000c¢) was followed by field control of geological conditionsin the candi-
date areas (Wahligren et al 2000), before the publication of the final evaluation (SKB
20005). The results from the Klipperas 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 SKB 2001a.

Antal, |., Bergman, T., Gierup, J., Rudmark, L., Thunholm, B., Wahlgren, C.-H., Stephens, M.,
Johansson, R., 1998b. Oversiktsstudie av Kalmar Lin. Geologiska forutsidttningar. SKB R-98-24,
Svensk Kérnbrandehantering AB.

Milnes, A.G., Gee, D.G., Lund, C.-E., 1998. Crustal structure and regional tectonics of SE Sweden
and the Baltic Sea. SKB TR 98-21, Svensk Kérnbransehantering AB.

Johansson, R., Kornfélt, K.-A., Lindén, A.H., Svantesson, S.-I., Wahlgren, C.-H., Isaksson, H.,

Lindroos, H., 2000. Férstudie Hultsfred. Jordarter, bergarter och deformationszoner. SKB R-00-11,
Svensk Kérnbranslehantering AB.

Axelsson, C.-L., Follin, S., Areback, M., Stigsson, M., Isgren, F., Jacks, G., 2000b. Forstudie Hultsfred.
Grundvattnets rérelse, kemi och lingsiktiga férindringar. SKB R-00-12, Svensk

Ké&rnbrénd ehantering AB.

SKB 2000c. Forstudie Hultsfred. Preliminir Slutrapport. Svensk Kérnbrand ehantering AB, April
2000.

Wahlgren, C.-H., Kornfdt, K.-A., Johansson, R., Isaksson, H., 2000. Forstudie Hultsfred. Filtkontroll
av berggrunden inom potentiellt gynnsamma omraden. SKB R-00-44, Svensk Karnbrans ehantering AB.

SKB 2000j. Forstudie Hultsfred. Slutrapport. Svensk Kérnbrans ehantering AB, December 2000.

SKB 2001a. Feasibility Studies — Osthammar, Nykoping, Oskarshamn, Tierp, Hultsfred and
Alvkarleby. Summary Report. SKB TR 01-16, Svensk Kéarnbréns ehantering AB.
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9 Comparable programmes

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
paralel 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
guestions 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 countriesis 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 processin
Finland has advanced significantly further than in Sweden (the future deep repository
site having aready been decided upon), whereas in Canadait has hardly started (the
original concept having been judged, in 1998, as lacking acceptance in the population).
These devel opments and an overview of the structuring of the citation lists are outlined
at the beginning of each Section.

9.1 Finland

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 adetailed summary of the Finnish siting process, see McEwen & Aikds 2000).
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 asin-
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-
tigationsin 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 authoritiesin 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, afourth site was added after a positive
feasibility study (Hastholmen), 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
afavourable 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 devel oped 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 (Posiva Oy 2000). 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:

9.1.1: Methodological and regional aspects
Geoscientific reports of amore genera nature, dealing with geoscientific research which
was generally not tied to a specific site.

9.1.2: Site investigations
Site characterisation reports for the three sites retained at the end of Phase 2, together
with a selection of Phase 3 reports for the Hastholmen site

9.1.3: TILA-99 safety assessment
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., Aikas, T., 2000. The site selection process for a spent fuel repository in Finland
— summary report. Posiva Oy, report POSIVA 2000-15.

Posiva Oy, 2000. Disposal of spent fuel in Olkiluoto bedrock. Programme for research, development
and technical design for the pre-construction phase. Posiva Oy, report POSIVA 2000-14.

9.1.1 Methodological and regional aspects

Reports dealing with methodology and those concerned with the regional geology of
Finland are of particular importance for the Swedish programme for obvious reasons.
Asearlier 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 aFinnish “ 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
(Kuivamciki 2000). At site scale, the definition of “fracture zones’ has been arecurring
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 (Poteri & Taivassalo
1994, Korkealaakso et al 1994, Front & Okko 1994) and the identification of fracture
zones in boreholes by different methods (Labbas 1997). Asin Sweden (see Sections 3.3
and 3.4), the number of citationsin here in no way reflects the amount of available
documentation —thisis “hidden” in the site characterisation reports, and particularly in
background reports to the site investigations (which, up to recently, are ailmost al in
Finnish).

Also with regard to hydrogeology, most of the material istied to the individua sites
and referenced in the next Subsections, but the documentation contains some important
methodological discussions on geohydrological, hydrogeochemical and microbiol ogical
themes (Melamed & Front 1996, Andersson et al 1998, Niemi et al 1999, Smellie et al
1999, Haveman et al 1998), 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 (Kuivamciki et al 1998, Eronen et al 1995, Miettinen et al 1999) are
included and, as a*“ second opinion” on future glaciations in Fennoscandia, the report of
Forsstrom 1999 (see Section 4.2). The remaining citations under this heading concern
seismicity in Fennoscandia and a method of estimating its possible effects on areposi-
tory (Saari 1992, 2000, LaPointe & Cladouhos 1999), with close parallelsin 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 (Blomqvist et al 1991, Blomgvist et al 1995). The third phase of the
project (1996—-1999) was an EU-funded effort coordinated by the Geological Survey of
Finland (GTK 2000, p.23, Kaija et al 2000).

Bedrock structure

Kuivamaki, A., 2000. Lineament database of the Finnish potential repository sites for the calculation
of bedrock movements induced by earthquakes. Posiva Oy, working report WR 2000-12.

Poteri, A., Taivassalo, V., 1994. Modelling of fracture geometry in the preliminary site investigations
for a nuclear waste repository. Nuclear Waste Commission of Finnish Power Companies (Y JT), report
Y JT-94-08.

Korkealaakso, J., Vaittinen, T., Pitkénen, P., Front, K., 1994. Fracture zone analysis of borehole data
in three crystalline rocks sites in Finland — the principal component analysis approach. Nuclear

Waste Commission of Finnish Power Companies (Y JT), report Y JT-94-11.

Front, K., Okko, O., 1994. Fractures and fracture zones in conceptual modelling — geological and
geophysical considerations. Posiva Oy, work report PATU-94-27e.
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Labbas, K., 1997. Comparison of 3-D geological and geophysical investigation methods in boreholes
KI-KR1 at Aiinekoski Kivetty site and RO-KR3 at Kulmo Romuvaara site. Posiva Oy, report
POSIVA 97-03.

Hydrogeology

Melamed, A., Front, K., 1996. Hydraulically conductive fractures on the basis of correlation between
rock-core analysis and borehole-TV study. Posiva Oy, work report PATU-96-23e.

