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This Summary Report describes the Finnish programme for the selection and characterisation of potential sites for the
deep disposal of spent nuclear fuel and explains the process by which Olkiluoto has been selected as the single site
proposed for the development of a spent fuel disposal facility. Its aim is to provide an overview of this process,
initiated almost twenty years ago, which has entered its final phase. It provides information in three areas: a review of
the early site selection criteria, a description of the site selection process, including all the associated site charac-
terisation work, up to the point at which a single site was selected and an outline of the proposed work, in particular
that proposed underground, to characterise further the Olkiluoto site.

In 1983 the Finnish Government made a policy decision on the management of nuclear waste in which the main
goals and milestones for the site selection programme for the deep disposal of spent fuel were presented. According to
this decision several site candidates, whose selection was to be based on careful studies of the whole country, should
be characterised and the site for the repository selected by the end of the year 2000. This report describes the process
by which this policy decision has been achieved.

The report begins with a discussion of the definition of the geological and environmental site selection criteria and
how they were applied in order to select a small number of sites, five in all, that were to be the subject of the
preliminary investigations. The methods used to investigate these sites and the results of these investigations are
described, as is the evaluation of the results of these investigations and the process used to discard two of the sites
and continue more detailed investigations at the remaining three.

The detailed site investigations that commenced in 1993 are described with respect to the overall strategy followed
and the investigation techniques applied. The consequence of the change in primary legislation that resulted in spent
fuel from the Loviisa power plant having to be disposed of in Finland, with the result that the island of Hastholmen
was added to the list of potential disposal sites, is explained. The results of these detailed investigations are
discussed in terms of the development of lithological and structural models of these sites, and with reference to the
development of an understanding of their hydrogeological and hydrochemical environments and the generation of
groundwater flow and hydrochemical models. These last two subjects are discussed with reference to their significance
for spent fuel disposal. In addition, the constructability of the rock mass at these sites is described, including how a
repository could be fitted into the rock mass, taking into account site-specific factors, in particular the location and
orientation of fracture zones. The constructability of the Olkiluoto site is described in more detail. Other factors that
could be of significance for site selection, namely future climate change and seismicity, are also discussed.

The selection of Olkiluoto from these four sites is described with reference to the requirements of a disposal site, as
specified by Government, and to factors such as long-term safety, the feasibility of repository development, the
possibility of repository enlargement, repository operation, social acceptance, land usage and the environmental
burden, infrastructure and costs. The conclusions of this analysis and the special issues at Olkiluoto, namely the
presence and significance of saline water at depth and the modelling of groundwater flow, are discussed. The further
investigations at Olkiluoto, in particular the main aspects to consider when planning the UCRF (Underground Rock

haracterisation Facility) at the site, are presented with the aim of indicating the type of work that still needs to be
done in order to demonstrate that a disposal facility can be constructed and operated safely at Olkiluoto.

Avainsanat - Keywords

spent fuel, disposal, final repository, site characterisation

ISBN
ISBN 951-652-101-0

ISSN

ISSN 1239-3096

Sivumaara -T imber ot pages

224
Kieli - Language

English



Posiva-raportti - Posiva Report Raportin tunnus ~Report code

POSIVA 2000-15
Töölönkatu 4, FIN-00100 HELSINKI, FINLAND Julkaisuaika - Date
Puh. (09) 2280 30 - Int. Tel. +358 9 2280 30 D e c e m b e r 2 0 0 0

Tekijä(t) - Author(s)

Tim McEwen, EnvirosQuantiSci, UK
Timo Äikäs, Posiva Oy

Toimeksiantaja(t) - Commissioned by

Posiva Oy

Nimeke-Title
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Tiivistelmä - Abstract

Raportissa on esitetty yhteenveto työstä loppusijoituspaikan valitsemiseksi Suomessa energiatuotannon seurauksena
syntyneelle käytetylle uraanipolttoaineelle ja läpikäydään arviointi- ja valintaprosessi, jonka perusteella Eurajoen
Olkiluoto on valittu loppusijoituslaitoksen paikaksi. Raportin tarkoituksena on antaa yleiskuva prosessista, joka aloi-
tettiin iähes kaksikymmentä vuotta sitten ja on nyt edennyt loppuvaiheeseensa. Raportin sisältö on jaettu kolmeen
osaan: alkuvaiheessa käytetyt aineisto ja valintaperusteet tutkimusalueiden paikantamiseksi, kuvaus sijoituspaikka-
tutkimuksista ja niiden aikaisista valintavaiheista sekä päätyminen yhden alueen valintaan ja näkemyksiin jatkotutki-
muksesta Olkiluodon kallioperäominaisuuksien varmentamiseksi.

Valtioneuvosto linjasi päätöksessään vuonna 1983 päätavoitteet ja aikataulun suomalaiselle ydinjätehuollolle ja nun
muodoin myös sijoituspaikan valinnalle käytetyn polttoaineen loppusijoittamiseksi. Päätöksen mukaan koko maan
käsittävän huolellisen alueseulonnan perusteella oli valittava useita tarkoitukseen soveltuvia kallioalueita kallio-
perätutkimusten kohteeksi ja valittava näiden joukosta sijoituspaikka vuoden 2000 Ioppuun mennessä. Raportissa
kuvataan, miten valtioneuvoston päätöksen linjaukset on toteutettu.

Raportin alkuosassa kuvataan, miten geologiset ja ympäristöön liittyvät valintakriteerit määriteltiin ja miten niitä
sovellettiin tutkimusalueiden valinnassa. Alustaviin paikkatutkimuksiin valittiin kaiken kaikkiaan viisi aluetta. Näi-
den tutkimuksessa käytetyt menetelmät ja saadut tulokset on selostettu raportissa. Samoin on selostettu saatujen
tulosten arviointia sekä miten tutkimusaluejoukkoa rajattiin ja tutkimuksia jatkettiin kolmella tutkituista viidestä
alueesta.

Yksityiskohtaiseen paikkatutkimusvaiheeseen edettiin vuonna 1993. Tämän vaiheen kokonaistavoitteet sekä tutki-
musmenetelmät on selostettu raportissa. Ydinenergialain muutoksen seurauksena ydinjätteet on loppusijoitettava
Suomessa ja käytetyn polttoaineen palauttaminen Loviisan voimalaitokselta lopetettiin sekä Hästholmenin saari
lähialueineen liitettiin paikkatutkimusten piiriin mahdollisena loppusijoituspaikkana muiden kolmen tutkimusalueen
rinnalle. Yksityiskohtaisten paikkatutkimusten tuloksista on erityisesti käsitelty alueiden litologiaa ja rakennetta
kuvaavien mallien kehittämistä sekä hydrogeologisten ja pohjavesikemian olosuhteiden ymmärtämiseksi tehtyä työtä.
Näiden avulla on laadittu kattavat pohjaveden virtausmallit sekä pohjaveden kemiallisia olosuhteita kuvaavat mallit
ja tarkasteltu olosuhteiden merkitystä Ioppusijoituksen eri näkökohtien kannalta. Edellä mainittujen Iisäksi kallion
rakennettavuuteen vaikuttavia tekijöitä on tarkasteltu mukaanlukien, miten itse loppusijoitustilat voitaisiin asemoida
kunkin alueen kallioperään geologiset rakennetekijät huomioiden. Olkiluodon osalta rakennettavuus on esitetty muita
yksityiskohtaisemmin. Paikan valintaan mahdollisesti vaikuttavia tekijöitä, kuten tulevaisuuden ilmastokehitystä ja
seismisyyttä, on myös tarkasteltu.

Tutkittua neljää aluetta ja Olkiluodon valintaa loppusijoituspaikaksi on arvioitu pitäen silmällä loppusijoituspaikalta
vaadittavia ominaisuuksia, joita on esitetty valtiovallan taholta, ja jotka liittyvät Ioppusijoituksen turvallisuuteen,
rakennettavuuteen, maanalaisten kalliotilojen laajennusmahdollisuuksiin, laitoksen käyttöön, yhteiskunnalliseen
hyväksyttävyyteen, maankäyttöön ja ympäristörasitukseen, infrastruktuuritekijöihin ja kustannuksiin. Arvio ja sen
johtopäätökset on käsitelty raportissa. Olkiluodon osalta on läpikäyty sen erityisominaisuuksia, jotka liittyvät suolai-
sen pohjaveden esiintymiseenja sen merkitykseenpohjavesivirtaukseen ajan myötä. Raportissa on esitetty näkemyk-
siä jatkotutkimuksista Olkiluodossa ja indikoitu tekijöitä, jotka on hyödyllistä ottaa huomioon suunniteltaessa
maanalaisia tutkimustiloja, ja osoitettaessa, että loppusijoituslaitos voidaan rakentaa Olkiluodon kallioperään
vaaditulla tavalla ja laitosta voidaan käyttää turvallisesti.
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1 INTRODUCTION TO AND HISTORY OF THE SITE
SELECTION PROGRAMME

The early plans for spent fuel management were already being developed in Finland during
the construction phase of the Finnish nuclear power plants at Olkiluoto and Loviisa. The
work associated with the geological disposal of low and medium level wastes commenced
in 1979 and resulted in the construction of underground repositories at both power plants.
The experience of implementing these repository proj ects also provided a good basis for the
management of spent fuel.

The original agreement for the Loviisa power plant was to return the spent fuel to the Soviet
Union and this took place until 1996. The studies into the available options for the
management of the spent fuel from the Olkiluoto power plant were initiated in the mid
1970s. Deep geological disposal was considered as one of the potential alternatives, and
systematic studies of the feasibility of deep disposal were started in 1978. The first
feasibility study exploring the disposal system based on multiple barriers and their long-
term safety was published in 1982.

In 1983 the Finnish Government made a policy decision on nuclear waste management in
which the main goals and milestones for the site selection programme for the deep disposal
of spent fuel were presented. According to this decision, several candidate sites, whose
selection was to be based on careful studies of the whole country, should be characterised
and the site for the repository selected by the end of the year 2000.

The work on spent fuel disposal was initially carried out by Teollisuuden Voima Oy (TVO)
for the Olkiluoto power plant. Fortum Power and Heat Oy, who own the Loviisa power
plant, joined TVO's programme in 1995 after the amendment of the Nuclear Energy Act,
the result of which was to prevent the return of spent fuel to Russia, so that its disposal was
also to take place in Finland. In 1996 the power companies founded Posiva Oy to continue
the programme aimed at deep disposal.

The site selection programme in Finland was designed to be a steady, pragmatic process
resulting in the section of one site for which a repository safety case would be developed.
The whole selection and repository development process was predicted in 1982 to last until
the year 2000 and, throughout the process, TVO' s (and later Posiva's) disposal programmes
have been open to public scrutiny, which has resulted in a generally good level of public
support.

The programme to select a single site for the disposal of spent fuel has been divided into
three stages (TVO 1992b; Posiva 1999) and has, thereby, followed the guidelines given by
the Government in 1983:

• 1983-1985 site identification surveys, to select sites for preliminary investigations,
• 1986-1992 preliminary site investigations in a number of potentially suitable bedrock

areas and
• 1993-2000 detailed site investigations in a small number of areas which, on the basis of

the preliminary investigations, were considered to be the most suitable.



This Summary Report describes the Finnish programme for the selection and characterisa-
tion of potential sites for the deep disposal of spent nuclear fuel. The aim is to give an
overview of the process initiated almost 20 years ago, which has entered to its final phase.
The report:
• reviews the early site selection criteria,
• discusses the process of site selection and the associated site characterisation up to the

point at which a single site was selected and
• discusses the future work, in particular that proposed underground at the single site

recently selected for the repository at Olkiluoto.

Site identification

The initial screening used geological factors to define several hundred areas of Finland that
displayed potentially suitable geological characteristics. This process used satellite photos
(Landsat-1 images in summer and winter) and aeromagnetic and gravimetric maps to
examine the large-scale pattern of faults and fracture zones within the basement rocks.
Based on this analysis, areas were selected for more detailed investigation using aerial
photos, regional geophysical interpretations and large-scale geological maps. At this stage
visits were made to selected areas to allow more accurate comparative assessments to be
made.

The geological factors considered in the selection of areas for investigation at this stage
were associated mainly with the fracturing and faulting patterns. Many of the other factors
included in lists of recommended factors from the IAEA and the NEA (IAEA 1977; NEA
1977), such as topography, seismic activity and erosion, are not particularly significant in
the Finnish context, although seismic activity up to magnitude M 4.9 has been recorded in
Finland over the last 300 years (Vuorela & Hakkarainen 1982). The fracture zones and faults
were classified in terms of their persistence, width and magnitude.

The initial screening in the site selection programme used geological factors to define
several hundred areas of Finland that displayed potentially suitable geological characteris-
tics. These areas were termed Target Areas. The main objective at that time was to identify
large, tectonically stable blocks of the rock, bounded by large fracture zones. 327
polygonal-shaped regions, described as blocks, were defined using this process, with most
of these regions having areas in the range 100-200 km2.

The subsequent stages in the process of reducing the areal extent of these regions and
defining potentially suitable areas for investigation are summarised in Fig. 1-1 and are
discussed in detail in Sections 2 to 4. Having defined the 327 regions, environmental and
transport factors were then applied to reduce their number and areal extent. These
environmental factors were divided into two types, those that were used as exclusionary
criteria and those that were described as being desirable, but not absolutely necessary. The
exclusionary criteria were related to groundwater controlled areas, population density and
national environmentally protected areas. The factors which were described as being
desirable, but not essential, were related to transport links.

There was a substantial consideration of the transport implications, as large parts of Finland
are very sparsely populated with few roads and railway lines. The analysis of transport
routes considered such factors as the weight limit on bridges.



With reference to land ownership, it was thought desirable to have as few landowners as
possible, and preferably one owner. This was due to the potentially protracted system of
obtaining permission for site investigations, and in addition it was thought preferable if the
single landowner were either the Government or a large company, as this would make any
negotiations more practical. The existence of one large landowner would also make it less
likely that a change in ownership would result in a withdrawal of the investigation permit.

GENERAL GEOLOGICAL STUDIES

• GENERAL APPLICABILITY OF FINNISH BEDROCK
FOR FINAL DISPOSAL OF SPENT FUEL

1980-1982

SITE SELECTION STUDIES

REGIONAL STUDY

• SATELLITE PHOTO INTERPRETATION
• GEOLOGICAL AND GEOPHYSICAL MAPS
• IDENTIFICATION OF BEDROCK BLOCKS (100-200 KW|2)

1983

327 REGIONAL BLOCKS

EVALUATION OF ENVIRONMENTAL FACTORS

• POPULATION DENSITY AND TRANSPORT CONNECTIONS
• PRESERVATION AREAS AND GROUNDWATER BASINS
• LAND USE PLANS

162 REGIONAL BLOCKS 1984

GEOLOGICAL STUDIES OF REGIONAL BLOCKS

• SATELLITE PHOTO INTERPRETATION
• FIELD CHECKING

61 REGIONAL BLOCKS

IDENTIFICATION OF INVESTIGATION AREAS (5-10 Kl«2)

• STEREO INTERPRETATION OF AERIAL PHOTOS
• INTERPRETATION OF TOPOGRAPHIC MAPS
• CLASSIFICATION OF FRACTURE ZONES

134 INVESTIGATION AREAS

GEOLOGICAL CLASSIFICATION

• FIELD CHECKING
• COMPILATION AND
EVALUATION OF DATA

STUDIES OF ENVIRONMENTAL
FACTORS

• POPULATION DENSITY
• LAND OWNERSHIP
• TRANSPORT

1985

101 POTENTIAL INVESTIGATION AREAS

EVALUATION BY AUTHORITIES 1986

85 POTENTIAL INVESTIGATION AREAS

SELECTION OF INVESTIGATION AREAS FOR FIELD STUDIES

• GEOLOGICAL VARIATION (MAIN FORMATION UNITS)
• ENVIRONMENTAL FACTORS

5 INVESTIGATIONS AREAS FOR
PRELIMINARY SITE INVESTIGATIONS

1987

Figure 1-1. Outline of the site selection programme from 1983 to the selection of five sites for
preliminary investigations in 1987.



The target areas were classified into three classes. Class 1 target areas, which were
considered the most promising, were associated with minimal population levels, good
transport links and no cultivated regions. Only Class 1 and 2 target areas were taken forward
to the next stage. After this process 162 target areas remained. Further geological studies
were undertaken, in which target areas were classified into five classes and, as a result of
this process, the number was reduced to 61.

The size of an area for investigation (5-10 km2) was considered large enough to host a
repository (Fig. 1-2) and would represent an area in which the majority of any site
characterisation work would be carried out. 134 sub-areas, termed Investigation Areas,
were selected from within the 61 target areas. Within these areas further geological analysis
and classification and studies of environmental factors were carried out. These areas were
placed into four categories and thirty-three investigation areas, lying in the lowest category,
were eliminated from consideration.

Repository Area
0.4 x 0.7 km

Investigation Area

Regional Block
".Target Area"

Figure 1-2. Outline of the process of site selection in Finland.



The approach applied to select the areas for investigation, using the distribution of fracture
zones within Finland (the pattern was described by TVO as being a mosaic), was found not
to be applicable in coastal areas, since no information was available on fracture zones
offshore. TVO was keen to have as large a range of different environments for analysis, and
they were therefore interested in considering coastal sites. The Olkiluoto reactor site was
included at this stage as a special case, because a large amount of information was available
on the site from the site investigation for the LLW/ILW repository and waste transport
would be minimised. Two special reports were produced for this site on its geology and
hydrogeology and overall suitability (Hakkarainen 1985; Kuivamaki & Vuorela 1985).

The sieving process had resulted in a large number of candidate sites which, based on their
overall geological characteristics, such as rock types, fracturing and topography, were fairly
similar. On the limited information available on the investigation areas, there was little to
choose between them in terms of their expected long-term performance. In 1985 the TVO-
85 safety assessment (TVO 1985) was published, which indicated that the geological
environments of the potential candidate sites offered the possibility of safe disposal. The
emphasis of the site selection programme was, therefore, directed more towards other
attributes, such as public acceptance and land ownership, and a pragmatic approach was
followed.

During the preparation of the new Nuclear Energy Act, a process which had started in the
1980s, it had become obvious that a prerequisite for selecting a disposal facility would be
that it was acceptable to the host municipality. Without this acceptance no repository could
be developed. TVO contacted all municipalities containing potential investigation areas,
with the aim of discussing with them the possible future site characterisation programmes.
The objective of this consultation exercise was to explore the possibility of selecting
municipalities who might be willing to host a deep repository, or at least commit themselves
to a long-term programme of site characterisation.

TVO also carried out discussions with major land owners, such as the Forest and Park
Service, who were responsible for much of the government-owned land. Areas owned by
a great number of land owners were downgraded, as there were so many potential
investigation areas available. Within the group of potential preliminary investigation areas
almost 50% had land owners who were likely to allow the site investigations to take place.

Preliminary site investigations

TVO were confident in being able to select 5-7 sites for preliminary site characterisation at
the end of 1985. However, the Ministry of Trade and Industry, which is the highest licensing
authority in Finland, asked TVO "not to restrict the number of areas under study by using
their own criteria" and requested that TVO should publish a list of all the investigation areas
at the end of 198 5. Their initial recommendation also was that each of the investigation areas
that had been selected for the preliminary site investigations should be investigated in a
sequential, but overlapping manner, with the investigations at each of these five sites being
started at intervals of a few months.

The published 101 investigation areas were subsequently examined by the Ministry of the
Environment. This examination reduced the number of areas to 84, since the Ministry had
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access to as yet unpublished regional plans. The Finnish Radiation and Nuclear Safety
Authority (STUK) also carried out a review of the site selection work. In their review STUK
stated that the investigation areas selected for preliminary site investigations should
include, as much as possible, a representative sample of the different geological environ-
ments (STUK 1987).

Based on the discussions between TVO and the municipalities, the first area for site
investigation was announced in March 1986 in the Ikaalinen municipality. After a few
weeks, however, local opposition grew to such a level that preparations for the site
characterisation as well as for other related, local work were interrupted. The Chernobyl
incident that took place in May of the year made the discussions with the communities more
difficult still.

The effect of these events was to change the approach that was being followed by TVO from
one which was very pragmatic, to one that was a more circumspect, in which presentations
were made to representatives of the various municipalities which contained areas of
interest. The aim of this work was to gain a clearer indication of the commitment to the
programme from interested municipalities. The presentations covered the extent of the site
investigations that were planned, the time table in terms of any repository development and
the implications for repository development in terms of local employment and other
potential socio-economical benefits.

Five sites representing different geological environments were selected for preliminary site
characterisation in 1987. There had been a good measure of public support for the site
selection process, at least as far as this stage, but there were, even then, initial indications
that some communities, although permitting site investigations to take place, might well be
less inclined to accept the choice of their area for the final repository.

The five sites, although different geologically, were comprised mainly of felsic (acidic)
rocks. The selection of rock types was regarded by some reviewers as somewhat limited due
to the absence of mafic (or basic) rock types. In 1990 The Ministry of Trade and Industry
asked TVO to draw up a programme for investigating regions of basic rock, even though
the Finnish Geological Survey had had very good reasons for discarding such areas early
in the sieving process, because they tend to be associated with mineral deposits and also are
present as relatively small inhomogeneous masses. TVO subsequently studied these basic
formations and issued a report on this study in June 1993 (TVO 1993a). This study was
complemented by a further requirement to prepare an inventory of all basic rock formations
and to review their potential for siting a deep repository (Posiva 1996g).

TVO hoped to minimise the impact of the next stage in the site selection process, in which
these five sites had to be reduced in number to two or three, which would then be
investigated in more detail. Towards the end of 1992 they had intended to discard two or
three of the sites, but to do this in such a way that the remaining sites did not feel that they
have been singled out for special treatment. TVO believed that the selection of sites at this
stage was likely to be driven by two main factors:
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1. Sites with as simple a geology as possible needed to be chosen so that the uncertainties
associated with the development of the safety assessment could be kept within
acceptable limits, assuming a reasonable amount of site investigation and modelling
work. A site with a simple geology would result in a simpler site investigation and
simplify the presentation of the safety case.

2. The sites investigated to date tended to be so similar geologically that other factors
needed to be introduced in order to choose between them. The factors that were thought
to be of most interest in this regard were the impact on the local community and the
potential supply of a local labour force for what could be a major development in a
relatively unpopulated area. These two factors were considered to be of prime impor-
tance in considering the impact that any repository development could have. Important
factors, such as waste transport, had already been considered in the selection of the five
sites under investigation.

The results from the preliminary investigations over the period from 1987-1992 were used
in the safety assessment TVO-92 (Vieno et al. 1992). Preliminary lay-outs for a deep
repository were also drawn up based on the bedrock models developed. The evaluation of
the results of the site investigations and the results of the preliminary safety assessments
suggested that all the sites were potentially suitable. Two of the sites, Syyry and Veitsivaara,
were, however, considered to be more complex in terms of their ease of investigation (or
investigability) (TVO 1992b) and were therefore excluded from the further consideration.

Detailed site investigations and selection of site

The three remaining sites, Olkiluoto, Romuvaara and Kivetty, had been selected for detailed
site investigations over the period 1993-2000 and it was planned to select a site (or possibly
sites) for the spent fuel repository by 2000. An interim report on the progress of the site
characterisation programme, as well as on the safety assessment and the R&D programme
on disposal technology was carried out in 1996 (Posiva 1996a). The safety assessment
TILA-96 (Vieno & Nordman 1996) did explore site-specific issues but also maintained a
balance between the use of site information and conservative assumptions.

In 1994 a decision was taken to cease the shipment of spent fuel to Russia from the Loviisa
power plant and preparations were initiated for the disposal of its spent fuel in Finland. A
considerable amount of information was already available on the geological environment
at Loviisa and in 1995 the potential of the power plant area was considered for the purposes
of disposal. A pre-feasibility study for the island of Hastholmen at Loviisa was completed
which produced positive results and, therefore, the four candidate sites of Olkiluoto,
Romuvaara, Kivetty and Hastholmen were investigated over the period from 1997 to 1999.

In 1999, when the site selection programme was approaching its planned completion,
Posiva submitted an application for the Government's Decision in Principle (DiP). This is
a "policy decision" required by the Nuclear Energy Act before any significant nuclear
facility can enter the phase of implementation. Posiva announced in the application that they
had decided to proceed with more detailed investigations only at Olkiluoto. The application
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was complemented by the reports describing the characterisation and evaluation of the four
candidate sites (Anttila et ah 1999a,b,c,d), as well as by the safety assessment TILA-99
(Vieno & Nordman 1999). The conclusion of TILA-99 was that all four sites could provide
the geological environment necessary for safe disposal of the spent fuel, and that none of
the sites could be considered as being superior in comparison with the other sites. The
reporting and safety assessment were subsequently reviewed by STUK, who accepted the
choice of Olkiluoto as the potential repository site and made recommendations to the
government as to the next stage of the repository development programme (STUK 2000).
The Eurajoki local municipality also accepted the choice of Olkiluoto as being the selected
site for the development of a deep repository.
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2 GEOLOGICAL SITE SELECTION CRITERIA

At an early stage of the Finnish site selection programme the Geological Survey of Finland
(GTK) was requested to carry out a review of the geological factors associated with the deep
disposal of radioactive waste (Niini et al. 1982). International recommendations regarding
the geological setting of a repository for spent fuel were first published by the OECD/NEA
in 1977 (NEA 1977) and include those for disposal in salt domes, argillaceous sequences,
crystalline rocks and volcaniclastic deposits. Similar documents on the selection of deep
disposal sites was also provided by the IAEA (IAEA 1977).

Niini et al. (1982) discussed these NEA (NEA 1977) recommendations with reference to
the conditions in the Finnish bedrock. The objective of the investigation by Niini et al.
(1982) was to analyse and compare those geological factors that were considered to be
important for the final disposal of spent fuel in Finland. The aim was to study Finland as a
whole and, in addition, to consider one example site, namely the Olkiluoto area. The results
of international work were also included in this review.

This review formed one part of the geological investigations carried out for radioactive
management and was limited to the geological criteria associated with the final disposal of
spent fuel. It was also limited to the disposal of spent fuel in crystalline rocks, as the most
recent sediments in Finland are in excess of 1000 Ma. The geology of Finland is dominated
by extremely old basement complexes. Surface and near-surface sediments in Finland are
all young, being either glacial or post-glacial and the soil is generally thin, normally < 10 m.
Data from the 4700 shallow boreholes in Finland showed that the mean soil thickness was
3-4 m with the greatest thickness being 104 m.

The initial programmes concerning the final disposal of spent fuel, which were presented
in Peltonen & Rouhiainen (1980a) and in Ryhanen et al. (1981), indicated that the actual
geological site selection investigations (and the more detailed studies on the target areas)
were not to be launched before the late 1980s. In advance of these investigation is was felt
necessary to review the existing geological information of importance for deep disposal,
both in Finland and overseas, and the report by Niini et al. (1982) represented the first in
this series of geological studies.

This review was based mainly on available maps and published material, took one year to
complete and provided an initial basis for the geological work that followed subsequently.
The analysis carried out by Niini et ah (1982) is similar in several respects to the current
development of FEP lists and the subsequent scenario analysis, although Niini et al.'s
analysis was less structured and did not involve any modelling.

Finnish bedrock as geological environment for deep repository

Niini et al. (1982) developed a classification of the rock mass in Finland and the factors that
influenced its suitability for disposal purposes. The factors that were selected as being of
relevance in this regard are listed in Table 2-1.
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Rock masses were classified according to their rock types and mineralogy. Structures in the
rock masses were classified according to whether they were plastic {i.e. schistose and
gneissose structures) or brittle structures (i.e. fault zones, fracture zones, etc.). Plastic
structures were not considered in any detail, as they were not thought to be of great
significance. Brittle structures were, however, considered important due to their influence
on the flow of groundwater and were classified in terms of their length, shape, width, etc.
A review of international research on disposal in crystalline rocks, in particular that in
Sweden, the USA and Canada, was incorporated into the Finnish programme. By studying
overseas programmes in other countries Niini et al. (1982) came to the same conclusions
as those researchers in other countries regarding the significance of fractures and fractures
zones in determining the hydraulic conductivity of a crystalline rock mass.

Following their analysis of brittle structures, Niini et al. (1982) also examined the varying
morphology of Finland to see what use could be made of it in determining the structures that
might exist beneath the glacially covered surface, as the majority on Finland is poorly
exposed with exposure levels inland of only a few percent (Table 2-2).

It was decided to try and set up a rock quality classification system in order to be able to
subdivide the rock mass into more and less suitable components. It was not until later in the
disposal programme, however, that it was decided to apply the Finnish engineering
geological classification system which allows rock masses to be classified in terms of their
structures (although the classification existed already, as it was created in 1973/1975
(Korhonen et al. 1974; Gardemeister et al. 1976). The significance of the available data on
rock properties was related by Niini etal. (1982) to their significance in terms of spent fuel
disposal, e.g. the hydrogeological properties of the intact rock in comparison with those of
fracture zones.

A review was also carried out of the general geological conditions in Finland and the types
of geological formations that could prove suitable for disposal purposes. Using the existing
geological maps (at that time at a scale of 1:100,000) the main bedrock units were defined.
Formations that were unlikely to prove suitable and structures that were likely to cause
problems (e.g. large fault zones, zones of extensive schist development, etc.) were also
identified.
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Table 2-1. Geological factors considered initially in the classification of rocks fordisposalpurposes

(from Niini et al 1982).

Geological factors of relevance for deep disposal of radioactive waste

Conditions and material properties:

i) Structures and formations (location, size, shape, etc.)
• Surface formations
• Rock structures and formations:
- plastic rock structures: intrusive, fold and schistosity structures
- fragmentary rock structures: faults, crush zones and fracture cleavage
- morphological, or weathering and erosional deposits

ii) Physical and chemical properties
• Material properties of near-surface soils and rocks: mineral, mechanical and thermal properties and

suitability for construction
• Material properties of rock masses: hydrogeological, sorption properties, strength, deformation and

thermal properties and suitability for construction

Geological processes:

i) Slow and steady natural phenomena:
- groundwater flow
- weathering
- erosion and sedimentation
- creep

ii) Slow periodical phenomena:
- orogeny
- sea-level changes due to, for example, glacial effects
- epeirogenetic movements of the earth's crust

iii) Rapid periodical processes

iv) Sudden catastrophic phenomena:
- earthquakes
- volcanic eruptions
- floods
- meteorites

v) Geological changes caused by human activities:
- results of earth and rock construction (excavation etc.)
- results of waste behaviour (heat generation)
- non-deliberate results of other human activities (wars etc.)
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Table 2-2. Tectonic and topographic structures in Finnish bedrock considered in the classification
by Niini et al. (1982).

Mode of origin

Plastic deformation

Fracture deformation

Rock surface weathering and erosional
structures

Structures

Intrusions
Schistosity
Folding

Fracture cleavage, fracture zones (such as
faults, fractures and crush zones)

River beds, valleys, mounds, glacially-related
features, hummocks, mountains and other
significant slopes, cliffs, areas of deep
weathering, landslides

The country was analysed by considering each of the main bedrock units, e.g. anorogenic
plutonic masses, orogenic plutonic belts, the Karelian schist belt, etc. An analysis was also
carried out with reference to different rock types (Table 2-3).

Table 2-3. Subdivision of rock types used for analysis of available rocks in Finland for potential
spent fuel disposal (From Niini et al. 1982).

Subdivision of rock types for analysis

basic plutonic rocks, e.g. gabbros and diorites, amphibolites, etc.
acidic plutons, e.g. granites, granite gneisses, etc.
specific granitic types, e.g. rapakivi granites
schist belts
granulite complexes
unmetamorphosed sediments (uncommon)

Olkiluoto was also investigated as a special case. At the time of the initial site selection
programme by TVO, the spent fuel from the reactor at Loviisa was being returned to the
Soviet Union for reprocessing. It was, therefore, only the spent fuel from the reactors at
Olkiluoto that was being considered for eventual disposal in Finland. There had a been an
investigation at Olkiluoto for the construction of the underground repository for operational
LLW/ILW and also an investigation, although with shallower boreholes, for the design and
construction of the reactor. Data from these investigations were also used by Niini et al.
(1982) to provide an initial indication of the potential suitability of the site for deep disposal.
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Geological factors of interest in site selection

Following the review by Niini et al. (1982), Vuorela & Hakkarainen (1982) reviewed the
geology of Finland with reference to the location and disposition of potentially suitable
environments for the disposal of spent fuel. They listed the following geological factors as
being of interest for site selection:

• Topography:- The topography in Finland is predominantly one of low relief with small
topographic gradients. Surface features which could have an effect on the magnitude
of the hydraulic gradient were considered to be insignificant at the depth of a potential
repository (c. 500 m). Regional topographic variations were considered to be related
to the faulting and fracturing of the bedrock. Faulting and fracturing were considered,
however, to impose restrictions on site selection and therefore indirectly, topography
was considered as being an important factor in the site selection studies.

• Bedrock stability:- The Baltic shield is tectonically stable, indeed seismic activity is
negligible (Fig. 2-1). Bedrock movements related to glaciation were believed to be
associated mainly with old fracture zones. Such zones should, therefore, be avoided
when selecting investigation areas.

• Final disposal depth:- It was assumed during the site selection programme that a
repository would be placed at a depth of approximately 500 m. It was also believed,
however, that if the local geological conditions required disposal at a greater depth, this
would also be technically feasible.

• Size of the formation at the final disposal site:- There were considered to be suitably
large, sufficiently homogeneous rock masses in the Finnish bedrock that it was not
thought that the expected size of the repository would limit, to any great extent, the
number of areas that might be suitable.

• Homogeneity:- Granitic massives were considered to be normally sufficiently homo-
geneous. Areas of other rock type were also believed to contain a limited number of
sufficiently homogeneous blocks.

• Rock type:- It was believed that most potential disposal sites would be found in areas
consisting of granite rock types (e.g. porphyritic and fine grained granite, granite
gneiss, granodiorite, etc.) (Fig. 2-2).