Andersson, J., Ahokas, H., Koskinen, L., Poteri, A., Niemi, A., Hautojarvi, A., 1998. A working group's
conclusions on site specific flow and transport modelling. Posiva Oy, report POSIVA 98-02.

Niemi, A., Kontio, K., Kuusela-Lahtinen, A., Vaittinen, T., 1999. Estimation of block conductivities
from hydrologically calibrated fracture networks — description of methodology and application to
Romuvaara investigation area. Posiva Oy, report POSIVA 99-19.

Smellie, JA.T., Laaksoharju, M., Snellman, M.V ., Ruotsalainen, P.H., 1999. Evaluation of the quality
of groundwater sampling: Experience derived from radioactive waste disposal programmes in
Sweden and Finland during 1980-1992. Posiva Oy, report POSIVA 99-29.

Haveman, S.A., Pedersen, K., Ruotsalainen. P., 1998. Geomicrobial investigations of groundwaters
from Olkiluoto, Hiistholmen, Kivetty and Romuvaara. Posiva Oy, report POSIVA 98-09.

Hazards (glaciation, earthquakes, etc.)

Kuivaméki, A., Vuorela, P., Paananen, M., 1998. Indications of postglacial and recent bedrock
movements in Finland and Russian Karelia. Geol. Survey of Finland, report Y ST-99.

Eronen, M., Gluckert, G., van de Plassche, O., van der Plicht, J.,Rantala, P., 1995. Land uplift in
the Olkiluoto-Pyhéjérvi area, southwestern Finland, during the last 8,000 years. Nuclear Waste
Commission of the Finnish Power Companies, report Y JT-95-17.

Miettinen, A., Eronen, M., Hyvérinen, H., 1999. Land uplift and relative sea-level changes in the
Loviisa area, southeastern Finland, during the last 8,000 years. Posiva Oy, report POSIVA 99-28.

Forsstrom, L., 1999. Future glaciation in Fennoscandia. Posiva Oy, report POSIVA 99-30.

Saari, J., 1992. A review of the seismotectonics of Finland. Nuclear Waste Commission of the Finnish
Power Companies, report Y JT-92-29.

Saari, J., 2000. Seismic activity parameters of the Finnish potential repository sites. Posiva Oy, report
POSIVA 2000-13.

LaPointe, P.R., Cladouhos, T.T., 1999. An overview of a possible approach to calculate rock move-
ments due to earthquakes at Finnish nuclear waste repository sites. Posiva Oy, report POSIVA 99-02.

Palmottu

Blomgvist, R., Jaakola, T., Niini, H., Ahonen, L., eds., 1991. The Palmottu Analogue Project. Progress
Report 1990. Geological Survey of Finland, Nuclear Waste Disposal Research, report Y ST-73.

Blomgvigt, R., Suksi, J., Ruskeeniemi, T., Ahonen, L., Niini, H., Vuorinen, U., Jakobsson, K., 1995. The
Palmottu natural analogue project. The behaviour of natural radionuclides in and around uranium

deposits. Finnish Centre for Radiation and nuclear Safety (STUK), report STUK-YTO-TR 84.

GTK 2000. Annual Report 1999. Geological Survey of Finland.
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Kaija, J.,, Blomgvigt, R., Suksi, J., Rasilainen, K., 2000. The Palmottu Natural Analogue Project.
Progress Report 1999. Geological Survey of Finland, Nuclear Waste Disposal Research,
Report Y ST-103.

9.1.2 Site investigations

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 Teollisuuden Voima Oy 1992 (see also
Ohberg et al 1994), and asummary of the first stage of detailed site characterisation of
the three originally selected sitesisto be found in Posiva Oy 1996b. 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 Hastholmen site, which had a very different investigation history,
istreated in more detail at the end.

Kivetty

The Kivetty siteis located in the municipality of Adnekoski, an inland areain central
Finland. It isin an area of gently undulating topography, mainly 160-180 m a.s.l., and
bedrock exposureis 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). Thisrock matrix isintersected
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 (Anttila
et al 1992a, Heikkinen et al 1992a, Saksa et al 1993a) and a special report on fracture
network modelling (Kuusela-Lahtinen & Front 1992), which formed the basis of the
earliest safety analysis (TV0O-92) and all |ater studies. These later studies are represented
here by two hydrogeology reports (Taivassalo & Mészdros 1994, Pitkdinen et al 1998a),
but are best summarised in the TILA-99 site report and background material (Subsection
9.2.3).

Olkiluoto

The Olkiluoto site is located in the municipality of Euragjoki, on the coast in south-
western Finland. Theisland of Olkiluoto is extremely flat, mostly only 5-10 m as.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 onelocality. 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 (Anttila
et al 1992b, Heikkinen et al 1992b, Saksa et al. 1993b) and a specia report on fracture
network modelling (Oudman 1992), 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 (Laine 1996), 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 (Siddans & Wild
1996, Strahle 1996, Carlsten 1996), and a study of the effects of changing structural
geometries on geohydrological models (Koskinen & Laitinen 1995). The Olkiluoto site
has been a continuous testing ground for groundwater flow modelling in fractured rocks
(Lofman 1996, Pollinen & Rouhiainen 1997, see also Subsection 9.2.3) and for hydro-
geochemical studies (Pitkciinen et al 1994,1998b, Vieno 2000, 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 (V LJ-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 reportsin Finnish).

Romuvaara

The Romuvaara site is located in the municipality of Kuhmo, an inland areain north-
eastern Finland. It isin an area of very low relief at 210230 m a.s.l., and is very poorly
exposed (outcrops ca. 1%). The bedrock of the site, as observed in 11 cored drillholes
(total corelength 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 sitesin Finland and Sweden, Romuvaaraliesin 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 (Anttila
et al 1990, Saksa et al 1991, Saksa et al 1992) and a special report on fracture network
modelling (Oudman 1991). Later studies are represented here by two reports on fracture
network modelling of groundwater flow, one of particular methodological interest
(Poteri & Laitinen 1997, Niemi et al 1999, see Subsection 9.2.1), but are best summa-
rised in the TILA-99 site report and background material (Subsection 9.2.3).

Hiistholmen

The Hastholmen site is located in the municipality of Loviisa, on the coast in south-
eastern Finland. The island of Hastholmen shows a very flat topography, mostly less
than 10 m a.s.l., and the bedrock isrelatively 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 corelength 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 Hastholmen in connection with the siting of a deep
spent fuel repository started in 1997, after afeasibility study was carried out in 1996.
One of the reasons for the feasibility study was the availability of alarge data base from
studies in connection with the site characterisation and construction of the LoviisaVLJ
repository (1984-1994, see Anttila 1997). In the crash programme which followed
(1997-1999), numerous detailed studies were carried out, such as:

— seismic reflection profilling (Keskinen et al 1998),

— dipmeter and TV logging of boreholes (Siddans et al 1997, Siddans et al 1998,
Stréhle 1998),

— difference flow and groundwater flow measurements in boreholes (Pdolldnen &
Rouhiainen 1998a, 1998b, 1998¢ 1999),

— seismotectonic analysis and rock stress measurement (Ljunggren 1998, Saari 1998).