• Faulting and Fracturing:- The type and frequency of fractures in the bedrock were
considered to be important factors with reference to the stability of the repository and
to groundwater flow.

• Diapiric structures:- Although there are no salt domes in Finland, there are granite
domes. However, geological evidence indicated that the granite domes were stable
features, which were not moving with respect to the country rock.
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Figure 2-1. Epicenters of earthquakes in 1375-1998 (M> 1.5) according to the catalogue of the
earthquakes in northern Europe (Ahjos & Uski 1992). The potential repository sites for the final
disposal of spent nuclear fuel are shown by triangles. BB - Bothnian Bay. Red circles around the
repository sites show the target areas. The dashed lines outline the borders of the subregions H
andR.
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Figure 2-2. Geological map of Finland (Geological Survey of Finland 1999).
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• Porosity of the bedrock:- The water content of solid crystalline plutonic rock or
metamorphic rock was known to be low (the porosity of unweathered rock is usually
< 1%) and was known to be related to fractures and weathering. Consequently, it was
decided that sites with a high proportion of fractured and weathered rock should be
avoided.

• Sorption:- The assumptions made in the Finnish site selection programme were that
basic rocks types (gabbros, amphibolites, some schists, etc.) had better sorption
capacities than acidic rock types (granites, quartzites, etc.). It was noted, however, that
acidic rocks can have a high content of mica and clay minerals, which have good
sorption characteristics and that clay minerals and micas frequently are concentrated
in and around fractures, i.e. the same areas through which groundwater flow will be
concentrated. Therefore, the effective sorption of acidic rocks was likely to be greater
that expected from their whole rock chemistries. Due to, amongst other things, the
anticipated variable sorption capacities of different rock types, investigation areas were
chosen to try and include different rock types.

• Natural resources:- Many Finnish rock types were known to contain minerals of
economic importance. Furthermore, there are many geological features {e.g. fault and
shear zones) within the different rock types which were also known to have ore
potential. Both were excluded from the site selection studies. Vuorela & Hakkarainen
(1982) indicated that the best rock type for disposal should be commonly available and
be unlikely to have a specific use in the foreseeable future.

• Erosion:- Erosion during the last glacial period was known to be less than 10 m in
Finland (Okko 1964). Any erosion caused by one or more glaciations was not
considered to have any significant impact on the repository safety and did not need to
be taken into account in site selection.

Bedrock properties and the feasibility of investigation methods were also reviewed as part
of the initial stage of the site selection programme (Peltonen & Rouhiainen 1980a,b). Their
conclusions are in line with those discussed above.

It was known that the Finnish crystalline bedrock normally has a high mechanical strength,
high density and a low water content. There were, however, known to be areas of the
bedrock that have a lower density and strength - such as fracture zones. A large proportion
of the geological studies on the feasibility of deep disposal in Finland was subsequently
focused on investigating the location, size and hydraulic properties of these zones.

It was also known that the Finnish bedrock had been shaped by tectonic movements over
the course of geological history and more recently by isostatic movements related to
glaciation. The effects of these movements had been to generate what TVO termed a mosaic
of solid rock delineated by a network of fracture zones or the crush-tectonic block structure
of the Finnish bedrock (Vuorela & Paulamaki 1988; TVO 1992b). The fracture zones were
considered to be regions of inherent weakness. The site selection programme from the
outset made the assumption that any crustal movements in the future were expected to occur
along the fracture zones and not in what were termed the intervening intact solid blocks or
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solid bedrock block. Salmi et al. (1985), however, did warn that, although the site selection
process aimed at selecting sites away from fracture zones, it is only after the structure and
neotectonics of the selected investigation area had been studied in detail that it could reliably
be predicted whether there would be no unexpected bedrock movements.

TVO assumed also that the size, length, width and orientation of the fracture zones in the
bedrock could be determined from the geomorphology of an area. Although, it was
appreciated that there would always be some fracture zones in a chosen target area, the site
selection programme aimed to select target areas that did not contain the larger fracture
zones (see classification below; Fig. 2-3).

1st class lineament — — 3rd class lineament

2nd class lineament 4th class lineament

Lake I 1 Investigation Area

Figure 2-3. Fracture zones atKivetty illustrating the concept of classifying fracture zones into four
classes, depending on their dimensions.
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For the purposes of site selection, fracture lineaments were classified into the following
classes:

• Class I:- The width of the lineament is approximately 1 km and the corresponding length
of the zone is dozens or hundreds of kilometres.

• Class II:- The width of the lineament is hundreds of metres. The length of the zone varies
from 5 km to dozens of kilometres. These zones often border a bedrock block chosen as
a "target area" (size approximately 100-200 km2).

• Class III:- Crushed (or Crush) lineaments inside the above-mentioned "target area",
width from dozens of metres to a hundred metres. Commonly border an "investigation
area", which is a block more intact than the surrounding area (size approximately 5-10
km2).

• Class IV:- Fractures and fracture lineaments inside an investigation area, the number of
which needed to be small.

The following characteristics of the bedrock were thought to be of greatest significance in
selecting suitable parts of the country for deep disposal (Salmi et al. 1985):

• high mechanical strength;
• high density;
• low water content and
• good sorption capacity.

Large portions of the crystalline bedrock in Finland were considered to be potentially
suitable in this regard, although often little was known in detail about their specific
characteristics. Most of the unfavourable characteristics in these types of rocks were
considered to be normally related to the presence of fracture systems.

Basic rocks, as well as clay minerals and micas were known to have high sorption and high
redox buffering capacities. In rock types with poorer sorption and buffering capacities, such
as granites, the groundwater flow is concentrated within fractures which generally have a
clay or micaceous mineral coating. The average whole rock composition of a formation,
therefore, was considered to give a poor indication of its sorption capacity and it was
anticipated that the buffering capacities of many acidic plutonic rocks could be equal to
those of their more basic equivalents.

The objective of the site selection studies was to find investigation areas in a variety of
different lithologies. The generally favourable attributes of granitic rocks (including not
only granites s.s., but also other rock types, such as granite gneisses) with respect to their
strength and their occurrence as large blocks bordered by fractured zones, resulted in
granitic sites dominating the results of the site selection process.
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Groundwater flow regime

For the purposes of site selection, the regional flow characteristics, hydraulic gradients,
formation and discharge areas of the groundwater were assessed on the basis of bedrock
topography. The substantial but small-scale regional topography variations in Finland were
assumed to reflect the presence of fracture zones in the bedrock beneath the overburden.
This was also considered to be important with respect to the stability of the bedrock and to
the flow rates and volumes of groundwater.

The surface topography and the presence of fracture zones were known to have an impact
on the hydraulic gradients and flow of groundwater, in particular close to the surface. At the
proposed disposal depth of approximately 500 m groundwater flow was known to be
primarily controlled by the fracture zones (Figure 2-4). In most of Finland, topographic
variations are relatively small (less than 100 m), and hence it was believed that groundwater
flow would be relatively slow at this depth. The hydraulic conductivity characteristics of
the bedrock were also known to change with depth (Salmi 1985), although at the time of the
initial site selection programme there were few reliable measurements in Finland.

Proper hydrogeological data in Finland only existed for depths of less than 200 m (Salmi
1985). A few preliminary hydraulic tests in deeper boreholes indicated that groundwater
flow at depth was likely to be generally very slow, and dating of groundwater and gas
occurrences in mines (Ronka 1983) tended to confirm these findings.

The impact oftopography and its potential impact on regional hydraulic gradients was taken
into account in site selection by selecting areas with low topographic gradients. As the
majority of Finland generally has a low relief this factor was not an important discriminator
in selecting areas or sites.

Boundaries of Groundwater
Flow Zones

• 30 km

Figure 2-4. The significance oftopography andfracture zone to the regional and local groundwater
flow, as perceived by Salmi (1985).
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Natural resources

The site selection process was designed to ensure that the future utilisation of natural
resources was not compromised. It was, however, appreciated that it was difficult to
determine precisely which natural resources would be important in the future and it was,
therefore, considered prudent to select potential disposal sites in areas with rock types that
were commonly present in Finland, e.g. granites. It was believed that this would reduce the
likelihood of the site being disturbed.

Groundwater resources associated with fault zones, i.e. the parts of the rock mass where
transmissivities were sufficiently high that groundwater could be pumped from boreholes
and wells, were considered to be a natural resource that would have an increasing
importance to future water supplies. It was, therefore, considered that significant fault zones
needed to be avoided for several reasons:

• they provided fast pathways from the repository to the surface,

• they were most likely to be associated with future tectonic movements, from any source,
including post-glacial rebound faulting,

• they provided the only source of groundwater in the basement (since they are the only
part of the rock mass that is sufficiently transmissive) and

• mineralisation of the rock mass to produce economic natural mineral resources were
most likely associated with such zones.
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3 ENVIRONMENTAL SITE SELECTION CRITERIA

In addition to the geological criteria that were considered in the selection of sites, it was
appreciated that environmental criteria were also required. It was considered that such
criteria should be related not only to the final development of a repository (i. e. construction
activities, planing blight, etc.) but also to the practicalities, economics and safety during the
investigations. The environmental impacts of the following components of a repository
development programme were considered in developing the environmental site selection
criteria:

• site investigations at the potential disposal site,

• construction of the encapsulation plant and repository,

• operation of the encapsulation plant and

• closure of the repository.

Each of these components of the repository development programme are discussed in turn
below in relation to their perceived impact on the area or site in question. These impacts then
helped in defining which were the most appropriate environmental factors to be considered
in the site selection programme.

Disposal site investigations

It was considered that the geological investigations that would be required in order to select
a disposal site could be compared to the regional mineral prospecting studies which had
been carried out in Finland over the previous 50 years. Investigations and field studies
associated with site selection and disposal activities would require the permission from the
landowner(s), a fact that distinguished these kinds of investigations from mineral prospect-
ing.

A site selection programme might involve surface mapping, geophysical surveys and
borehole drilling at the preliminary stage. Once a site had been selected it was assumed that
surface investigations along survey lines (with typical spacings of 100-200 m) would be
carried out. Cored and open-hole boreholes would provide data at specific points within the
investigation area.

If the site were selected for further investigations, many more boreholes would be needed
and monitoring and testing programmes in boreholes would require a more permanent
presence on the site. It was thought likely that more intensive geophysical surveys would
also be required. The impact on the environment would, therefore, increase.

It was known that many of the sites selected for investigations were likely to have a poor
road network and that new roads (forest tracks) would probably be required. The construc-
tion of these roads would be the only significant permanent change to the natural state of
an area caused by the investigations.
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In order to be able to locate boreholes optimally and to carry out geophysical surveys
without hindrance, it was considered preferable if there were no settlements, public roads
or protected areas1 that limited the extent of the investigations. With the exception of road
construction, the investigations were designed so as minimise the damage to the environ-
ment.

It was assumed that the late-stage investigations at a site would include the development of
an investigation shaft and a limited number of investigation tunnels. It was considered that
the construction of such a shaft and the investigation tunnels could be compared to the test
mining and dressing phases of potential ore deposits. The assumption was made that an
investigation shaft would require:

• a permanent road connection to be built to the construction site for equipment and
material transportation,

• a shaft area that would include operation and service buildings,
• a stacking area for rock waste within the surrounding area,
• a sedimentation basin for cleaning water pumped from the shaft, with associated

drainage and possibly a soakaway and
• observation boreholes of different depths that would be drilled near the investigation

shaft and equipped to monitor changes in groundwater conditions.

In order to provide the most appropriate location for the investigation shaft it was considered
advantageous for there to be no settlements or other potential limiting factors within the
investigation area. Site investigations would cause noise pollution and traffic problems for
the local population, especially during the shaft construction phase, which was expected to
last approximately two years. The investigations would also inevitably limit land-use
within the construction area.

It was appreciated that other environmental protection factors would need to be taken into
consideration when selecting the shaft location. Water supply to private households and
communities, as well as future plans regarding the supply of water, would also have to be
considered to ensure that the supply of water to the future population in the area would not
be adversely affected.

Construction and operation of the repository and encapsulation plant

If a site were selected as the location for the repository, it was planned to construct an
encapsulation plant adjacent to the shaft and it was anticipated that the construction phase
would take 10 years.

The following assumptions were also made as to the repository development programme
(TVO 1985):

• construction of the repository would take place in parallel with disposal,
• the repository would also include shafts for waste rock removal and ventilation and

1 i.e. environmentally-sensitive areas, etc.



• all other necessary structures, such as head frames and buildings necessary for the
excavation, construction and backfilling operations, etc. would be placed around the
heads of the shafts.

The encapsulation plant would be a nuclear facility and, as such, environmental factors
related to radiological safety would have to be taken into consideration. Therefore, the
strategy taken was to follow general Finnish practice regarding safety zones surrounding
nuclear power plants, regardless of the fact that they are larger than would be necessary
around the encapsulation plant. The result of this assumption was that there could not be any
activities within a certain exclusion zone which could cause problems with the operation of
the encapsulation plant.

In summary, the following considerations were taken into account when selecting a site for
the construction of the repository and encapsulation plant:

• the activities would require an area of approximately 40 ha and a good quality road
connection to the existing road network,

• there must not be built-up areas, schools, hospitals or nursing homes within a distance
of 1 km from the site and

• the zones mentioned above must be protected from future construction with suitable
restrictions regarding land-use planning.

Regulations at the time regarding the location of nuclear power plants included recommen-
dations related to the locations of explosives production plants, ammunition or fuel storage,
chemical plants, food production plants or airports within a distance of 5 km. It was
concluded that it would be preferable if the same restrictions were to apply to a deep disposal
site. It would be advantageous, however, in the construction phase if there were a built-up
area with its services within a reasonable distance, as a substantial number of employees,
both highly qualified personnel and manual workers, would be required.

Repository closure

It was assumed for planning purposes that the encapsulation plant would be demolished and
the resulting radioactive waste placed in the repository. The shafts and deposition tunnels
would be backfilled and closed and the investigation boreholes drilled in the area also
backfilled and sealed.

Land-use restrictions would apply during repository operation and closure and it was
assumed that these would be subsequently removed. No particular assumptions were made
at this stage as to the institutional control period for the site, nor what restrictions might be
placed on the area after any such restrictions were removed.

Spent fuel transport

During the operational period, regular transportation of spent fuel would need to take place
between the encapsulation plant and the spent fuel storage facility at Olkiluoto, with the
transport taking place using a special transport container (Fig. 3-1). The typical weight of
such shipments was expected to be around 100 tonne, although some smaller containers
were also to be used. It was acknowledged that the transport of such large weights by road
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Figure 3-1. Transport cask for spent fuel used at Olkiluoto for transport to the interim storage
facility.

might cause problems in rural areas and might limit the parts of the country where such
transport would be possible.

Transport of spent fuel by train or barge (along the extensive waterway transportation
network in Finland) was not considered as being a problem. It was known at that time that
SKB frequently shipped spent fuel and other radioactive waste by boat (Fig. 3 -2) and it was
concluded that a similar approach could be taken in Finland. It was, therefore, considered
that it would be advantageous if there were a railway or a port close to a deep disposal site.
For road transportation, it would be advantageous if residential areas (with associated traffic
congestion) or long or repeated crossings of water courses (with weight limits on bridges)
could be avoided. It was concluded that if areas being considered for site investigations were
similar in all other respects, the ones with the best and most economical transport

Figure 3-2. TheM/SSigyn, the ship used to transport spent fuel and other radioactive waste in the
inshore waters of Sweden.
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connections should be selected for investigation. Figure 3-3 shows an example of the
transport routes that could possibly be used if a repository were located at Olkiluoto and an
analysis of the population distribution along the routes. Similar information on transport
routes by road, rail and water was gathered for all the investigation areas.

According to Statistics Finland's definition,
a built-up area is a cluster of buildings with
at least 200 inhabitants where the distance
between the buildings is not usually greater
than 200 m

Size of Statistics Finland built-up area
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Figure 3-3. Possible transport routes for spent fuel, assuming a 100 tonne cask from Olkiluoto
(From Posiva 1999).
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3.1 Evaluation of environmental factors

The site selection process was based upon the environmental conditions pertaining at that
time (i.e. 1982-1986), although it was acknowledged that these conditions could change
during the site selection programme, for example by the construction of new roads.
Following the issues identified in the previous section, the most important environmental
factors were considered to be

• population density,
• transportation conditions and

• land ownership.

These are discussed, in turn, below.

Population density
The allocation of areas for recreation, outdoor activities and environmental protection etc.
around residential area was considered in the analysis of the population density and it was
assumed that the significance of groundwater resources in such areas was proportional to
the population.

Aikas (1985a) defined the most suitable areas for further investigations as being associated
with the following features:

• the area and its surroundings are sparsely populated,
• there are currently no land-use restrictions or any activities that would limit the location

of a repository in the area,
• there are no important groundwater resources in the area,
• from a transport perspective the proximity of a railway or a port would be advantageous

and, with reference to road transport, it would be preferable if residential areas and the
weaker bridges were to be avoided,

• it would be advantageous if the area were owned by only a few landowners or even one
landowner,

• a residential area within a reasonable distance would be desirable for the supply of
services and personnel.

The criteria presented above were applied during the site selection programme. The way in
which they were used varied somewhat, in that it was not possible to compare the
classification of the large target areas (100-200 km2) directly with the classification of the
investigation areas (5-10 km2), since these surveys were at a more detailed level.

The analysis of the investigation areas relied mainly on the evaluation of population density,
transport conditions and land ownership. For this reason the evaluation criteria for these
factors are presented in more detail below.

Base maps were examined to evaluate the distribution of the population (Aikas 1985a). It
was known that information on the distribution of the population could be inaccurate on
older maps, for example, buildings marked on the maps could have been be unoccupied or
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there could have been seasonal fluctuations in population which were not reflected on base
maps. However, the investigation areas were mainly sparsely populated areas or areas
dominated by agricultural or forestry and, therefore, it was considered that the information
regarding the population distribution was sufficiently accurate.

The most suitable areas for repository siting were considered to be those with a low
population density. This was considered to be advantageous at all stages of the repository
development programme. In addition, it was considered that the area should consist of
exposed rock surface and poorly productive forest land, as it was considered that the
presence of arable land would complicate site investigations.

Transport

It was considered that the transport of spent fuel to and from the disposal site could be
accomplished using:

• roads,
• railways,
• waterways or
• a combination of these.

Transport would also be required construction activities etc., but this was considered less
of a potential problem.

The most important factor regarding transport by road was considered to be the weight limit
set for certain bridges and roads. In transport by rail the weight was not normally considered
to be an issue, however, the railway network in Finland was known to be sparse and would
necessitate that at least some part of the journey being by road.

The following principles were applied to set some limits for transport by road:

• transport by road of dangerous substances was generally not recommended if railway
transportation were a reasonable alternative and

• permission for the transport of oversize material/containers was usually granted only on
a one-off basis.

The starting point was the assumption that the Finnish road and railway network would not
significantly change before the repository was operational. The limiting factor for road
transport was the weight limit set for certain bridges but this could, for a large part, be
avoided by careful route selection. It was assumed that it was likely that there would be
several bridges inneed of improvement if road transport were selected. Road transport alone
was only considered practical within 200 km of Olkiluoto, however it was assumed that the
feasibility of road transport in general would be improved if the spent fuel transports
weighed no more than 50 tonne.

According to information available at the time of the site selection programme, transport
by rail was the most economical option. This transportation method did not apply similar
limitations to the weight of the shipment as was the case for transport by road. An important
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factor regarding the suitability of potential investigation areas was their distance from a
railway, that is the length of possible transport of waste by road from the rail head and any
related weight limitations.

An accurate survey of weight limitations for the road network would have required a
thorough knowledge of local road and terrain conditions. Surveys were not, however,
carried out in this much detail during the site selection programme.

Transport by water alone or combined with road or railway transport was also considered
as a possibility. The suitability of this option was determined by the distance of a suitable
port from the disposal site. It was considered beneficial from the point of view of marine
transport if it were possible to transport several spent fuel transport containers at the same
time.

Land ownership

Finnish law requires permission from the landowner to carry out site investigations. In order
to be able to allow site investigations to proceed smoothly, it was considered that a suitable
area should be sufficiently large and have preferably one or, at most, no more than a few
owners. In Finland, areas of this size are usually owned by the state or by private companies
(e.g. timber companies). Considering the long interval between the preliminary field studies
and the selection of a disposal site, it was considered advantageous if the area were owned
by the state or by a local authority, a private company or a public corporation, because
changes to land ownership could have complicated the investigations and any potential
future development.

Surveys of environmental factors

The analysis of environmental factors was carried out in two phases. The objective of the
first phase was to survey the environmental factors of the target areas defined using
geological criteria and to evaluate the suitability of these areas in terms of their suitability
for deep disposal. Based on the studies of environmental factors, the areas were classified
as being more or less suitable and recommendations were made regarding the areas most
suitable for possible geological investigations (termed investigation areas).

The second phase focused on the environmental factors of possible investigation areas
selected from the target areas. The objective was to study the environmental factors as
thoroughly as possible with a view to specifying the most appropriate investigation areas.
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4 THE SITE SELECTION PROCEDURE

The main objective of the site selection programme was to find a site for disposal of spent
fuel which was capable of meeting the following demands:

• a safe repository system could be developed on the site,
• the site would keep long-term radionuclide releases within a regulatory limit,
• it was technically feasible to build the repository on the site,
• the repository would be environmentally acceptable during both during construction and

post-closure (e.g. it was necessary to consider the implications of additional traffic, the
disposal of excavated rock spoil etc. in this analysis),

• the development of a repository on the site would have widespread public acceptability
and

• the cost of the repository would not be prohibitive.

It is evident in this analysis that technical issues were considered significant and would need
to be considered in addition to non-technical, socio-economic issues. The Finnish site
selection programme was approached in the first instance from a technical perspective, and
only later in the process were non-technical factors incorporated to help define which sites
should be investigated in more detail.

Target area surveys

The geological map of Finland (Figure 2-2) shows the dominance of old metamorphic and
igneous rocks. TVO was restricted to investigating the disposal of radioactive waste in this
"hard rock" environment.

However, it was necessary first to demonstrate the concept of disposal of radioactive wastes
in the shield rocks of Finland. A survey of the main bedrock types was undertaken, as
described in Section 2 (Niini et al. 1982) and it was concluded (Aikas 1985a) that it was
indeed possible to locate potential disposal sites in the bedrock of Finland using geological
criteria.

The approach taken by TVO to site selection was, initially, to survey the whole of Finland,
and from the data collected to try to exclude areas as being unsuitable for repository
development based on simple geological reasoning. The remaining areas would then be
examined further. The philosophy was to focus quickly on regions that looked promising
and not waste time investigating large areas of the country. TVO recognised the following
properties of a crystalline rock as being of greatest importance in its ability to retain any
radionuclides released from the final repository or to limit their release to the biosphere
(TVO 1992a):

• its mineralogical composition,
• the relationship between the chemistry of the groundwater flowing in the fractures and

the fracture surface minerals and
• the gross texture of the rock, from the point of view of fracturing and its effect on the

hydraulic conductivity.
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Fault and fracture zones

TVO's concept regarding the nature and properties of fracture zones and the intervening
intact rock has already been discussed in Section 2. These bedrock structures were
considered to be the most significant factor in controlling the flow of groundwater at depth
and also in determining the long-term stability of the repository. The site selection process
in Finland was designed primarily to ensure that groundwater flow conditions were
favourable for disposal {i.e. fluxes through the repository would be minimised and
radionuclide return times to the biosphere maximised) and that the repository would be
located in stable bedrock {i.e. located between fracture zones and sufficiently distant from
the larger of such zones).

The identification of target areas concentrated almost exclusively in the first instance on
the presence of this crush-tectonic block structure (although, as been explained above, some
areas of the country were excluded using lithological criteria from the outset, as it was
assumed that, regardless of the distribution of fracture zones, they would prove unsuitable).
Generally, it was only following this analysis of fracture zones that lithological attributes
influenced the decision on the selection of target areas. As the programme progressed,
however, more emphasis was placed on lithological characteristics, and their influence on
repository performance was investigated in detail at a later stage in the programme during
the site investigations.

The fault and fracture structure of Finland

TVO made specific assumptions in the early stages of their site selection programme
regarding the general stability of the rock mass between fracture zones. In essence, it was
assumed that any future movements, from whatever source, whether they were related to
the effects of glacial loading and rebound or to further changes in tectonic activity, would
all take place on existing fault zones. It was also assumed that no new fault zones would
form, because it was believed that there were sufficient fault zones already in existence to
accommodate any future movements. Subsequent research in Finland has indicated that
their initial assumptions could broadly be justified, but that TVO had been overly simplistic
in their analysis. The discussion below takes into account this more recent research,
subsequent to the early stages of the site selection programme, but it does provide
justification for the approach followed by TVO in the early 1980s.

Nurmi (1985) in his review of the tectonics of Finland demonstrated that tectonic processes
leading to major geological changes ceased some 300 Ma ago. There has been no volcanic
activity in Finland for more than 1000 Ma and seismic activity is currently low and is
expected to remain so (Fig. 2-1). A maximum post-glacial uplift of approximately 100 m
has been predicted for the north of the country over the next few thousand years (Kakkuri
1986) and this is likely to be associated with some fault movement. The current understand-
ing of such processes suggests that any fault movement accompanying this uplift will take
place aseismically along existing crush or fracture zones (Saari 1992, Chen 1991).

Calculations and interpretations based on precise repeat levelling and GPS observations
(Chen 1991, Verio 1992) indicate that little movement is currently taking place within the
blocks themselves, but that any stress accumulating in the bedrock is accommodated by
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movement along the more significant fracture zones. These authors concluded that no
differences in stress state of the kind that could cause significant bedrock movements or
rapid, catastrophic changes in the stress conditions at depth would be likely to exist within
a block bounded by major fracture zones. The possibility of the development of new faults
within the intact rock between the fracture zones was not excluded TVO (1992a), but was
considered to be extremely improbable.

TVO regarded the location and orientation of fracture zones in relation to a repository to be
the single most important geological influence on its future long-term safety. The initial
stages of the site selection procedure were, therefore, designed to select sites located within
regional blocks of 100-200 km2, bounded by major fracture zones. The method of
identifying such target areas involved the identification of the major fracture zones (Types
I and II referred to in Section 2), followed by a screening process to reveal blocks bounded
by these fracture zones which were larger than the 100 km2 lower limit. Fracture zones were
known to be more prone to weathering and erosion than intact bedrock, in particular by ice,
and they could easily be distinguished as valleys or other depressions in the surface
topography. TVO carried out an analysis of the topography of Finland using topographic
maps, satellite images, aerial photographs, maps of lakes and rivers and regional geophysi-
cal aeromagnetic and gravity maps in order to map the location and scale of what they
assumed were all fracture zones. Fracture zones were also classified into different types,
depending on their persistence and width. The result of the survey is seen in Figure 4-1 for
the whole of Finland. Maps of smaller areas of the country, showing smaller-scale fracture
zones, were also produced at a scale of 1:100,000.

The work by Salmi (1985) indicated that satellite pictures of the Finnish bedrock revealed
the mosaic-like block structure of Finland better than the other data, in particular where the
fracture zones had been involved in relatively recent syn- and post-glacial movements
caused by glacial rebound. More detailed descriptions of the block structure were subse-
quently generated by the interpretation of large-scale maps and stereoscopic aerial photo-
graphs.

Target area reduction

A preliminary regional investigation by the GTK covering the entire country was carried
out using agreed geological criteria, which had been developed by TVO. Manual examina-
tion of the satellite images and the aerial photographs (z. e. without the use of image analysis
software which was not available at the time) revealed some 327 blocks (or target areas)
greater than 100 km2 in area, shown in Figure 4-2. It was not possible, nor considered
sensible, to embark upon detailed investigations within all of these target areas and it was
necessary to select a more limited number of blocks that appeared to be more geologically
favourable.

Target areas selected by the GTK and provided as printouts scaled to 1:1,000,000 were
transferred on to map bases scaled to 1:2,000,000 in order to perform an initial evaluation
of the environmental factors. GTK verified the accuracy of the outlines of the target areas.
In addition to information on roads, railways and waterways, the distribution of the
population and other information related to built-up areas, significant buildings and
agricultural areas was also included on the map bases.
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Figure 4-1. The major lineaments in Finland determined from the analysis of satellite imagery and
aerial photographs and assumed by TVO to be tectonically-based and to represent fracture zones
of varying scales. Large blocks of rock, lying between major fracture zones were selected as
potential target areas. Inside these target areas smaller blocks ofrockwere chosen as investigation
areas. (Lineament map from Mikkola & Vuorela 1974).

At this stage in the site selection programme the environmental factors considered were:

• population density,
• transport-related factors,
• land-use planning restrictions and
• protected areas and important groundwater resources.

Population and transport related factors were analysed using the base map material.
Attention was paid to population density and the distance of the target area from residential
centres. The proportion of agricultural areas was taken into account as a population-related



37

Figure 4-2. Distribution of 32 7 target areas selected at the first stage in the site selection survey.

factor. The density and quality of the transport network in the target areas was also
evaluated.

Land-use planning restrictions and the location of protected areas (e.g. National Parks) were
reviewed using regional land-use plans. Land-use restrictions considered at the time
included:

• restriction orders concerning construction,
• changes permitted in unspoilt (i.e. natural) areas and
• areas allocated for recreation or outdoor activities.

The distribution of groundwater resources in the target areas or in adjacent areas was
examined. The work was carried out using an estimate of the groundwater resources
assumed necessary for supplying existing communities up to the year 2010.
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Following this analysis, target areas were divided into several classes according to the
perceived environmental sensitivity of repository development within them. The purpose
of this classification was to indicate those target areas considered most suitable for
repository development. The classification, which is described below and summarised in
Table 4-1, placed target areas into three Classes, I, II and III, with Class I being those areas
most suited to repository development. The attributes associated with these three Classes
were:

Class I

An area considered suitable for further investigations would need to fulfil the following
criteria:

• the area is sparsely populated with no built-up areas,
• the area does not have busy main roads, but transport connections in general are good,
• the area does not have significant environmental protection restrictions or groundwater

resources currently in use.

Class II

An area in this class would be considered fairly suitable for further investigations if the
criteria specified below were fulfilled:

• there are no large urban or dispersed and/or moderately sized settlements in the area,
• any environmentally-protected or corresponding areas are small in extent,
• there are no significant groundwater resources in the area and
• the area has reasonable transport connections.

If the area were large and if a sufficiently large part of it that fulfilled the above criteria, or
the criteria in Class I, could be separately defined as an investigation area, then this reduced
area was taken forward.

Class III

An area was considered unsuitable for further investigations if it were associated with any
one of the exclusion criteria listed below:

• the area has large urban settlements,
• the area has busy roads along which there are dispersed settlements,
• the area has no transport connections,
• the area contains a large protected or correspondingly similar area and
• the area contains a significant groundwater resource.

The large size of many of the target areas meant that it was possible that they could include
sub-areas belonging to different classes. More detailed surveys frequently revealed a
smaller Class I or II sub-area that could be identified within a larger, less suitable Class III
area. The target areas had been defined according to geological criteria, and it was not
surprising that this subdivision into what were effectively sub-target areas should have
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occurred. It was concluded that the classification of the target areas based on environmental
factors should be viewed only as a recommendation and that a decision to place a target area
into a specific class should not be seen as definitive.

The location and classification of the target areas are presented in Aikas (1985a), 76 Class
I areas, 76 Class II areas and 186 Class III areas were defined by this process. The Class I
and II areas were recommended for further geological investigations. The factors that had
the most influence on the classification of areas in southern Finland were the population
density and the location ofbusy roads. In northern Finland, particularly in northern Lapland,
the lack of transport routes had a significant effect on the classification.

The following factors were not considered at this stage of the classification process:

• land ownership,
• possible differences between the feasibility of the different modes of transport and
• the requirements associated with the development of the encapsulation plant, in terms

of the availability of services and personnel.

The base maps used in the survey were compiled to be used as separate supplementary
material. The target areas investigated were superimposed on these maps as were the
corresponding areas of groundwater resources and the environmentally-protected areas.

Using the classification scheme outlined above the original 327 target areas were reduced
in number to 162 by a series of analyses of the environmental factors (Salmi et al. 1985,
1984; Vuorela & Aikas 1984).

Of the 327, only the 165 areas which were classified in group III were removed from the
site selection research programme, essentially because of the exclusionary criteria.

Table 4-1. Classification of initial target areas in the site selection process.

Class
Type

I

II

III

Description

Very low population density; no main roads with heavy traffic, but
good roads; no homes in close proximity; No cultivated areas

No buildings; small protected areas; no large cultivated areas, but some
cultivation present. Some habitation and transport acceptable.

The target area included one of the following: High population density;
either heavily used roads or no roads at all; environmentally protected
region and groundwater resources.

Number of
Areas

Classes I and
II: 162 in total

165

Subsequent to this initial analysis, additional field data were collected and further interpre-
tations made of existing data. The resulting analysis enabled a further classification to be
made of the 162 remaining target area into five classes (Classes I to V) (Salmi et al. 1985),
based on geological criteria. The principal criteria for this analysis were:
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• the size of the target area,
• the probability of locating smaller bedrock within the target area,
• the fracture density,
• topography and
• the level of geological exposure.

The results of the analysis are presented in (Aikas 1985a). 61 target areas defined as Class
I, II and III were taken forward to the next round of site selection (Figure 4-3). Itis interesting
to note that just 8 areas were placed in Class V, and not a single area was placed in Class
I. Indeed there were just 16 regions classified as Class II. These results indicate how difficult
it was to differentiate between the areas on geological grounds alone. This was a direct result
of the fact that the site selection process itself served to include regions with similar
geological characteristics, hence the differences between the properties of the target areas
were constantly reduced as the site selection process proceeded.