All these studies and other reports (mainly in Finnish) are summarised in Front et al
1999 and the TILA-99 site report and background material (Subsection 9.2.3).

Teollisuuden Voima Oy, 1992. Final disposal of spent nuclear fuel in the Finnish bedrock.
Preliminary site investigations. Nuclear Waste Commission of Finnish Power Companies (Y JT),
report Y JT-92-32E.

Ohberg, A., Saksa, P., Ahokas, H., Ruotsalainen, P., Snellman, M., 1994. Summary report of the
experiences from TVO's site investigations. SKB TR 94-17, Svensk Kérnbrand ehantering AB.

Posiva Oy, 1996b. Final disposal of spent fuel in the Finnish bedrock. Detailed site investigations
1993-1996. Posiva Oy, report POSIVA 96-19.

Kivetty

Antilla, P., Paulaméki, S., Lindberg, A., Paananen, M., Koistinen, T., Front, K., Pitkdnen, P., 1992a.
The geology of the Kivetty area. Summary report. Nuclear Waste Commission of Finnish Power
Companies (Y JT), report Y JT-92-07.

Heikkinen, E., Paananen, M., Ahokas, H., Ohberg, A., Front, K., Okko, O., Pitkénen, P., Cosma, C.,
Heikkinen, P., Keskinen, J., Korhonen, R., 1992a. Geophysical investigations in the Kivetty area,
Finland. Summary report. Nuclear Waste Commission of Finnish Power Companies (Y JT),
report Y JT-92-15.

Saksa, P., Paulaméki, S., Paananen, M., Anttila, P., Akohas, H., Front, K., Pitkanen, P., Korkealaakso, J.,
Okko, O., 1993a. Bedrock model of the Kivetty area. Summary report. Nuclear Waste Commission of
Finnish Power Companies (Y JT), report Y JT-93-16.

Kuusela-Lahtinen, A., Front, K., 1992. Analysis of the fracture data from the Kivetty area for the use
in fracture network model. Teollisuuden Voima Oy, TV O/Site investigations, work report 92-47.

Taivassalo, V., Mészaros, F., 1994. Simulation of the groundwater flow of the Kivetty area. Nuclear
Waste Commission of Finnish Power Companies (Y JT), report Y JT-94-03.
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Pitkanen, P., Luukkonen, A., Ruotsalainen, P., Leino-Forsman, H., Vuorinen, U., 1998a Geochemical
modelling of groundwater evolution and residence time at the Kivetty site. Posiva Oy, report
POSIVA 98-07.

Olkiluoto

Anttila, P., Paulaméki, S., Lindberg, A., Paananen, M., Koistinen, T., Front, K., Pitkénen, P., 1992b.
The geology of the Olkiluoto area. Summary report. Nuclear Waste Commission of Finnish Power
Companies (Y JT), report Y JT-92-28.

Heikkinen, E., Paananen, M., Kurimo, M., Ohberg, A., Akohas, H., Okko, O., Front, K., Hassinen, P.,
Pitkénen, P., Cosma, C., Heikkinen, P., Keskinen, J., Honkanen, S., Korhonen, R., 1992b. Geophysical
investigations in the Olkiluoto area, Finland. Summary report. Nuclear Waste Commission of Finnish
Power Companies (Y JT), report Y JT-92-34.

Saksa, P., Paulaméki, S., Paananen, M., Antilla, P., Ahokas, H., Front, K., Pitkanen, P., Korkealaakso, J.,
Okko, 0., 1993b. Bedrock model of the Olkiluoto area. Summary report. Nuclear Waste Commission
of Finnish Power Companies (Y JT), report Y JT-92-15.

Oudman, A., 1992. Analysis of the fracture data from the Olkiluoto area for the use in fracture
network model. Teollisuuden Voima Oy, TVO/Site investigations, work report 92-03.

Laine, E., 1996. Geostatistical methods applied to characterisation of the heterogeneity of the
migmatite formation at Olkiluoto, Finland. Posiva Oy, work report WR 96-05e.

Siddans, A., Wild, P., 1996. Acoustic borehole televiewer survey, processing and interpretation,
borehole OL-KR10 at the Olkiluoto site, Finland 1996. Posiva Oy, work report WR 96-66e.

Stréhle, A., 1996. Borehole-TV measurements at the Olkiluoto site, Finland 1996. Report and
appendices for OL-KR1, OL-KR2 and OL-KR4. Posiva Oy, work report WR 96-59.

Carlsten, S., 1996. Detailed borehole radar measurements at the Olkiluoto site, Finland 1995.
Posiva Oy, work report WR 96-03e.

Koskinen, L., Laitinen, M., 1995. Numerical study of the effects of alternative structure geometries
on the groundwater flow at the Olkiluoto site. Nuclear Waste Commission of Finnish Power
Companies (Y JT), report Y JT-95-15.

Lofman, J., 1996. Groundwater flow modelling at the Olkiluoto site. Flow under natural conditions.
Posiva Oy, working report PATU-96-76e.

Pdllanen. J., Rouhiainen, P., 1997. Groundwater flow measurements at the Olkiluoto site in Eurajoki,
boreholes KR1-KR4 and KR7-KR-9. Posiva Oy, working report WR 97-27e.

Pitkanen, P., Snellman, M., Leino-Forsman, H., Vuorinen, U., 1994. Geochemical modelling of the
groundwater at the Olkiluoto site. Nuclear Waste Commission of Finnish Power Companies (Y JT),
report Y JT-94-10.

Pitkanen, P., Luukkonen, A., Ruotsalainen, P., Leino-Forsman, H., Vuorinen, U., 1998b. Geochemical
modelling of groundwater evolution and residence time at the Olkiluoto site. Posiva Oy, report
POSIVA 98-10.

Vieno, T., 2000. Groundwater salinity at Olkiluoto and its effects on a spent fuel repository.
Posiva Oy, report POSIVA 2000-11.
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Romuvaara

Antilla, P., Paulaméki, S., Lindberg, A., Paananen, M., Pitkdnen, P., Front, K., Karki, A., 1990.

The geology of the Romuvaara area. Summary report. Nuclear Waste Commission of Finnish Power
Companies (Y JT), report Y JT-90-21.