Figure 4-3. The 162 target areas (i.e. regional blocks lying between significant fracture zones)
taken forward from the original 327 target areas shown in Figure 4-2. The unshaded areas on the
map are the areas rejected on geological grounds for further investigation, 61 area remained
(shaded grey).
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Investigation areas

From the remaining 61 target areas, a total of 134 investigation areas were identified (see
Fig. 4-3). Data used to locate these investigation areas involved the analysis of aerial
photographs, maps and limited field surveys. The whole dataset was synthesised with the
help of data acquisition forms (Salmi et al. 1985). It is evident that it would have been
possible to find many more investigation areas of similar size in Finland that met the
geological and environmental criteria for site selection (TVO 1992b). However, implicit in
the site selection procedure was the requirement that the investigation areas should lie
within a stable block. This was referred to as the block within a block principle, and was
designed to eliminate any possibility of a major tectonic movement occurring in a
previously intact unit of bedrock2.

Table 4-2 illustrates a typical data acquisition form used to identify an investigation area.

Table 4-2. Summary of geological factors considered in assessing investigation areas (the Osara
site is used as an example). Each factor is scoredfrom 1 (best) to 5 (worst). Investigation areas were
classified into four classes (based on their overall score): I: primary recommended areas; II:
secondary recommended areas; III: recommended, but with reservations andIV: not recommend-
ed, (from Salmi et al. 1985).

Investigation
area

e.g. Osara

Size

1

Topography

1

Crush
zones

2

Fracture
density

(fractures/m)

5

Level of
exposure

2

Overall
score

11.0

Class

II

Rock
type

(code
used)

4.1 Selection and classification of investigation areas

The 61 target areas selected using geological selection criteria were considered to represent
solid (homogeneous) bedrock blocks. The selected investigation areas were, in turn, smaller
blocks bordered by crush zones and lying within these larger target area blocks. It was
assumed that the blocks within the investigation areas would remain intact during any future
deformation of the rock mass, i.e. all future tectonic movements would take place only on
major fracture zones - the ones that defined the boundaries of the target areas.

The evaluation and classification of the investigation areas was based on information
collected for the investigation area file and on information contained on geological maps.
The interpretation of 1:60,000 scale aerial stereo photographs was supplemented with
larger scale base maps (atl :20,000) and base map reductions (at 1:50,000).

2 As was explained above, the premise inherent in this principle is rather hard to justify and is probably only
approximately valid.



42

Groundwater resources in Finland were considered to be an important aspect to consider in
site selection and the resource in crystalline rocks is determined by the presence of fracture
zones and by the fracture density. The number of fractures was measured using linear
profiles on bedrock exposures. Approximately 15 km ofprofiles were measured on a variety
of sites and approximately 13,000 fracture measurements carried out and a classification
system set up based on structural geology (Fig. 4-4). According to the classification, over
60% of investigation areas are sparsely fractured, approximately 30% are moderately
fractured and fewer than 2% are highly fractured. In sparsely fractured areas the fracture
frequency was found to be 0.6-0.8 fractures/metre.

- Sparsely fractured

) 2.5 3.0 3.5

Fracture frequency (Fractures/m)

Figure 4-4. The variation of fracture frequency according to a rock classification system based on
structural geology, i.e. Sparsely fractured, Moderately fractured and Highly fractured.

The least fractured rock type appeared to be porphyric granite. It was noted, however, that
porphyric granites typically have a bedding structure, which may be associated with sub-
horizontal fractures. These are difficult to detect in surface outcrops and the histogram of
fractures mainly reflects those that are steeply dipping or vertical. Results from the Lavia
test borehole indicated, however, that formations with bedding appeared to be generally less
fractured (Salmi et al. 1985).

In addition to the fracture density, regional and local crush zones were also considered
important when selecting investigation areas and they were taken into account in estimating
their potential suitability (Table 4-2). The table presents an overall evaluation of the
geological properties of the investigation areas which allowed them to be categorised on a
scale of 1 to 5 for each of the attributes, from best to worst respectively.

4.2 Grounds for the geological classification

If an investigation area were smaller than 5 km2, the size class given in Table 4-2 for the site
was never I, but always II, III or IV. The evaluation assumed that a large, relatively
homogeneous rock mass was preferable for disposal purposes, as such a situation would
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minimise the interaction between the repository and the natural environment. The area of
5 km2 was that assumed to be required for carrying out a site characterisation programme,
whereas the footprint of the repository3 would actually be considerably smaller.

Topographic variations across the investigation areas were also scored although, since
Finland is generally flat, this was not an important factor. The presence of substantial
fracture or crush zones within an investigation area or an associated high fracture density
were factors that caused it to be excluded from further consideration. The level of exposure
within an area was a factor that was believed would have an effect on the amount of
information available on the bedrock and on the reliability of any assessment of a disposal
site. A site with little exposure was given a low score.

The investigation areas were provisionally classified according to the factors listed in Table
4-2 but in a very simple manner. The class scores given for each attribute (in each case from
1 to 5) were added to generate a final score. No weighting factors were used and no
sensitivity analysis was carried out. In addition to the results generated by this process, the
suitability of the investigation areas was also evaluated separately by everyone who was
involved in the laboratory and field investigations. This allowed for a more thorough
consideration to take place of the significance of each selection criterion before making a
final decision on the suitability of specific areas.

4.3 Geological suitability of the areas for further investigations

The selection studies focused on the 134 possible investigation areas and, in order to carry
out further analysis of these areas, it was decided to examine their geology individually.
Their overall geological evaluation was carried out by GTK who placed them into four
geological suitability classes. Subsequent to this division the plan was for TVO to evaluate
the areas on the basis of non-geological factors (Aikas 1985a). The geological suitability
classes were:

I class = primary recommended areas

This class included 20 areas, the number of which was small enough to allow for reliable
reviews to be carried out of their structural properties. The areas were those in which there
was the highest level of confidence in their potential suitability, based on surface observa-
tions.

II class = secondary recommended areas

3 8 areas were placed in this class. They were not included in class I because there was greater
uncertainty associated with their assessment, however their number of negative features

' The repository footprint is the area on the surface lying directly above the repository.
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was not significant. There was a greater variation in the scores for areas in this class than
was the case for class I areas, with some of the areas coming close to being included in class
III.

III class = areas recommended but with reservations

The 43 areas in this class included some that had problematic geological features. These
could relate to, for example, the presence of wide crush zones or higher fracture densities,
and the level of exposure could be low or the area small in size.

It was concluded, however, that investigation of some of these areas using deep boreholes
could demonstrate the fracturing was not significant at depth. Areas were placed in this class
essentially because the level of uncertainty concerning their potential suitability was
generally too great.

IV class = areas not recommended

These 33 areas in this class included those with distinctly negative structural features, such
as a marked topography, small block sizes (i.e. unacceptably small separations of fracture
zones) or areas that were generally too small.

4.4 Non-geological factors considered

Because the target areas were classified according to environmental factors, the selected
investigation areas were also usually sparsely populated and located within a reasonable
distance from a road, railway or waterway transport route. Land-use restrictions, environ-
mentally protected areas and groundwater resources had been taken into consideration in
classifying target areas. The subsequent, more detailed surveys of the environmental factors
in the investigation areas, therefore, focused more on population density, transport
conditions and land ownership.

Information regarding land-use, such as planning restrictions, environmentally-protected
areas and groundwater resources was reviewed once more using maps and published
material. Base maps (1:20,000) of the areas were obtained on to which the 134 investigation
areas were superimposed and population and road conditions within these areas was studied
using these maps.

Land ownership within the areas was investigated by obtaining up-to-date maps (1:10,000)
from the land register for each judicial district, frommaterial published by regional planning
authorities and from maps showing state-owned land.

Based on these surveys, the investigation areas were divided in parallel with the geological
classification into three classes according to population density, transportation conditions
and land ownership. The classification indicated the suitability of each investigation area,
with Class 1 investigation areas being the most promising, Class 2 areas designated as
inferior and Class 3 areas generally unsuitable.
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This classification was achieved using the attributes of population, land ownership and
transport. The relationships between these attributes and the classes are described below.

Population

• Class 1: The area does not have populated or cultivated areas and there is no urban or
dense dispersed population in the area.

• Class 2: There are individual buildings in the area, but no large cultivated areas. There
is no urban area or a high density dispersed population in the area.

• Class 3: The area has a high population density, either dispersed or within urban areas.
Arable land and related activities are present.

Land ownership

• Class 1: The area is owned entirely or almost entirely by the state or private companies.
The number of landowners is small.

• Class 2: The area is owned partly by the state or private companies and partly by private
landowners.

• Class 3: The area is owned entirely by private landowners.

Transport

• Class 1: The distance to a railway is less than 10 km.

• Class 2: The distance to a railway is 10-30 km.

• Class 3: The distance to a railway is more than 30 km.

The results of this classification were presented in tabular from (Table 4-3) which also
included the results of the geological analysis of the target area. The scores given to the areas
corresponded to the class divisions described above. So, for example, an areas in class 1
would have a score of 1. The sites with the lowest scores would be preferable. Again, no
weighting factors were applied and no sensitivity analysis carried out.

The classification of the environmental factors was not considered to have any great
significance with respect to the long-term safety of the repository, but was mainly
concerned with the potential environmental impact of carrying out both site investigations
and the construction and operation of a repository in the investigation areas4.

4 This work was carried out long before there was any EIA legislation within the EC, so there was no
requirement for a parallel EIA to be produced, or for environmental factors to be considered in the site
selection process. An EIA report has, however, recently been issued by Posiva which describes the
environmental impact of a proposed repository at Olkiluoto (Posiva 1999).
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Table 4-3. The classification of the investigation areas according to environmental factors. Each
factor is scored from 1 to 3 to represent the class in which it lies, from Class 1 to Class 3 (see text
for explanation). The Osara A area is used as an example.

Number and
name of area

Osara A

Population
density

2

Land ownership

2

Transportation

2

Geological
evaluation

2

Ore potential

The same methods employed for surveying regions for ore deposits during preliminary
exploration were used in site selection by estimating the ore potential of the different
formations being considered. Regions with a high ore potential were to be avoided, but this
analysis did not result in many investigation areas being removed from consideration.

The majority of the ore deposits in Finland are associated with schist formations and
plutonic intrusions, and are also often located within fracture zones, as is the situation in the
Lake Ladoga-Bay of Bothnia ore zone. The division of ore deposits in the Finnish bedrock
indicates that there are distinct rock types with ore potential, however, generally ore
deposits are distributed throughout many rock types, particularly in schist areas.

Coastal areas

As work advanced it was judged that the method of identifying bedrock blocks from satellite
images, aerial photographs and maps was less appropriate on the coast, where the blocks
were bounded on one side by the sea. This led to a separate survey being carried out to
determine the suitability of the island of Olkilouto for deep disposal (Hakkarainen 1985;
Kuivamaki & Vuorela 1985). The subsequent analysis concluded that a block of potentially
suitable rock of sufficient size could be found and the Olkiluoto site was added to the list
of potential investigation areas.

In December 1985, TVO named 102 possible preliminary investigation areas, those
referred to above together with the island of Olkiluoto (Fig. 4-5), which occupied a special
position, being at that time the source of all of the spent fuel to be disposed of in Finland
to be disposed into Finnish bedrock. The differences between the remaining 101 sites,
considered suitable for investigation (Salmi et al. 1985) were believed to be marginal and
it was found impossible to distinguish between them without carrying out additional field
work.
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BEDROCK OF FINLAND

> 2500 million years

f U l basement gneiss

H I greenstones

2500 -1850 million years

granulite

mica schists, mica gneisses

granodiorite

quartzite

gabbros, peridotites

schists and mica gneisses

1850 -1200 million years

granite

rapakivigranite

sandstone, shale

Figure 4-5. The main geological units of Finland together with the 61 target areas which contain
the 101 original potential investigation areas (in black). Olhiluoto is marked on the map as a black
square, thereby making 102 investigation areas in total.

4.5 Selection of sites for preliminary investigations

In 1986 five areas for detailed investigations were announced. Many of the investigation
areas that were eliminated from consideration did not fail because of their geological
unsuitability (TVO 1992b). In many cases it was simply that geological information on the
bedrock in these areas was unavailable and impossible to obtain without recourse to drilling.
The reason for this was frequently because the area had a continuous cover of unconsoli-
dated deposits (commonly of glacial origin), or that it lay partly beneath the sea, if situated
on the coast. In addition, because it was not possible to distinguish between the majority of
the sites on geological or on environmental grounds, other factors such as land ownership
became prominent.
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The Ministry of Trade and Industry (KTM) obtained statements from interested parties on
the site selection process to date and assigned the task of making a general evaluation of the
potential investigation areas to STUK (STUK 1987, VTT 1986). The Ministry of the
Environment (1986) issued advice in 1986 that led to the exclusion of 17 of the investigation
areas and the re-classification of 12 others. The reason for this re-evaluation was the
existence of unpublished and incomplete plans for the establishment of conservation areas,
i.e. information that would not have been available to TVO during its own assessment of
environmental factors.

The Council of State required that a small, but unspecified, number of investigation areas
were to be selected for preliminary site investigations and the principal purpose of fieldwork
was to ensure that earlier information, which was based upon surface measurements and
observations, and subsequent interpretations, could be verified.

The lithological differences between sites was taken as the guiding factor when selecting
sites for further investigation, and an attempt was made to ensure that investigations took
place in a broad selection of the main lithologies present of Finland. The main lithological
units of Finland are shown in Figure 4-5. Examination of the distribution of the potential
sites indicates that the majority are located in the granite zones of the central and northern
parts of the country and that there is only a limited number in the oldest, Archaean region.
There was a relatively large number of potential sites in the topographically uniform region
of south-western Finland, some representing Svecofennian granites and other granites of
younger origin. The site selection procedure had not identified any basic rock types such as
gabbros or peridotites. This was mainly due to the fact that these rock bodies:

• are commonly not extensive and therefore it would have been difficult to select them
using the type of information available

• and often have ore forming minerals which could therefore may increase the risk of
inadvertent human intrusion into a repository.

In addition to the lithological factors, attributes associated with environmental factors and
land ownership were also considered. The most significant aspect of transport was that TVO
regarded rail as the favoured options, since it was most cost-effective. It was difficult to
discriminate between the various investigation areas on environmental grounds alone, since
all had similar population densities {i.e. generally very low), proximity to conservation
areas and other factors. A decision was also made to pay less attention to investigation areas
which were owned by private individuals and this resulted in half the areas being excluded
from further consideration (Aikas 1985a).

In 1986 STUK carried out a review (STUK 1987) of Posiva's site selection programme over
the period from 1983-85. In this review they emphasised the importance of selecting
different geological environments for the disposal of radioactive waste in Finland. The
differences between the environments available in Finland are, of course, not great in
comparison with the range of the environments present in most other countries, however,
even this lower level of geological diversity was considered significant by STUK. With this
is mind, TVO divided the investigation areas under consideration into groups depending on
the different types of basement rocks present in Finland (these general categories are shown
in Figure 4-5).
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In addition TVO were keen to find local communities which were generally in favour with
respect to their proposed characterisation and possible future repository development
programmes. It was considered that it was not sensible even to consider a community that
was hostile at the outset, since it was apparent that the right of a local veto would be included
in the new Nuclear Energy Act which was in preparation. In addition, the possible
complexities associated with the rights of landowners, which is discussed above, meant
that, where possible, TVO only considered sites with one landowner.

4.6 The sites for preliminary examination

While awaiting STUK's review and statements from other interested parties, the Ministry
of Trade and Industry had asked TVO to publish the shortlist of all potential investigation
areas and not just name 5-7 investigation sites, which had been TVO's original intention.
In early 1986 TVO, having had discussions with a great number of municipalities, named
an area in the Ikaalinen municipality for preliminary investigations. The objective was
gradually to increase the number of investigation sites to the planned number of 5-7 and,
during the course of this process, to take into consideration the results of the review process.

Having received initial encouragement from the board of the Ikaalinen municipality to start
field investigations, some activity in the community was initiated. Within a few weeks,
however, local opposition to the investigations had risen to such a level that it was decided
to withdraw from further work in this area.

This failure at Ikaalinen resulted in TVO taking a more proactive approach in its
communication with other municipalities. During what remained of 1986 TVO held a series
of meetings with interested communities and their representatives, as well as with experts
in municipal affairs. These meetings included discussions on the subject of long-term
safety, together with the potential benefits that could accrue the host municipality of the
deep repository {e.g. Suunnittelukeskus 1987a,b,c,d etc.)5. As a result of this work TVO
received several invitations from municipalities to start investigations at the sites identified
during the site selection process. At this stage no compensation or written agreements were
discussed between the municipalities and TVO. Knowledge of the content for the new
Nuclear Energy Act made the municipalities conscious of the right of veto which they would
have in association with the future development of a repository, and their commitment to
site investigations in their areas was therefore made easier.