Saksa, P., Paananen, M., Ahokas, H., Ohberg, A., Pitkanen, P., Front, K., Okko, O., Vaittinen, T.,
Cosma, C., Heikkinen, P., Keskinen, J., Korhonen, R., 1991. Geophysical investigations in the
Romuvaara area, Finland. Summary report. Nuclear Waste Commission of Finnish Power Companies
(YJT), report YJT-91-15.

Saksa, P., Paananen, M., Paulaméki, S., Antilla, P., Ahokas, H., Pitkanen, P., Front, K., Vaittinen, T.,
1992. Bedrock model of the Romuvaara area. Summary report. Nuclear Waste Commission of Fin-
nish Power Companies (Y JT), report Y JT-92-06.

Poteri, A., Laitinen, M., 1997. Fracture network model of the groundwater flow in the Romuvaara
site. Posiva Oy, report POSIVA 96-26.

Niemi, A., Kontio, K., Kuusela-Lahtinen, A., Vaittinen, T., 1999. Estimation of block conductivities
from hydrologically calibrated fracture networks — description of methodology and application
to Romuvaara investigation area. Posiva Oy, report POSIVA 99-19.

Oudman, A., 1991. Analysis of the fracture data from the Romuvaara area for the use in fracture
network model. Teollisuuden Voima Oy, TVO/Site investigations, work report 91-61.

Hiistholmen

Anttila, P., 1997. Geological studies during the first construction phase of the VLJ-repository in
Loviisa, Finland, summary report. Imatran Voima Oy, VLJworking report 97-03.

Keskinen, J., Cosma, C., Heikkinen, P., Enescu, N., 1998. HSP survey at Histholmen in Loviisa, 1997
— Survey lines HSP1-HSP7. Posiva Oy, working report 98-27e.

Siddans, A., Wild, P., Adams, R., 1997. Dipmeter survey, processing and interpretation, Histholmen
site, Finland 1997. Posiva Oy, working report WR 97-60e.

Siddans, A., Simpson, G., Wild, P., 1998. Dipmeter survey, processing and interpretation,
Histholmen site, Finland 1997. Posiva Oy, working report WR 98-67.

Stréhle, A., 1998. Borehole-TV measurements at the Hiistholmen site, Finland 1997. Posiva Oy,
working report WR 98-19e.

Pollanen, J., Rouhiainen, P., 1998a. Difference flow measurements at the Histholmen site in Loviisa,
boreholes KR1-KR3. Posiva Oy, working report WR 97-41e.

Pollanen, J., Rouhiainen, P., 1998b. Difference flow measurements at the Hiistholmen site in Loviisa,
boreholes KR4-KR6. Posiva Oy, working report WR 97-28e.

Pollanen, J., Rouhiainen, P., 1998c. Groundwater flow measurements at the Hiistholmen site in
Loviisa, boreholes KR1-KR4. Posiva Oy, working report WR 98-69.

Pollanen, J., Rouhiainen, P., 1999. Groundwater flow measurements at the Hiistholmen site in
Loviisa, boreholes KR5-KR6. Posiva Oy, working report WR 99-38.

Ljunggren, C., 1998. Overcoring rock stress measurements in borehole KR6 at Histholmen, Finland.
Posiva Oy, working report WR 98-70.
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Saari, J., 1998. Regional and local seismotectonic characteristics of the area surrounding the Loviisa
nuclear power plant in SE Finland. University of Helsinki, Institute of Seismology, report S-36.

Front, K., Paulaméki, S., Ahokas, H., Anttila, P., 1999. Lithological and structural bedrock model of
the Histholmen study site, Loviisa, SE Finland. Posiva Oy, report POSIVA 99-31.

9.1.3 TILA-99 safety assessment

This Subsection collects documents directly related to the TILA-99 safety assessment.
TILA-99 (Vieno & Nordman 1999) represents a further development of earlier prelimi-
nary safety assessments TVO-92 and TILA-96 (Vieno 1992, Vieno & Nordman 1996),
and related reports (Posiva Oy 1996a, Vieno & Nordman 1997, Crawford & Wilmot
1998). The geoscientific background material to TILA-99 is summarised in site charact-
erisation reports, one for each site (4nttila et al 1999a, 1999b, 1999¢, 1999d), which
take into account the data collected since 1997. In the case of Hastholmen, where site
investigations started in 1997, this report (Anttila et al 1999a) isthefirst and only
detailed synthesis. Rock mechanical aspects of the four sites are summarised in
Johansson & Rautakorpi 2000, and some detailed reports on special rock mechanical
problems (Hakala 2000, Autio et al 2000) and on the suggested engineering rock mass
classification (dikdis et al 2000) have appeared in English. The latter, for the Olkiluoto
site, contains a thorough reworking of all the data in the Olkiluoto site characterisation
report (Antilla et al 1999c).

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 (4hokas 1999, Lofmann 1999a,
1999b, 2000, Kattilakoski & Mészaros 1999, Kattilakoski & Koskinen 1999, Poteri &
Laitinen 1999). Hydrogeochemical conditions are discussed in considerable detail in the
site reports and in a series of separate documents (Pitkcinen et al 1996, 1998a, 1998b,
Luukkonen et al 1999), and the results of geomicrobial investigations at the four sites
arereported by Haveman et al 2000. The main conclusions of the TILA-99 safety
assessment for the siting process are: (1) from the point of view of long-term safety, al
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.

Safety assessment

Vieno, T., Nordman, H., 1999. TILA-99. Safety assessment of spent fuel disposal in Histholmen,
Kivetty, Olkiluoto and Romuvaara. Posiva Oy, report POSIVA 99-07.

Vieno, T., 1992. Safety analysis of disposal of spent nuclear fuel (TVO-92). Technical Research
Centre of Finland (VTT), Publication 177.

Vieno, T., Nordman, H., 1996. Interim report on safety assessment of spent fuel disposal TILA-96.
Posiva Oy, report POSIVA 96-17.

Posiva Oy, 1996a. Final disposal of spent fuel in the Finnish bedrock. Scope and requirements for
site-specific safety analysis. Posiva Oy, report POSIVA 96-16.
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Vieno, T., Nordman, H., 1997. FEPs and scenarios. Auditing of TVO-92 and TILA-96 against
International FEP database. Posiva Oy, report POSIVA 97-11.

Crawford, M.B., Wilmot, R.D., 1998. Normal evolution of a spent fuel repository at the candidate
sites in Finland. Posiva Oy, report POSIVA 98-15.

Site reports

Anttila, P., Ahokas, H., Front, K., Hinkkanen, H., Johansson, E., Paulamdki, S., Riekkola, R., Saari, J.,
Saksa, P., Snellman, M.V., Wikstrom, L., Ohberg, A., 1999a. Final disposal of spent nuclear fuel in
Finnish bedrock — Histholmen site. Posiva Oy, report POSIVA 99-08.

Anttila, P., Ahokas, H., Front, K., Heikkinen, E., Hinkkanen, H., Johansson, E., Paulaméki, S.,
Riekkola, R., Saari, J., Saksa, P., Snellman, M.V., Wikstrém, L., Ohberg, A., 1999b. Final disposal of
spent nuclear fuel in Finnish bedrock — Kivetty site report. Posiva Oy, report POSIVA 99-09.

Anttila, P., Ahokas, H., Front, K., Hinkkanen, H., Johansson, E., Paulaméki, S., Riekkola, R., Saari, J.,
Saksa, P., Snellman, M.V., Wikstrom, L., Ohberg, A., 1999c. Final disposal of spent nuclear fuel in
Finnish bedrock — Olkiluoto site report. Posiva Oy, report POSIVA 99-10.

Anttila, P., Ahokas, H., Front, K., Hinkkanen, H., Johansson, E., Paulaméki, S., Riekkola, R., Saari, J.,
Saksa, P., Snellman, M.V., Wikstrom, L., Ohberg, A., 1999d. Final disposal of spent nuclear fuel in
Finnish bedrock — Romuvaara site report. Posiva Oy, report POSIVA 99-11.

Geomechanics, engineering geology

Johansson, E., Rautakorpi, J., 2000. Rock mechanics stability at Olkiluoto, Hiistholmen, Kivetty and
Romuvaara. Posiva Oy, report POSIVA 2000-02.

Hakala, M., 2000. Interpretation of the Hiistholmen in situ state of stress based on core damage
observations. Posiva Oy, report POSIVA 2000-01.

Autio, J., Johansson, E., Kirkkoméki, T., Hakaa, M., Heikkil&, E., 2000. In-situ failure test in the
Research Tunnel at Olkiluoto. Posiva, Oy, report POSIV A 2000-05.

Aikas, K., Hagros, A., Johansson, E., Malmlund, H., Sievénen, U., Tolppanen, P., Ahokas, H.,

Heikkinen, E., Jaéskeldinen, P., Ruotsalainen, P., Saksa, P., 2000. Engineering rock mass classification
of the Olkiluoto investigation site. Posiva Oy, report POSIVA 2000-08.

Geohydrology

Ahokas, H., 1999. Summary of certain input data for groundwater flow modelling in Hiistholmen,
Kivetty, Olkiluoto and Romuvaara. Posiva Oy, working report WR 99-11.

Lofman, J., 1999a. Site scale groundwater flow in Olkiluoto. Posiva Oy, report POSIVA 99-03.
Lofman, J., 1999b. Site scale groundwater flow in Hiistholmen. Posiva Oy, report POSIVA 99-12.

Kattilakoski, E., Mészaros. F., 1999. Regional-to-site groundwater flow in Kivetty. Posiva Oy, report
POSIVA 99-13.

Kattilakoski, E., Koskinen, L., 1999. Regional-to-site groundwater flow in Romuvaara. Posiva Oy,
report POSIVA 99-14.

Poteri, A., Laitinen, M., 1999. Site-to-canister scale flow and transport in Histholmen, Kivetty,
Olkiluoto and Romuvaara. Posiva Oy, report POSIVA 99-15.
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Lofman, J., 2000. Site scale groundwater flow in Olkiluoto — complementary simulations. Posiva Oy,
report POSIVA 2000-07.

Hydrogeochemistry

Pitkanen, P., Snellman, M., Vuorinen, U., Leino-Forsman, H., 1996. Geochemical modelling study on
the age and evolution of groundwater at the Romuvaara site. Posiva Oy, report POSIVA 96-06.

Pitkanen, P., Luukkonen, A., Ruotsalainen, P., Leino-Forsman, H., Vuorinen, U., 1998a Geochemical
modelling of groundwater evolution and residence time at the Kivetty site. Posiva Oy, report
POSIVA 98-07.

Pitkanen, P., Luukkonen, A., Ruotsalainen, P., Leino-Forsman, H., Vuorinen, U., 1998b. Geochemical
modelling of groundwater evolution and residence time at the Olkiluoto site. Posiva Oy, report
POSIVA 98-10.

Luukkonen, A., Pitkénen, P., Ruotsalainen, P., Leino-Forsman, H., Snellman, M., 1999. Hydrogeo-
chemical conditions at the Hiistholmen site. Posiva Oy, report POSIVA 99-26.

Haveman, S.A., Nilsson, E.L., Pedersen, K., 2000. Regional distribution of microbes in groundwater
from Histholmen, Kivetty, Olkiluoto and Romuvaara, Finland. Posiva Oy, report POSIVA 2000-06.

9.2 Canada

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 devel opment 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 isin many ways similar to KBS-3,
was subject to review by a specia panel, appointed by the Canadian government
(Federal Environmental Assessment Review Panel), from 1989 onwards. This review
culminated in a series of public hearingsin 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 asocia 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 anew body (Nuclear Fuel Waste Management Agency), “at arm’s length” from the
nuclear power companies and AECL, and with aboard 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 devel opment 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 devel op adequate site characterisation
techniques for the prediction of underground conditions (at 500-1,000 m depth) from
surface-based activities. Asfor 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 investigationsin the URL,,

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

9.2.1 Methodological and regional aspects

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 genera 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.

Thefirst 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 (Brown et al 1997, Ejeckam & Brown
1997). The following citations deal with methodology of data acquisition and process-
ing, particularly of fracture systems (Barton & Bakhtar 1987, Read 1990) and the geo-
physical identification of fracture zones and the dating of their formation and movement
(Davison et al 1984, Hillary & Hayles 1985, Gascoyne et al 1997). Thefina group
contains two important works on experience gained from the characterisation of fracture
systems at the research areas (Sikorsky 1996, Everitt 1999) and, more generally, from
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the multitude of mines and other underground excavationsin Canada (Raven & Gale
1986, Raven & Clark 1993).

The second heading contains, first, citations on more general aspects of hydrogeol ogy,
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
(Pearson 1987, Gascoyne 1996, Brown 1996, King & Stroes-Gascoyne 1996, cf.
Sections 5.2 and 5.3). Geological eventslikely 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 (Adams 1981, Ates et al 1997, Chan et al 1998); the probability and
potential effects of seismic events (Atkinson & McGuire 1993, Ates et al 1995, Martin
&Chandler 1996); and the long-term risk of a meteorite impact (Wuschke et al 1995).
Finally, some Canadian reports on natural analogues, including the Cigar Lake uranium
deposit, are added (Griffault et al 1992, Cramer 1994, 1995, 1999) — cf. Section 7.1.