In the spring of 1987 TVO announced a list of five areas for preliminary site investigations.
The areas, shown in Figure 4-6, were Romuvaara in Kuhmo, Veitsivaara in Hyrynsalmi,
Kivetty in Konginkangas, Syyry in Sievi and Olkiluoto in Eurajoki. The rock types at these
five sites are as follows:

• Romuvaara (basement gneiss) and Veitsivaara (red granite and veined gneiss) - these
rock types represent the oldest geological units in Finland, i.e. the Archean,

• Syyry (what in referred to in Finland as homogeneous tonalite),

5 These reports were published in late-1987 after the five sites for preliminary investigation had been made
public.
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• Kivetty (porphyritic granodiorite) and
• Olkiluoto (mixed migmatite in which veined and mica gneiss alternates with granite and

tonalite).

A major factor in the selection of these sites, as is discussed above, was the desire to have
a representative selection of geological environments to study.

There appears to have been a good measure of public support for the site selection process,
at least as far as this stage. TVO also hoped to minimise the impact of the next stage in the
site selection process, in which these five sites had to be reduced in number to two or three,
which would then be investigated in more detail. A summary of the results of the
investigations at these five sites is presented in TVO (1992b) and a discussion is also
included which describes the reasoning by which two of the sites, Veitsivaara and Syyry,
were discarded. The sites were examined in turn with regard to their ease of further
investigation, following a recommendation from (TVO 1992b) and it was found that Syyry
was found to contain the greatest number of fracture zones, which tended to be more
complex and extensive than similar zones at the other sites. There was also a greater level

Olkiluoto

Yeitsivaara

O\Romuvaara

Figure 4-6. Locations of the five sites selected for preliminary investigations.
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of complexity associated with the groundwater flow system and complications related to the
fact that the depth of the superficial deposits was considerable. The site at Veitsivaara was
found to be more structurally complex than the other sites, due the presence of a large crush
zone. It was considered that it would be easier to continue investigations at the remaining
three sites and that it would also be easier at these sites to reduce the conceptual uncertainties
associated with their structure, groundwater flow system and geochemistry. This subject is
discussed further in Sections 6 and 7.

The reduction in the number of sites took place without much adverse public reaction and
investigations subsequently took place at the three remaining sites. A flow chart illustrating
the whole site selection programme up to the point in 1993 when three sites were taken
forward for further examination is shown in Figure 4-7.

Subsequent to the decision to continue investigations at these sites, in 1996 the Nuclear
Energy Act was changed, and the Loviisa power plant site at Hastholmen was added to the
list of potential disposal sites. The reason for this decision is discussed in Section 6.

GENERAL GEOLOGICAL STUDIES

• GENERAL APPLICABILITY OF FINNISH BEDROCK
FOR FINAL DISPOSAL OF SPENT FUEL

1980-1982

SITE IDENTIFICATION SURVEY

REGIONAL STUDY

• SATELLITE PHOTO INTERPRETATION
• GEOLOGICAL AND GEOPHYSICAL MAPS
• IDENTIFICATION OF BEDROCK BLOCKS (100-200 KM2)

327 REGIONAL BLOCKS

EVALUATION OF ENVIRONMENTAL FACTORS

• POPULATION DENSITY AND TRANSPORT CONNECTIONS
• PRESERVATION AREAS AND GROUNDWATER BASINS
• LAND USE PLANS

162 REGIONAL BLOCKS

GEOLOGICAL STUDIES OF REGIONAL BLOCKS

• SATELLITE PHOTO INTERPRETATION
• FIELD CHECKING

61 REGIONAL BLOCKS

IDENTIFICATION OF INVESTIGATION AREAS (5-10 KM2)

• STEREO INTERPRETATION OF AERIAL PHOTOS
• INTERPRETATION OF TOPOGRAPHIC MAPS
• CLASSIFICATION OF FRACTURE ZONES

134 INVESTIGATION AREAS

GEOLOGICAL CLASSIFICATION

•FIELD CHECKING
•COMPILATION AND
EVALUATION OF DATA

ENVIRONMENTAL FACTORS

• POPULATION DENSITY
• LAND OWNERSHIP
•TRANSPORT

1983

SELECTION OF SITES FOR PRELIMINARY CHARACTERISATION

• GEOLOGICAL VARIATION (MAIN FORMATION UNITS)
• ENVIRONMENTAL FACTORS
• DISCUSSIONS WITH COMMUNITIES

PRELIMINARY SITE CHARACTERISATION

• FIELD INVESTIGATIONS AT FIVE SITES
• DEVELOPMENT OF GEOLOGICAL MODELS
• EVALUATION OF HYDROGEOLOGY AND HYDROGEOCHEMISTRY

1987-1992

1984
S E L E C T I O N O F S ITES FOR DETAILED C H A R A C T E R I S A T I O N 1 9 9 2

• AMENABLE FOR FURTHER SITE INVESTIGATIONS
• AMOUNT OF UNCERTAINTY
• POTENTIALAND FLEXIBILITY FOR REPOSITOR DESIGN

REVIEW BY AUTHORITIES 1993

DETAILED SITE CHARACTERISATION

1985 • BASEUNE STUDIES ON HYDROLOGY AND HYDROGEOCHEMISTRY

• COMPLEMENTARY FIELD INVESTIGATIONS AT THREE SITES

• FEASIBILITY STUDY AND CHARACTERISATION OF HASTHOLMEN IN LOVIISA

• ASSESSING GOUNDWATER FLOW AND HYDROGEOCHEMISTRY

• EVALUATION OF ROCK MECHANICAL PROPERTIES

• EVALUATION OF CONSTRUCTABIUTY

1993-2000

101 POTENTIAL INVESTIGATION AREAS

EVALUATION BY AUTHORITIES

85 POTENTIAL INVESTIGATION AREAS

1986

1986

Figure 4- 7. A flow chart of the Finnish site selection programme up to the time at which three sites
were taken forward for further examination.
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5 THE PARALLEL R&D PROGRAMME

In parallel with the site selection activities TVO and later Posiva have had a programme
which has examined many areas of research into the disposal of spent fuel. The TVO-92
safety analysis report (Vieno et al. 1992) made recommendations for future research in the
following areas:

• degradation and changes in leaching behaviour of spent fuel (by participation in
international studies, as there are no suitable facilities for the work in Finland).

• methods for manufacturing and quality control of canisters, prediction and control of
canister corrosion, dissipation of hydrogen through buffer materials.

• methods of excavating deposition holes, properties of excavation disturbed and exca-
vation damaged zones, grouting of fractures, and sealing of openings.

• radionuclide solubilities in the near-field chemical environment, significance of col-
loids for radionuclide transport, and effects of matrix diffusion and fracture channelling
on far-field radionuclide transport.

The subsequent TILA-96 report (Vieno & Nordman 1996), which is an update of TVO-92,
confirmed that the disposal concept as set out in TVO-92 fulfilled the requirements of the
safety criteria. The TILA-96 report concluded that no particularly special characteristics are
required of a site in crystalline rock in Finland to ensure the long-term safe disposal of spent
fuel. The subsequent TILA-99 safety report (Vieno & Nordman 1999) presents similar
conclusions.

In addition to the R&D programme managed and financed by the industry, Finland has a
publicly-financed research programme (JYT) which is co-ordinated by the Technical
Research Centre of Finland (VTT). The supervisory duties laid on the authorities under the
Nuclear Energy Act and Decree call for publicly-managed nuclear waste research that is
independent of the goals of the industry. Participation in international research projects is
considered to be especially important in this regard, in particular because of the country's
small population.

Publicly-financed research on nuclear waste management started in Finland in the early
1970s on the initiative of the Atomic Energy Commission. In order to co-ordinate the
various projects, the Ministry of Trade and Industry launched the JYT programme in 1989,
the first phase of which ended in 1993 (Ministry of Trade and Industry 1994). A second
phase of the programme was completed at the end of 1996. Initially, the programme only
included research financed by the Ministry but, since 1992, STUK has been responsible for
a considerable portion of the finance. The bulk of the research has been carried out by VTT,
GTK and by universities.

The programme has been focused on the need to identify phenomena, events and interac-
tions believed to be important for long-term safety and to allow more accurate modelling
of these factors. The second primary objective has been to introduce new methods for
research and analysis. The programme has been independently evaluated by external expert
review and has been modified accordingly. An international review by WATRP (/. e. IAEA)



54

of the entire Finnish programme, which was carried out in 1993, included the JYT
programme (WATRP 1994). The review was generally positive and outlined areas where
further work would be required, though it did not recommend any prioritisation of future
research areas nor comment on whether the objectives set by the JYT programme had been
met.

The following subject areas were investigated during the first phase of the programme:

Near field:

• strength of the copper canister,
• mechanical and hydrogeological performance of engineered barriers and

• mechanical behaviour of crystalline rocks.

Geosphere:

• development of borehole seismic methods for site investigation,

• chemical behaviour of radionuclides in bedrock and groundwater,
• migration of radionuclides in rock fractures and
• natural radionuclide migration from the Palmottu uranium deposit.
The primary objectives of the second phase were:

• rock mass structure and stability, investigation methods and characterising the flow of
groundwater,

• release of radionuclides from a repository and their subsequent migration in the rock
mass,

• performance and safety assessment of repositories and the safety of other phases of
nuclear waste management,

• natural analogue studies,
• waste management technology and costs and
• socio-political and other social issues and environmental impact assessment (required

at the time because Finland was planning to join the EU).

Finland participated in the Stripa project from 1980 and is currently involved in the HRL
programme at Aspo (SKB 2000).
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6 PRELIMINARY INVESTIGATIONS

The site investigation programmes at the five investigation sites were published in 1982 and
1985 (Aikas & Laine 1982, Aikas 1985b) and covered topics such as the general aims of the
work, its practical implementation, the investigation methods to be used and the develop-
mental work required. Aikas (1985b) also laid down guidelines for the preliminary site
investigations to be performed over the period from 1986-1992.

In addition to the above, specific fieldwork programmes were drawn up for the individual
sites (Aikas 1987a, 1987b; TVO 1988a, 1988b; Aikas 1989), containing descriptions and
timetables of the work to be carried out and specifying the content and extent of the
associated research for each site. In order to ensure comparability in the results, equally
comprehensive investigations were planned for all the sites, to be performed according to
the same methods.

The starting-point for the investigations was the task of assessing whether the properties of
the bedrock at each site was as assumed during the site selection programme. An important
aspect of this was to ascertain whether there was anything unexpected about the bedrock
areas selected which could jeopardise the possibility of their hosting a repository. Features
of this kind were thought to include significant horizontal crush zones, ore deposits,
unsuitable groundwater chemistry or an unfavourable change in rock type with depth.

The plans for the associated research programmes were also drawn up very much with the
needs of the safety analyses in mind. All the safety analyses undertaken to date (TVO 1982,
1985,1992a) had been in the nature of suitability assessments, in which technical standards
had intentionally been set so high that they would meet stringent safety requirements. These
analyses provided data on the implementation, safety and costs of repository development
and indicated that the only manner in which radionuclides could escape from the repository
would be through damage to the canister, dissolution of the radionuclides in groundwater
and their transport through the bedrock in this groundwater to the biosphere.

The goal of the site investigations was, therefore, to obtain information on the sites so that
modelling and assessment of the site's performance could be carried out with respect to the
long-term safety and constructability of a repository. The emphasis of the investigations
was on determining the structure of the bedrock, and from this the groundwater flow regime.
The principal subjects of interest at this stage were the hydraulic conductivity of the
bedrock, the location and geometry of conductive zones of fractured bedrock and the
chemistry of the groundwater. These could not be easily measured directly, however, but
called for a range of other investigative techniques in order to develop an understanding of
the bedrock of the area in general terms. It was considered particularly important to
determine which features of the bedrock needed to be taken into account in defining the
hydrogeological and hydrochemical regimes. Particular attention was paid to the reliability
and representativeness of these measurements in order to allow a proper comparison to be
made between the sites. This in turn required a consideration of the distribution of the
measurements made, a check on the quality and reliability of the investigation work as well
as a careful scrutiny of the methods applied.
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Intensive drilling can itself impair the quality of the bedrock, so that it is prudent to limit
the number of boreholes drilled. The limited number of boreholes and the heterogeneity of
the bedrock combine, however, to introduce considerable uncertainty into the results of the
investigations. The sources of uncertainty were nevertheless considered to be similar in
nature for all the sites, since they were known to have similar geological environments and
were selected by applying the same attributes. The principle applied in deciding on the
number of boreholes and the volume of the bedrock considered to be represented by each,
was that it should be possible to provide sufficient information on the main fracture zones
and also to be able to examine areas of conceptual uncertainty by more than one
investigation method.

The investigations were divided into subject areas, the general aims of which were as
follows (Aikas 1985b, 1987a, 1987b; TVO 1988a, 1988b; Aikas 1989; TVO 1990a, 1991).

Geological and geophysical investigations:

• determination of the occurrence and composition of the rock types both areally and with
depth,

• mapping of crush and fracture zones in terms of fracture indices, mapping of other
discontinuities, determination of their properties and development of conceptual
models,

• determination of the geochemical, petrographic and mineralogical properties of the rock
types and minerals in order to assess the interaction between the bedrock and ground-
water,

• measurement of the stress state of the bedrock and evaluation of the findings,
• determination of the general tectonic processes which had affected the bedrock and

resulted in the current structural setting,
• development of lithological and structural models of the bedrock,
• location of boreholes and borehole sampling locations.

Hydrogeological in vestigations:

• measurement of the hydrogeological properties of the bedrock, such as hydraulic
conductivity and major hydraulic connections, and the distribution of hydraulic head,

• determination of the manner in which groundwater movement in the bedrock is
controlled by geological structures (fracture zones, formation boundaries, fracturing,
etc.) and their properties,

• modelling of groundwater flow,
• generation of initial data for a safety analysis (estimates of groundwater movement,

hydrochemical conditions, rates of radionuclide transport, etc), taking into account the
effects of the proposed repository.
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Groundwater chemistry:

• production of general data on the chemical composition of the groundwater and its
variations across the sites and with depth,

• production of data on the origin and residence time of the groundwater and changes in
its composition.

The aim of the preliminary site investigations, of selecting two or three areas for more
detailed evaluation, implied the compilation of sufficiently precise data and the construc-
tion of models that represented natural conditions in the areas as closely as possible. The
evaluation of the suitability of each site for repository development called for a relatively
detailed description of the bedrock. At the same time, however, it was intended to make use
of the results of these investigations as initial data for a safety assessment, using a typically
conservative approach. In other words, by making pessimistic assumptions regarding
groundwater flow in terms of both flux and flow velocity one could ensure that wide safety
margins existed. This use of conservative estimates and the intentional choice of pessimistic
parameter values and conceptual models had the intended effect of encompassing any
uncertainties within the results of the preliminary site investigations.

When evaluating the sites, attempts were made to select the most realistic and accurate data
available as initial input data to the models. The results of the modelling were then compared
with measured values, so as to obtain a measure of the success of the investigations in
providing an accurate characterisation of the areas concerned and the degree to which each
area was amenable to investigation using the methods available.

6.1 Preliminary site investigations - approaches and extent

TVO used the years from 1983-1985 to prepare for the subsequent site investigations.
Before the mid-1980s there was only limited experience in Finland regarding the drilling
of deep boreholes and in using these boreholes to perform detailed investigations. With the
coming programme of investigations in mind (Aikas 1985b) TVO commissioned a set of
surveys of suitable field investigation and hydraulic testing methods (Aikas 1984), drilling
and geological mapping techniques (Anttila 1983), geophysical methods (Rouhiainen
1984) and groundwater chemistry measurement methods (Lampen 1983). All these surveys
were oriented towards investigation methods that were applicable to deep boreholes.

The majority of such equipment was similarly unobtainable in Finland, and although most
items could in principle have been rented from abroad for the duration of the fieldwork, their
availability was uncertain. It was therefore decided that the most important pieces of
equipment, those for taking groundwater samples, for the measurement of the hydraulic
conductivity of the bedrock and for measurement of hydraulic head, should be developed
in-house by TVO, employing information on corresponding devices developed elsewhere.
The two principal requirements were that they should function to a depth of 1000 m and in
a borehole diameter of 56 mm.
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6.1.1 The Lavia test borehole

In order to develop experience in borehole investigations, a deep borehole was drilled in the
Katossuo area of Lavia, SW Finland, in the spring of 1984. This was then used during 1984-
1985 to test a range of investigation methods and equipment designed for use in the
preliminary site investigations. The primary objective of the test borehole was to acquire
information on investigation methods in similar conditions to those that were thought likely
to exist at the investigation sites. The results of test borehole programme were used for the
development of a data management system, which would be required in analysing,
interpreting and databasing the results of the investigations and for providing experience in
interpreting data obtained from boreholes (Aikas et al. 1986). The experience gained proved
to be of considerable value in ensuring that when the investigations commenced in 1987,
good facilities existed for carrying out the fieldwork and interpreting the results.

The Lavia borehole was fully cored to a depth of 1000 m in a large granite body using Nal
as a tracer. Following drilling, a series of constant head injection tests was carried out using
30 m straddle lengths to determine the hydraulic conductivity of the rock mass. Groundwa-
ter samples were taken from short packed-off sections, and either monitored continuously
using a flow through cell or analysed in the laboratory. In situ stresses were determined to
500 m depth by the hydraulic fracturing method and an extensive selection of wireline logs
was run. An additional borehole was also percussion drilled nearby to a depth of 100 m and
the use of cross-hole and offset geophysical techniques investigated.