Bedrock geology, fracturing

Brown, A., Ejeckam, R.B., Everitt, R.A., 1997. Plutonic rock, crustal deformation and tectonism in
the Canadian Precambrian shield: concepts affecting the siting of a nuclear fuel waste disposal
vault. Atomic Energy of Canada Ltd., report AECL TR-738.

Ejeckam, R.B., Brown, A., 1997. Use of petrochemistry to infer tectonic origin of granitoid rocks:

A test case using AECL’s chemical samples from the Atikokan and Whiteshell Research Areas.
Atomic Energy of CanadaLtd., report AECL TR-763.

Barton, N., Bakhtar, K., 1987. Description and modeling of rock joints for the hydrothermomechani-
cal design of nuclear waste vaults, Volume I and Volume II. Atomic Energy of Canada Ltd., report
AECL TR-418.

Read, R.S., 1990. Methodology for the acquisition, analysis and presentation of geological data from
the Underground Research Laboratory subsurface drilling program. Volume I and Volume II.
Atomic Energy of CanadaLtd., report AECL TR-484.

Davison, C.C., Keys, W.S,, Paillet, F.L., 1984. The use of borehole geophysical logs and hydrologic
tests to characterize plutonic rock for nuclear fuel waste disposal. Atomic Energy of Canada Ltd.,
report AECL-7810.

Hillary, E.M., Hayles, J.G., 1985. Correlation of lithology and fracture zones with geophysical
borehole logs in plutonic rocks. Atomic Energy of Canada Ltd., report AECL TR-343.

Gascoyne, M., Brown, A., Ejeckam, R.B., Everitt, R.A., 1997. Dating fractures and fracture movement
in the Lac du Bonnet Batholith. Atomic Energy of Canada Ltd., report AECL-11725.

Sikorsky, R.I., 1996. The distributions of subsurface fractures in the rocks at AECL’s research areas
on the Canadian shield. Atomic Energy of Canada Ltd., report AECL TR-750

Everitt, RA., 1999. Experience gained from the geological characterisation of the Lac du Bonnet
batholith, and comparison with other sparsely fractured granite batholiths in the Ontario portion
of the Canadian Shield. Ontario Power Generation Report No: 06819-REP-01200-0069-R00.

Raven, K.G., Gale, J.E., 1986. A study of the surface and subsurface structural and groundwater

conditions at selected underground mines and excavations. Atomic Energy of Canada Ltd., report
AECL TR-177.
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Raven, K.G., Clark, 1.D., 1993. Survey of geoscientific data on deep underground mines in the
Canadian Shield. Atomic Energy Control Board (Canada), report AECB 92-012.

Hydrogeology

Pearson, F.J. Jr., 1987. Geochemical and isotopic evidence on the origin of brines in the Canadian
shield. Atomic Energy of Canada Ltd., report AECL TR-429.

Gascoyne, M., 1996. The evolution of redox conditions and groundwater geochemistry in recharge-
discharge environments on the Canadian Shield. Atomic Energy of Canada Ltd., report AECL-11682.

Brown, D.A., 1996. Introduction to microbiology relevant to the Canadian Nuclear Fuel Waste
Management Program — a literature review. Atomic Energy of Canada Ltd., report AECL TR-581.

King, F., Stroes-Gascoyne, S., 1996. Predicting the effects of microbial activity on the corrosion of
copper nuclear fuel waste disposal containers. Atomic Energy of Canada Ltd., report AECL TR-429.

Hazards (glaciation, earthquakes, etc.)

Adams, J., 1981. Postglacial faulting: A literature survey of occurrences in Eastern Canada and
comparable glaciated areas. Atomic Energy of Canada Ltd., report AECL TR-142.

Ates, Y., Bruneau, D., Ridgway, W.R., 1997. Continental glaciation and its potential impact on a
used-fuel disposal vault in the Canadian shield. Atomic Energy of Canada Ltd., report AECL-10140.

Chan, T., O'Connor, P.A., Stanchell, F.W., 1998. Finite-element modelling of effects of past and
future glaciation on the host rock of a used nuclear fuel waste vault. Ontario Hydro, report
06819-REP-01200-0020-R00.

Atkinson, G.M., McGuire, R.K., 1993. Probability of damaging earthquakes in Northwestern Ontario
(draft). Atomic Energy of CanadaLtd., report AECL TR-M-0023.

Ates, Y., Bruneau, D., Ridgway, W.R., 1995. An evaluation of potential effects of seismic events on a
used-fuel disposal vault. Atomic Energy of Canada Ltd., report AECL TR-623.

Martin, C.D., Chandler, N.A., 1996. The potential for vault-induced seismicity in nuclear fuel waste
disposal: Experience from Canadian mines. Atomic Energy of Canada Ltd., report AECL-11599.

Wuschke, D.M., Whitaker, S.H., Goodwin, B.W., Rasmussen, L.R., 1995. Assessment of the long-term
risk of a meteorite impact on a hypothetical Canadian nuclear fuel waste disposal vault deep in
plutonic rock. Atomic Energy of Canada Ltd., report AECL-11014.

Natural analogues

Griffault, L.Y ., Gascoyne, M., Kamineni, D.C., Vandergraaf, T.T., 1992. A study of the migration of
radionuclides, major, trace and rare-earth elements along deep fractures in the Lac du Bonnet
batholith, Manitoba. Atomic Energy of Canada Ltd., report AECL TR-545.

Cramer, J.J., 1994. Natural analogs in support of the Canadian concept for nuclear fuel waste
disposal. Atomic Energy of Canada Ltd., report AECL-10291.

Cramer, J.J., 1995. The Cigar Lake uranium deposit: Analog information for Canada’s nuclear
fuel waste disposal concept. Atomic Energy of Canada Ltd., report AECL-11204.

Cramer, J.J., 1999. Status of natural analogue research and recommendations for future work.
Ontario Power Generation, report 06819-REP-01200-0074-R00.
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9.2.2 Characterisation of research areas

Site characterisation studies in Canada have been concentrated in a number of research
areas (up to 400 km?), and each containing a number of small study areas (“grid areas”
of 1-2 km?) in which detailed work was carried out, including in most cases, the drilling
of deep boreholes (Whitaker et al 1994). The five research areas were White Lake,
Chalk River, Algoma, Atikokan and Whiteshell. The White Lake research areawas
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 Algomaresearch arealies
within an early Proterozoic layered gabbro-anorthosite complex. (cf. Section 2.4) in
southeastern Ontario. Investigations began in 1980 (Brown & Kamineni 1989) and in
the early 1980s, four deep cored drillholes were sunk in the area (Ejeckam et al 1987,
1988a, 1988b, 1990). Hydrogeological investigations (e.g. Bottomley et al 1986) 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 arealiesin alarge 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 alist of basic data reports, see Stone 1984), followed by along period of
routine hydrogeological monitoring. A selection of results from the drilling campaign
and from surface geophysical studies areincluded in the list below (Hillary 1982,
Kerrich 1984, Kerrich et al 1985, Soonawala et al 1987, Gibb et al 1988). The
Whiteshell research arealiesin alarge granite pluton (Lac du Bonnet batholith, cf.
Swedish and Finnish localitiesin 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 methodol ogies, and, in the early stages, at siting the
proposed Underground Research Laboratory (e.g. Stone et al 1984, INTERA 1985,
Ejeckam et al 1988¢). The Whiteshell area was also used as a testing ground for regional
hydrogeol ogical and geophysical modelling (e.g. Ophori et al 1995, Stevenson et al
1996a, 1996b, Tomsons et al 1995).

The Canadian Underground Research Laboratory (URL) was constructed beneath a

5 km? site in the Whiteshell research area. Reconnai ssance 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 (Read 1990). These investigations corre-
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spond to the “pre-investigation phase” at Aspo (Section 6.3) and, asin Aspo, were used
asapreliminary for amajor experiment to evaluate structural and groundwater flow
models (URL Shaft Drawdown Experiment, e.9. Guvanasen et al 1985, Stone & Kami-
neni 1988, Frost 1997). Later, with the completion of underground construction, the
URL was used for the study and modelling of a whole spectrum of site characteristics
(e.q. Everitt et al 1995, Gascoyne et al 1996, Young & Collins 1997, Martino et al 1997,
Martino 2000, Haveman et al 1995, Stroes-Gascoyne 1997), in addition to its use for
migration experiments, and technology development and demonstration (Ohta &
Chandler 1997).

Whitaker, S.H., Brown, A., Davison, C.C., Gascoyne, M., Lodha, G.S., Stevenson, D.R., Thorne, G.A.,
Tomsons, D., 1994. AECL strategy for surface-based investigations of potential disposal sites and
the development of a geosphere model of a site. SKB TR 94-18, Svensk Kérnbrandehantering AB.

Algoma (East Bull Lake layered gabbro)

Brown, A., Kamineni, D.C., 1989. A reconnaissance study of structures at the East Bull Lake pluton,
Ontario. Atomic Energy of CanadaLtd., report AECL TR-417.

Ejeckam, R.B., Sikorsky, R.I., Kamineni, D.C., McCrank, G.F.D., 1987. Geology and summary of
results from borehole EBL-2 in the East Bull Lake research area (RA-7), Algoma district, North-
eastern Ontario. Atomic Energy of Canada Ltd., report AECL TR-409-2.

Ejeckam, R.B., Sikorsky, R.l., Kamineni, D.C., McCrank, G.F.D., McGregor, R.G., 1988a. Geology and
summary of geological information obtained from borehole EBL-3 in the East Bull Lake research
area (RA-7), Algoma district, Ontario. Atomic Energy of Canada Ltd., report AECL TR-409-3.

Ejeckam, R.B., Sikorsky, R.I., Kamineni, D.C., McCrank, G.F.D., 1988b. Geology and summary of
results from borehole EBL-4 in the East Bull Lake research area (RA-7), Algoma district, North-
eastern Ontario. Atomic Energy of Canada Ltd., report AECL TR-409-4.

Ejeckam, R.B., Sikorsky, R.l., Kamineni, D.C., McCrank, G.F.D., 1990. Geology and summary of
results from borehole EBL-1 in the East Bull Lake Research Area (RA-7), Algoma District, North-
eastern Ontario. Atomic Energy of Canada Ltd., report AECL TR-409-1.

Bottomley, D.J., Gascoyne, M., Ross, J.D., Ruttan, J.T., 1986. Hydrogeochemistry of the East Bull
Lake pluton, Massey, Ontario. Atomic Energy of Canada Ltd., report AECL TR-382.

Atikokan (Eye-Dashwa Lakes granite)

Stone, D., 1984. Summary of geoscience work at the AECL research site near Atikokan, Ontario.
Atomic Energy of Canada Ltd., report AECL-7815.

Hillary, E.M., 1982. Geometric representation of subsurface fracturing in boreholes ATK-1, ATK-2,
ATK-3, ATK-4 and ATK-5, Atikokan, northwestern Ontario (RA 4). Atomic Energy of Canada Ltd.,
report AECL TR-182.

Kerrich, R., 1984. Chronology and ambient temperature/pressure conditions of fluid flow through
the Eye-Dashwa Lakes pluton based on the 18 O/16 O ratio and fluid inclusions. Atomic Energy of
Canada Ltd., report AECL TR-267.

Kerrich, R., Kamineni, D.C., 1985. Oxygen and hydrogen isotope study of fracture-related fluid flow

in the Eye-Dashwa lakes pluton, Atikokan, northwestern, Ontario. Atomic Energy of Canada Ltd.,
report AECL TR-361.
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Soonawala, N.M., Huang, C.-F., Fogarasi, S., Hayles, J.G., 1987. Geophysical structural discontinuity
mapping and overburden depth determinations at the Atikokan research area: 1985. Atomic Energy
of Canada Ltd., report AECL TR-399.

Gibb, R.A., Nagy, D., Coderre, J., Fogarasi, A., Thomas, M.D., 1988. Gravity surveys and interpreta-
tion, Eye-Dashwa Lakes pluton, Atikokan (RA-4), Ontario. Atomic Energy of Canada Ltd., report
AECL TR-438.

Whiteshell (Lac du Bonnet granite)

Stone, D., Kamineni, D. C., Brown, A., 1984. Geology and fracture characteristics of the under-
ground research laboratory lease near Lac du Bonnet, Manitoba. Atomic Energy of Canada Ltd.,
report AECL TR-243.

INTERA Ltd, 1985. Hydrogeological modelling of the underground research laboratory site:
characterisation and prediction. Atomic Energy of Canada Ltd., report AECL TR-345.

Ejeckam, R.B., Kamineni, D.C., Stone, D., Thivierge, R.H., 1988c. Surface and subsurface geology of
permit area G in Lac du Bonnet batholith, Manitoba. Atomic Energy of Canada Ltd., report AECL
TR-462.

Ophori, D.U., Stevenson, D.R., Gascoyne, M., Brown, A., Davison, C.C., Chan, T., Stanchell, F.W.,
1995. Revised model of regional groundwater flow of the Whiteshell Research Area: Summary.
Atomic Energy of CanadaLtd., report AECL-11286.