The results of this test programme helped TVO in the design of new borehole test and
sampling equipment and enabled them to optimise their testing and interpretation proce-
dures.

6.1.2 The stages and methods of the preliminary investigations

The investigation programme for each site was divided into four consecutive phases, each
with specific objectives (Aikas 1985b) with a programme taking about three years at each
site, and the entire work being completed within the period 1987-1992.

The first phase of the investigations comprised a general survey of the bedrock of the area,
geological field mapping and the taking of surface bedrock samples, airborne and surface
geophysical measurements and sampling of groundwater and environmental reference
samples in the vicinity of the site. The aim was to delimit the main rock blocks more
precisely and place them within the broader geological environment, examine the distribu-
tion of rock types and locate the surface expression of any crush and fracture zones.

The second phase involved the drilling of one borehole to approximately 1000 m, with
associated sampling and geophysical wireline logging, and other boreholes to lesser depths.
The aim here was to acquire data on the rock types and fracturing at depth and to determine
the location of any fracture zones encountered. The deepest borehole at each site was located
in the part of the area where existing evidence suggested that the bedrock was most intact
and had the smallest number of fractures.
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The third phase consisted of hydrogeological and hydrological monitoring, additional
boreholes and borehole observations and supplementary surface geophysical measure-
ments. Some other boreholes were also drilled for sampling purposes in order to provide
additional information on the location and orientation of more local fracture zones. Shallow
boreholes and a network of multi-level piezometers were used to measure hydraulic heads,
and records were kept of precipitation, and the water equivalent of snowfall. Groundwater
samples were taken from the deep boreholes to provide initial data for the evaluation of the
groundwater chemistry. Finally, data for individual structures (the term used to refer to
fracture zones in the geological model of a site; e.g. see TVO 1992b) were interpreted and
a preliminary structural model was developed.

The fourth phase was devoted to hydrogeological and hydrological monitoring, pumping
tests, stress measurements and further investigations of the chemistry of the groundwater.
Hydraulic heads in the bedrock were measured from shallow boreholes, and multi-level
piezometers and borehole measurements were used to determine the vertical distribution of
hydraulic heads in different sections of the boreholes. Monitoring of precipitation, and the
water equivalent of snowfall continued. Pumping tests were used to determine the hydraulic
properties of major hydraulic connections between boreholes and to check on the interpre-
tations of structures.

Figure 6.1-1. Drilling site at Olkiluoto.
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Well-established methods were generally employed to study the bedrock and surficial
deposits. A wide range of applied geophysical techniques was used and these occupied a
prominent position in the preliminary site investigations. One of the aims of the measure-
ments was to characterise the rock types present and provide support for the geological
mapping, so that the magnetic and gravimetric measurements made were clearly geared
towards the needs of lithological mapping. At the same time a variety of electromagnetic
and seismic measurements was carried out in order to identify and characterise crush or
fractured zones in the bedrock and to examine the extent of fracturing in general. For this
purpose it was essential to select methods that were both highly sensitive and also applicable
to larger volumes of the bedrock. The hydrogeological tests and geophysical measurements
carried out in the boreholes formed an important part of the hydrogeological investigations,
because they provided information on variations in hydraulic conductivity in the immediate
vicinity of the boreholes, whereas the other geophysical measurements yielded indirect or
detailed data on small-scale variations in the structural properties of the bedrock.

The majority of the geophysical techniques were applied consistently at all the sites,
providing datasets that allowed proper comparisons to be made between them. A variety of
methods had to be employed for this purpose, as the definition of the relevant bedrock
properties called for a comparison of the results obtained by several methods in order to
construct sets of indicators for each rock mass property. The borehole radar technique
developed for the Stripa project was employed as a standard procedure in view of its
previous encouraging use, and various complementary geophysical methods were em-
ployed to solve particular problems arising on account of the differences that existed
between the five sites in terms of bedrock properties, types of unconsolidated deposits and
other conditions.

Borehole drilling

Tests of drilling techniques were used to develop the most appropriate procedures for
borehole drilling and testing. Five boreholes were drilled at each site, of which one was
approximately 1000 m in depth and the other four 500 m. An important consideration when
determining the angle of an inclined borehole was the orientation of the fracturing at that
point. The majority of boreholes were inclined and oriented perpendicular to the schistosity
or principal direction of fracturing, so that they would provide more representative
indications of the fracturing of the bedrock than boreholes that were vertical.

The initial data employed to select borehole locations consisted of surface measurements
and low-altitude aerogeophysical surveys. The principal factors influencing the choice of
the locations and orientations of the boreholes at the five sites are listed in Table 6.1-1. At
all the sites the 1000 m borehole was drilled first, in apart of the area considered to represent
an intact, homogeneous bedrock block and, therefore, to be potentially suitable for locating
a repository.

The remaining four 500 m boreholes were then located so as to determine whether the
bedrock properties deduced from the surface investigations and the first, deeper borehole
were representative of the bedrock in general.
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Table 6.1-1. Principal factors influencing the choice of locations and directions of the

boreholes drilled as part of the preliminary investigations (from TVO 1992b). The factors are

discussed in detail by Hinkkanen & Ohberg (1989, 1990a, 1990b, 1990c, 1991).

Bore-
hole

KRI

KR2

KR3

KR4

KR5

KR6

KR7

KR8

ROMUVAARA

Study on
properties of
fractured intact
bedrock.

Study on bedrock
properties.
Investigation of
schistosity and
fracturing.

Study on the extent
of the intact
bedrock properties.
Study on geometry
and properties of a
diabase dyke.

Study on intact
bedrock properties.
Penetration of
significant fracture
zone.

Study on intact
bedrock properties.
Study on existence
and dimensions of
fracture zones.

Penetration of
significant crush
zone bordering the
site. Study on its
internal structure
and hydraulic
conductivity.

VEITSIVAARA

Study on properties of
fractured intact bedrock.
Study on depth limits of
granite formation.

Study on bedrock
properties. Study on
properties of gneiss unit.

Study on intact bedrock
properties.Study on
contact between granite
and gneiss units.

Study on intact bedrock
properties. Possible
penetration of a significant
Takkupuro crush zone.

Study on intact bedrock
properties. Study on
existence and dimensions
of fracture zones.

Penetration of a diabase
dyke. Study on its
structure and properties.

Penetration of significant
crush zone bordering the
site. Study on its internal
structure and hydraulic
conductivity.

Penetration of a significant
crush zone bordering the
site proper and indicated
by geophysical anomalies.
Study on its internal
structure and hydraulic
conductivity.

KIVETTY

Study on properties of
fractured intact bedrock.

Study on intact bedrock
properties. Study on
subhorizonta! granite
unit.

Study on the extent of
the intact bedrock
properties. Penetration of
possible fracture zones
indicated by geophysical
anomalies.

Study on intact bedrock
properties. Penetration of
fracture zones indicated
by geophysical
anomalies.

Study on the extent and
geometry of granite unit.
Study on fracture zones
indicated by geophysical
anomalies.

Study on the basic rock
type formation within the
investigation site
(lithology, fracturing,
hydraulic conductivity).

Penetration of significant
crush zone bordering the
site. Study on its internal
structure and hydraulic
conductivity.

SYYRY

Study on properties of
the fractured intact
bedrock.

Study on the extent of
the bedrock properties.

Study on intact bedrock
properties. Study on
putative fracture zone.

Study on intact bedrock
properties. Penetration of
a possible diabase dyke
and a fracture zone.

Study on intact bedrock
properties. Penetration of
subhorizontal horizons
of graywackes and
quartz-plagioclase
schists. Study on saline
groundwater.

Study on the basic rock
type formation within
the investigation site
(lithology, fracturing,
hydraulic conductivity).

Penetration of significant
crush zone bordering the
site. Study on its internal
structure and hydraulic
conductivity.

OLKILUOTO

Study on
properties of
fractured intact
bedrock.

Study on bedrock
properties. Study
on fracture zones.

Study on intact
bedrock properties.
Study on fracture
zones.

Study on intact
bedrock properties.
Study on fracture
zones.

Penetration of a
diabase dyke and
study on its
geometry and
properties.

Penetration of
significant crush
zone bordering the
site. Study on its
internal structure
and hydraulic
conductivity.
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The main objective at this stage of borehole drilling was not to target the putative fracture
zones deduced earlier from aerogeophysical surveys or the anomalies found from surface
measurements, but to locate the boreholes independently of all previous concepts. The idea
in this approach was to characterise the central area of the bedrock block, with the
assumption being that the properties thereby determined could be applied to the remainder
of the site. Not all the boreholes were, however, located using this process and some were
designed to determine the geometry and character of particular zones and structures
deduced in earlier phases of the investigation (e.g. lithological contacts, diabase veins etc.).
Attempts were also made to follow a systematic geometrical pattern in the placement of the
boreholes in order to facilitate interpretation of the bedrock lying between them.

Hydraulic testing

The purpose of the hydraulic borehole measurements was to acquire information on the
hydraulic conductivity of the bedrock as initial data for groundwater flow modelling. The
method chosen for this purpose was the constant head injection test, on the grounds of
technical simplicity, ease of control and the fact that all boreholes would be tested over their
entire lengths. Measurements were made systematically in all the boreholes, from below the
cemented portion of the borehole (the uppermost 100 m) to the bottom, and employing
packed-off sections of approximately 31m. The length of the packed-off selection was
decided by reference to the time available for testing and the desired resolution from the
testing programme. Repeat measurements in 7 m long packed-off sections were performed
in zones of highest hydraulic conductivity. The duration of both the injection and pressure
fall-off phases was one hour.

Figure 6.1-2. Hydraulic conductives were measured in borehole KR6 at Loviisa by means of the
hydraulic testing unit (HTU) in March and April 1999.
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The hydraulic head measurements were performed in order to determine the hydraulic
gradient in the bedrock and obtain reference values for calibrating the groundwater flow
model. Measurements were performed using three methods, by monitoring the free
groundwater table in a number of the shallow boreholes in different parts of the area, by
using a multi-level piezometer to a depth of 100 m and at greater depths by making
measurements in packed-off intervals in the deep boreholes. The multi-level piezometers
were placed in what were believed to be groundwater recharge and discharge areas in
different parts of the site, taking care to avoid the margins of the bedrock blocks (i.e. close
to fracture zones). The locations of the measurement points in the boreholes were selected
on the basis of the earlier hydraulic testing, with the measurement zones being located at
points of high hydraulic conductivity and/or where anomalous hydraulic heads were
anticipated. Measurement points were selected in hydraulically conductive zones, where
either inflow to or outflow from the borehole was taking place.

The purpose of the pumping tests was to investigate the connections between the boreholes
and test the conceptual assumptions incorporated in the structural model. Pumping took
place from specific structures isolated by packers, from long, sparsely fractured sections of
a borehole or from the zone of highest hydraulic conductivity close to the surface. The main
focus of interest was on investigating the presence of, or examining the hydraulic properties
of, structures (i.e. fracture zones) within the conceptual bedrock model.

Hydrology and chemistry

The goal in terms of groundwater chemistry measurements was to obtain information on the
chemical nature of the groundwater as initial data for chemical modelling. The parameters
analysed in the surface and groundwater samples were chosen with the initial data required,
both by the future safety assessments and by the need to develop conceptual geochemical
models of the sites. Precise analyses of trace element concentrations were also carried out
to examine the possible requirements from future modelling. The range of parameters
analysed was comprehensive.

Fluid-logging was used to locate inflow and outflow points for sampling. The sampling
points in the boreholes were selected principally on the basis of hydraulic head and
hydraulic conductivity values, as observed in the constant head injection tests. It was only
possible to obtain groundwater samples from conductive fracture zones (where k >10'8 m
s"1) and knowledge of the hydraulic head provided an indication as to whether flow was
taking place into or out of the borehole. The risk of contamination of the groundwater
sample from drilling fluids is less when groundwater is flowing into the borehole, and these
points were sampled preferentially.
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6.2 Investigations carried out

General

The fieldwork was carried out in accordance with predefined programmes for each of the
sites. These programmes were essentially similar for all the sites, for reasons of compara-
bility, however, due to the fact that the investigation programmes were staggered (Fig. 6.2-
1), the experience gained at Romuvaara and Veitsivaara couldbe made use of when carrying
out equivalent work elsewhere. This resulted is some acceleration of the investigations at
the remaining sites and enabled the use of the investigation techniques to be optimised.

The investigation techniques used in these preliminary investigations are described in TVO
(1992b) and more detail on their use is presented in Ohberg (1990). A summary of the work
carried out is provided below.

1987 1988 1989 1990 1991 1992

ROMUVAARA

VEITSIVAARA

r~
._!__ J L

L J

KIVETTY

SYYRY

OLKILUOTO

Figure 6.2-1. Timetable for the preliminary investigations performed at the five sites (from TVO
1992b).

6.2.1 Geological mapping and sampling

Investigations at each of the sites commenced with a general geological survey, including
a review of all the existing data available on the site, such as geological maps, previous
investigations and the structural interpretations produced during the site identification
surveys. These were augmented with information from aerial photographs, low-altitude
aeromagnetic surveys and topographic maps, with the aim of gaining a more detailed
impression of the rock blocks and fracture zones in the area.

Upon completion of the general geological survey, mapping of the rock types and fracturing
was undertaken at the outcrop scale, together with structural mapping (e.g. mapping of
schistosity, fold axial traces, lineation and deformation features). The numbers of such
observations varied somewhat depending of the extent of exposure, which tended to be low,
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ranging from approximately 220 to over 450. All fractures of over a metre in length visible
on these outcrops were also mapped (in terms of length, width, strike, dip and continuity),
and fracture density was measured on transects crossing the outcrops in N-S and E-W
directions. At the same time samples for laboratory examination were taken from the
outcrops by blasting or using a portable drill.

Samples from the areas covered by unconsolidated deposits were taken by coring shallow
holes in order to supplement the geological mapping, and samples were also taken where
geophysical anomalies had been observed. The number of points sampled per area varied
between 30 and 35.

A variety of equipment was used for sampling the bedrock, depending on field conditions,
including percussion drilling equipment for coring, which enabled a 46 mm diameter hole
to be drilled to a depth of approximately 10 m. Some of the holes (usually 10 per site) were
fitted with a steel pipe with a lockable protective cap to enable future measurement of the
groundwater table, while the others were provided with a plastic tube and marked with
posts. The co-ordinates of these sampling points were determined to an accuracy of 0.5 m
and their heights above sea level to an accuracy of 0.1 m.

Separate structural mapping of each area was also carried out in order to examine its tectonic
evolution and level of deformation.

Figure 6.2-2. Airborne geophysical survey at Olkiluoto.
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6.2.2 Ground surface analyses and airborne measurements

Low-altitude aerogeophysical surveys using equipment installed in a helicopter were
carried out the in autumn and winter of 1987, recording the total magnetic field and its
vertical gradient (with a Cesium magnetometer) and also making electromagnetic measure-
ments at three different frequencies. VLF measurements (total field) were also carried out,
usually using two transmitter stations. Natural radiation (total intensity and intensities of the
uranium, thorium and potassium components separately) was mapped with a spectrometer.
Navigation was based on radar-frequency equipment and flight routes were confirmed
using a video camera.

Surface measurements at each site commenced with ground penetrating radar using
equipment mounted on an off-road vehicle with a 120 MHz double antenna. The aim was
to map the thickness of the unconsolidated deposits and the quality of the bedrock surface
throughout each area. The survey lines were chosen so as to cross navigable terrain and to
follow the ground surface reconnaissance geophysical lines and forest roads in such a
manner that they would be representative of the assumed geological units. An additional
detailed ground penetrating radar survey was carried out at Romuvaara in order to
complement the fracture mapping data and to test technique for detailed fracture mapping.

Electromagnetic VLF measurements were performed at all the sites except Olkiluoto,
where Slingram-measurements were used due to interference from overhead power lines.
The parameters of the VLF magnetic field and apparent resistivity were measured
employing a single transmitter, with the aim of determining the position of the local bedrock
blocks relative to the surrounding geological formations and fracture zones and for
supplying further information on the general features of the geophysical anomalies.

Total magnetic field and vertical gradient measurements were carried out at Romuvaara,
Veitsivaara and Olkiluoto, but not at Kivetty or Syyry, as comparison of the aeromagnetic
and surface magnetic measurements at Romuvaara and Veitsivaara suggested that the
sensitivity of the former was adequate for the purposes of interpreting the magnetic data.

The ground surface measurement transacts were also mapped visually, recording all the
properties of the terrain that could possibly influence the interpretations, e.g. type of terrain,
bedrock exposures, sudden changes in slope, roads, large erratic boulders, etc.

Seismic refraction surveys were carried out at Romuvaara, Veitsivaara and Kivetty along
three or four lines located over anomalies detected in the airborne and surface geophysical
measurements, which were believed to be associated with enhanced fracturing. The aim was
to check the interpretations of probable fracture zones made on the basis of the earlier
measurements and to examine the distribution of seismic velocities along these lines.