Stevenson, D.R., Brown, A., Davison, C.C., Gascoyne, M., McGregor, R.G.,Ophori, D.U., Scheier, N.W.,
Stanchell, F., Thorne, G.A., Tomsons, D.K., 1996a. A revised conceptual hydrogeologic model of a

crystalline rock environment, Whiteshell Research Area, Southeastern Manitoba, Canada. Atomic
Energy of Canada Ltd., report AECL-11331.

Stevenson, D.R., Kozak, E.T., Davison, C.C., Gascoyne, M., Broadfoot, R.A., 1996b. Hydrogeologic
characteristics of domains of sparsely fractured rock in the granitic Lac du Bonnet Batholith,
Southeastern Manitoba, Canada. Atomic Energy of Canada Ltd., report AECL-11558.

Tomsons, D.K., Lodha, G.S., Street, P.J., Auger, J.L.F., 1995. A Bouger gravity anomaly map and
geophysical interpretation of the geometry of the Lac du Bonnet batholith, Whiteshell Research
Area, Southeastern Manitoba. Atomic Energy of Canada Ltd., report AECL TR-633

Underground Research Laboratory (URL)

Read, R.S., 1990. Methodology for the acquisition, analysis and presentation of geological data from
the Underground Research Laboratory subsurface drilling program. Volume I and Volume II.
Atomic Energy of Canada Ltd., report AECL TR-484.

Guvanasen, V., Reid, JA.K., Nakka, B.W., 1985. Predictions of hydrogeological perturbations due to
the construction of the Underground Research Laboratory. Atomic Energy of Canada Ltd., report
AECL TR-344.

Stone, D., Kamineni, D.C., 1988. Structural analysis of the thrust fault at a depth of 271 to 275
meters in the underground research laboratory shaft. Atomic Energy of Canada Ltd., report AECL
TR-461.

Frost, L.H., 1997. Underground Research Laboratory Shaft Excavation Drawdown Experiment:
Estimate of hydraulic parameter values for moderately fractured rock. Atomic Energy of Canada
Ltd., report AECL TR-751.
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Everitt, RA., Chernis, P.J., Woodcock, D.R., 1995. Compilation of fracture zones, lithostructural
domains and alteration haloes from surface and subsurface geological information for the Under-
ground Research Laboratory. Atomic Energy of Canada Ltd., report AECL TR-534.

Gascoyne, M., Stroes-Gascoyne, S., Porth, R.J., Watson, R.L., 1996. Investigation of the development
of a salt-halo around excavations at the Underground Research Laboratory, Manitoba. Atomic
Energy of Canada Ltd., report AECL TR-733.

Young, R.P., Callins, D.S., 1997. Acoustic emission/microseismic research at the Underground
Research Laboratory, Canada (1987-1997). Ontario Hydro Report No.: 06819-REP-01200-0045-R00.

Martino, J.B., Thompson, P.M., Chandler, N.A., Read, R.S., 1997. The In Situ Stress Program at
AECL’s Underground Research Laboratory, 15 years of research (1982—-1997). Ontario Hydro
Report 06819-REP-01200-0053-R00.

Martino, J.B., 2000. A review of excavation damage studies at the Underground Research Labora-
tory and the results of the excavation damage zone study in the tunnel sealing experiment. Ontario
Power Generation Report 06819-REP-01200-10018-R00.

Haveman, S.A., Stroes-Gascoyne, S., Hamon, A., Delaney, T.L., 1995. Microbial analysis of ground-
waters from seven boreholes at AECL's Underground Research Laboratory. Atomic Energy of
Canada Ltd., report AECL TR-534.

Stroes-Gascoyne, S., 1997. Microbial aspects of the Canadian used fuel disposal concept — Status of
current knowledge from applied experiments. Ontario Hydro, Report No.: 06819-REP-01200-0026-
ROO.

Ohta, M.M., Chandler, N.A., 1997. AECL's Underground Research Laboratory: Technical achieve-
ment and lessons learned. Atomic Energy of Canada Ltd., report AECL-11760.

9.2.3 General, performance assessment

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, inasimilar,
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.qg. Whitaker et al 1994, Davison et al 1994a, 1994b,
Goodwin et al 1994, Russell et al 1997) and apreliminary safety assessment (summar-
ised in Wikjord et al 1996) 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 AECL 1990.

Whitaker, S.H., Brown, A., Davison, C.C., Gascoyne, M., Lodha, G.S., Stevenson, D.R., Thorne, G.A.,
Tomsons, D., 1994. AECL strategy for surface-based investigations of potential disposal sites and
the development of a geosphere model of a site. SKB TR 94-18, Svensk Kéarnbréns ehantering AB.
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Davison, C.C., Brown, A., Everitt, R.A., Gascoyne, M., Kozak, E.T., Lodha, G.S., Martin, C.D.,
Soonawala, N.M., Stevenson, D.R., Thorne, G.A., Whitaker, S.H., 1994a. The disposal of Canada’s
nuclear fuel waste: Site screening and site evaluation technology. Atomic Energy of Canada Ltd.,
report AECL-10713.

Davison, C.C., Chan, T., Brown, A., Gascoyne, M., Kamineni, D.C., Lodha, G.S., Melnyk, T.W.,
Nakka, B.W., O'Connor, P.A., Ophori, D.U., Scheier, N.W., Soonawaa, N.M., Stanchell, FW.,
Stevenson, D.R., Thorne, G.A., Vandergraaf, T.T., Vilks, P., Whitaker, S.H., 1994b. The disposal of
Canada’s nuclear fuel waste: The geosphere model for postclosure assessment. Atomic Energy of
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10 Broader context

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 citationsin earlier
Chapters, except as examples or outlines of research published in technical reports.
Since thetitles 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 SK1 and others.

10.1 SKB conceptual studies and planning

10.1.1 KBS-3 concept, siting process, evaluation criteria

KBS 1983. Final Storage of Spent Nuclear Fuel — KBS-3. Swedish Nuclear Fuel Supply Co./Division
KBS.

SKB 1992b. FUD-Program 92. Kiirnkraftavfallets behandling och sluférvaring. Svensk
Ké&rnbrénd ehantering AB.
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Ké&rnbrénd ehantering AB.
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utveckling 1999-2004. Svensk Karnbréns ehantering AB.

Siting process

Scherman, S., 1978. Forarbeten till platsval, berggrundsundersokningar. KBS TR 60, Svensk
Ké&rnbrénd ehantering AB.

Tunbrandt, S., 1992. Sammanstillning och analys av tillimpliga lagar vid lokalisering av ett
djupforvar for anviint kiirnbrinsle. SKB PR 44-923-008. (tidigare nr LOK 92-08), Svensk
Ké&rnbrénd ehantering AB.
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