Direct current resistivity measurements were carried out along six lines at Veitsivaara, in
the form of reversed sounding profiles employing an axial dipole configuration (VAD
sounding). Fixed dipole power sources were used at both ends of the line. The aim of the
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survey was to determine the nature and depth extensions of observed or assumed electrical-
ly-conductive formations or assumed fracture zones.

An audiomagnetotelluric (AMT) resistivity survey was carried out at Syyry to examine
electrical conductivity over a greater volume of the bedrock in order to determine the
location and extent (to a depth of several kilometres) of any saline groundwater or
conductive structures - saline groundwater had already been encountered below 600 m
depth in borehole KR1. The measurements were performed at 35 points arranged in a
network across the site at 0.5 km intervals and entailed the use of scalar equipment, enabling
the apparent resistivity to be measured at a variety of frequencies.

Gravity measurements were performed at Romuvaara and Syyry with the aim of locating
the contacts between the main lithological units, dykes, determining their extension to depth
and tracing their locations at greater depths. They also provided an opportunity for
observing any significant fracture and crush zones.

The occurrence of saline groundwater at Olkiluoto was mapped by means of direct current
resistivity soundings with an asymmetric half-Schlumberger array and electromagnetic
frequency soundings employing a dipole source. A total of 42 measurements were made at
21 points. The electromagnetic measurements were performed on a wide bandwidth using
a GEFINEX 400 S 'SAMPO' device.

Gently-dipping boundaries reflecting seismic wave energy were mapped by the horizontal
seismic profiling (HSP) method along six lines on the sea bed south and north of the island
of Olkiluoto, the lines being marked on the surface with buoys. The transmitter points for
this were shallow holes drilled into the bedrock and filled with water, and the seismic waves
were created by means of small 30 - 250 g explosive charges set at three points on each line.
The seismic signals were detected using highly sensitive geophones designed for underwa-
ter use. The purpose of these measurements was to identify gently-dipping fracture zones
in the bedrock beneath the sea bed close to the shore and to augment existing data
immediately offshore by observing reflective structures and defining their three-dimen-
sional geometry. In addition, high-resolution image processing of topographic data, both on
and offshore, was carried out in order to examine topographic lineaments.

6.2.3 Deep borehole measurements

Borehole design

Wherever possible, boreholes were located on bedrock exposures, with the uppermost
40 m or so (Fig. 6.2-3) being extended to a greater diameter and the remainder of the
borehole being fully cored. The various boreholes differed in length and in the way in which
their uppermost sections were drilled (Hinkkanen & Ohberg 1989, 1990a, 1990b, 1990c,
1991), and were opened out by using either a down-hole hammer or by coring to produce
a borehole with a diameter of 165 mm. The borehole was lined with steel casing with a
funnel welded to its bottom end, and this was cemented to the rock for its entire length with
normally-hardening Portland cement or quick-drying aluminous cement.
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During the drilling process the upper part of the borehole was lined with a suitable set of
tubes and coring was continued with a T-56 bit (i.e. 56 mm diameter), usually to a depth of
about 100 m. Where the borehole required further support or where better circulation of the
drilling fluid was required, the borehole was cemented. Coring was then continued to the
desired depth with a T-56 bit. On completion of coring the tubing was removed and the
borehole was flushed out using water containing a tracer. The purpose of this flushing was
to remove the powdered rock particles (commonly referred to as drilling flour) that could
have entered the pores of the rock during drilling and to dislodge any loose fragments of the
borehole surface that could otherwise cause the measuring equipment to stick in the
borehole during subsequent testing.

The wireline drilling technique, using a NDBG 76 mm bit, was used for boreholes drilled
into the crush zones at the boundaries of the investigation sites at Romuvaara, Kivetty,
Syyry and Olkiluoto.

Figure 6.2-3. Borehole design used in the preliminary site investigations. The upper part of the
borehole was drilled open hole to a depth of approximately 40 m and lined with steel casing. The
lower part was then drilled using a T-56 bit.
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Testing and sampling during drilling

Water loss measurements were carried out using the single packer method during drilling,
employing a device attached to the drilling equipment. These constant head tests were
carried out using an excess pressure of 200 kPa with down-hole pressure measurements.
The measurement interval was about 3 m in fractured stretches of the bedrock and 9 m on
average in intact bedrock with other, systematic measurements being made at 30 m
intervals.

The act of drilling disturbs the chemistry of the groundwater and every effort was made to
minimise this disturbance and to monitor the effects. Drilling fluid was usually obtained by
pumping from a 100 m deep well drilled into the same bedrock formation. At Olkiluoto the
drilling fluid was obtained from a local freshwater basin.

With future sampling requirements in mind, precise amounts of two tracers, sodium iodide
and sodium fluorescine (uranine) were added to the drilling fluid. Regular measurements
and sampling of the drilling fluid formed an essential part of the drilling procedure,
providing additional information on fracturing, fracture zones and groundwater quality.
Samples were also taken in order to check the uranine concentration of the drilling fluid and
one sample per 100 m of borehole from the water tank for measurement of the iodide
concentration.

A flow meter was installed to measure the drilling fluid returns, thereby enabling the volume
remaining in the bedrock to be calculated, and measurements were also made of the amount
of drilling flour deposited in the precipitation basin in order to be able to estimate the amount
remaining in the borehole. The electrical conductivity of the drilling fluid was also
measured to detect changes in the composition of the groundwater in the bedrock, and its
temperature was measured at the same time.

One aim of the drilling was to obtain as many oriented core samples as possible, the
orientation being performed by means of a pointer suspended in the borehole on a wire or
a pointer attached to the head of the drill assembly. The core was comprehensively logged
in terms of its lithology, structure, degree of weathering and fracturing, and the RQD index
was determined per metre of core.

The strength and deformation properties of the rock samples were also determined in the
field, new determinations being made every time a change was observed in the lithology,
and also at intervals of at most 30 m. Uniaxial compression strength was determined using
a point load test and elastic modulus and Poisson's ratio by the four-point bending test.

Wireline logging

The wireline geophysical measurements performed in the boreholes may be divided into
those aimed at assessing local, small-scale variations and methods directed at large bedrock
volumes. Standard single-hole logging carried out in all the boreholes consisted of single-
point electrical resistance and resistivity, using a long normal array and either a short normal
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array or a Wenner array (Fig. 6.2-4). Electrical potential, gamma-gamma density, natural
gamma and magnetic susceptibility were also measured in all the boreholes, and neutron-
neutron scattering (to study bedrock mineralogy and porosity), seismic P-wave velocity and
borehole diameter (caliper) measurements in the 1000 m boreholes. The purpose of these
was to obtain an impression of the variations in lithology and fracturing in the immediate
vicinity of the boreholes, the short observation intervals enabling small-scale variations to
be detected. Groundwater flow in the bedrock was monitored by fluid logging immediate
on the completion of drilling. Deionised water was substituted for the natural groundwater
through the drill pipe and temperature and electrical conductivity logs were run five times
over the subsequent 48 hours. The changes in total ion concentration calculated from these
measurements enabled the locations of groundwater inflow and outflow to be determined,
as well as helping to decide on the locations for groundwater sampling and for determining
the directions and magnitudes of any short-circuit flows in the borehole.

Vertical Seismic Profiling (VSP), a borehole application of seismic reflection surveying,
was used together with single-hole borehole radar surveys and Vertical Radar Profiling
(VRP) measurements to study larger bedrock volumes around the boreholes. The VSP
measurements were performed using 4-6 shallow transmitter boreholes, typically located
between the main borehole and known or deduced intersections with fracture zones. The
seismic waves generated by small explosive charges (30 - 60 g) were then recorded using
geophone equipment placed in the borehole itself. The aim was to map steeply-dipping
surfaces which reflected seismic energy in the area within a radius of 0.5 km of the borehole
and to define their location and character.

Seismic tube wave surveys were carried out using the same equipment as for the VSP
measurements, employing one transmitter point at the ground surface near the borehole, for
the purpose of locating individual water-filled and possibly water-conducting fractures.
The seismic waves were generated by means of dynamite charges (in the range 120 - 300
g) exploded at the transmitter point, the size of the charge being dependent on the signal
level and the quality of the surrounding bedrock.

Boreholes were also logged using a radar device developed for studying the structure of
crystalline bedrock (Olsson & Sandberg 1984) in order to map the positions and continuity
of electrically reflective surfaces. The method is based on the differences in electrical
properties observed between intact rock and fracture zones. VRP measurements were
performed in the upper part of each borehole in order to map the positions of electrically-
reflective contacts intersecting the borehole or otherwise located close to it. Transmitters
were installed at the ground surface 50 m away from the borehole in four orthogonal
directions. VRP survey was done in uppermost 100-150 m part of the hole.

The minimum and maximum components of in situ horizontal stress was determined in the
1000 m boreholes using hydraulic fracturing in a short double-packer interval.
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Figure 6.2-4. The Syyry KR2 borehole's lithology and fracture zones, together with the profile of
the single-point electrical resistance and the resistivity profile measured using the Wenner array.
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Hydraulic testing

Hydraulic conductivity was measured in the boreholes by means of two-hour constant head
injection tests (one hour injection, one hour recovery). Measurements usually commenced
at a depth of 100 m, as the uppermost 40 m of the boreholes was normally cased and some
of the boreholes were cemented down to 100 m. Borehole sections 31m and occasionally
7 m long were isolated with double packers. The aim was to examine the internal structure
of the most significant borehole sections in terms of hydraulic conductivity, the shorter
borehole sections being identified by reference to geophysical data or fracturing in the
bedrock. Observations were made on the natural groundwater pressure after expansion of
the packers, after which an excess pressure of 200 kPa relative to this reference level was
induced for the test itself. Natural groundwater pressure was estimated on the basis of
recovery period, too.

A pumping test was carried out in the deepest borehole at each site, designated KR1, in order
to determine the hydraulic conductivity of the conductive zones and to locate any other
hydraulic connections and examine their properties. The pumping stage lasted about one
month and was followed by a recovery period of a few weeks. The effects of the pumping
were monitored in the other boreholes, in multi-level piezometers and in the boreholes
drilled for determining the groundwater table (see Section 6.2.4).

Fall-off tests were also performed using multi-level piezometers by two ways in order to
define the hydraulic conductivity of the shallow parts of the bedrock. Water was either
added to or removed from the measurement pipe and the recovery of the water table was
monitored by means of a pressure gauge.

6.2.4 Hydrological investigations

Measurements of the groundwater table and its fluctuations were normally made once a
week by hand in shallow boreholes using an acoustic sonde. The boreholes used were those
drilled for bedrock surface sampling and completed with steel casing, and some of those
drilled for the VSP and tube wave sources.

A set of 7 - 8 multi-level piezometers was set up at each site for measuring the hydraulic
head at depths of 0-100 m, either in purpose-drilled vertical boreholes or in some of the
boreholes for supplying drilling fluids. An example of the isopotential map for Olkiluoto
is shown in Fig. 6.2-5.

In order to define the range of each piezometer, time-depth observations were recorded
during drilling and a limited series of geophysical logs was run upon completion of the
borehole, comprising resistivity (long normal and Wenner array), susceptibility, electrical
conductivity, temperature and natural gamma, with the aim of locating the points of greatest
hydraulic conductivity in the borehole. 3 - 4 piezometers were installed in each borehole,
each comprising a layer of coarse sand with filtered sand layers above and below. Each
piezometer location was furnished with a plastic tube perforated at its lower end and with
its upper end extending above the ground surface and entering a protective steel pipe. The
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Figure 6.2-5. Isopotentialmap of hydraulic heads in the Olkiluoto areawith locations ofwatersheds
and measurement points.

locations were separated from one another by a fast-acting, cement-based packer and an
injection mortar packer and were subsequently tested for leakage.

Observations on the water table in the multi-level piezometers commenced immediately
upon installation, initially using an acoustic sonde and later using pressure transducers
linked to an automatic data acquisition system.
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The deep boreholes were packed-off after the measurements had been completed in order
to prevent short-circuit flows of groundwater and distortions of the natural hydraulic head
in the immediate vicinity. The multi-level systems of packers was left in position, dividing
the boreholes into seven measurement sections separated locally by intervals in which no
measurements were made, which served to prevent vertical flows in the borehole. Each
system consisted of a series of expandable rubber packers connected by stainless steel rods,
and the hydraulic head was measured either by a pressure transducer or manually, using an
acoustic sonde, in a plastic pipe linked to the measurement section by a nylon tube. The
transducers were connected in each case to a data acquisition system.

Monitoring of the hydraulic head commenced immediately the sections had been packed-
off, and was performed manually at first with an acoustic sonde, but was later continued in
automatic form, employing pressure transducers. The manual measurements were per-
formed once a week and the automatic monitoring usually at a rate of one observation per
hour.

Precipitation in each area was measured with a Wild rain gauge, and snow depth and water
equivalent of snow on snow course of 2 km length with graduated sticks inserted into the
ground at 40 m intervals. The spring meltwater season was also studied at Kivetty, Syyry
and Olkiluoto by means of two stations equipped with graduated sticks, one set up in open
terrain and the other in sparse or normal coniferous forest. These measurements were all
carried out in accordance with instructions issued by the Hydrological Office of the
National Board of Waters and the Environment.

Discharge was measured once (not in Olkiluoto) at 2-8 brooks, using either a current meter
or a measuring weir.

6.2.5 Groundwater and surface water sampling

The chemistry of the groundwater was studied initially by collecting reference samples
from surface waters and water wells in the vicinity of the sites for comparison with those
to be taken later from the boreholes and other sampling points.

During drilling, samples of the drilling fluid were collected from the wells or basins
(Olkiluoto) used as drilling fluid water and also from the deep boreholes. At Romuvaara and
Veitsivaara water samples were taken from the nearby shallow borehole PRl during the
drilling of the first borehole in order to determine the potential spread of the labelled drilling
fluid remaining in the bedrock. Groundwater samples were also taken from one or more
depths in the deep boreholes at each site using a double packer after the other borehole
measurements had been completed.

Long-term pumping groundwater samples were taken from one borehole at each site by
means of a membrane pump attached to the hydraulic head monitoring system. The
pumping time preceding sampling varied from 4 weeks to 10 weeks, depending on the
stabilisation of the chemical parameters.
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Rainwater samples were collected in 30-day sequences for about a year at Romuvaara and
Veitsivaara and for about two years at the other sites. Separate cross sectional samples were
taken of the snow cover.

An attempt was made to estimate infiltration and mean resicence times of water flowing
through the bedrock using the precipitation figures by reference to changes stable isotope
composition in the ionic concentrations in the recharging water and that flowing through the
bedrock. Samples were taken from the multi-level piezometers for this purpose, using
specially designed sampling tubes and concentrating on those borehole sections with the
highest hydraulic conductivity.

Water samples were taken from the groundwater in the pumping tests at the beginning,
middle and end of the pumping phase for each zone. Further samples were taken during
drilling through the local fracture zones at Kivetty and Syyry using the drilling equipment,
in order to determine the quality of the groundwater in these zones. Reference samples for
these analyses were taken from clean drilling fluid.

6.2.6 Analysis of the borehole samples

Thin sections were prepared from the samples taken from the boreholes and examined
microscopically to determine mineral composition and rock type, the latter by reference to
the QAP diagram (Streckeisen 1973). Wherever indications of ore minerals were found in
the thin sections or rock samples, additional polished sections were made for recognition
purposes. Fracture fill minerals were identified by x-ray diffraction, and the chemical
composition of the borehole samples was studied by x-ray fluorescence, neutron activation
and in some cases by AAS methods.

The petrophysical properties of the bedrock samples were defined, e.g. resistivity, suscep-
tibility, remanence, density, seismic P-wave velocity and porosity, from samples that had
been taken at intervals of 10 - 30 m down the boreholes. The aim was to obtain information
on the variation of rock properties and partly to facilitate interpretation of the geophysical
measurements.

Representative samples of the various rock types were taken to the laboratory for
determination of their strength and deformation properties as support for the field observa-
tions, e.g. uniaxial compression strength, module of elasticity (tangent modulus) and
Poisson's ratio, following the ISRM recommendations where applicable.

Post-metamorphic geological alteration processes in the bedrock of Olkiluoto were
investigated in fracture fill samples from the deepest borehole, employing a variety of
methods to identify the minerals concerned, in order to reconstruct the conditions under
which they could have formed and to determine their age radiometrically.

6.2.7 Development of lithological and structural models

The field mapping, geophysical and borehole data were combined, using a CAD-based
system (Saksa 1995) to develop a lithological model for each of the sites. Each lithological
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model was then used in the development of a structural model for the site which
incorporated structural data from surface mapping, the interpretation of geophysical
surveys and borehole data. The development of both the lithological and structural models
for the sites from the early stages of field mapping to the end of the detailed phase of the
investigations is discussed in Section 7.3.

6.3 Evaluation of the investigation sites

6.3.1 Results related to the earlier site identification survey

The main purpose of the site identification survey carried out in 1983-1985 was to locate
a number of bedrock blocks bounded by crush zones, blocks which could be expected to
remain comparatively stable over long periods of time when subjected of tectonic activity
or future glacial events (Salmi etal. 1985). The preliminary site investigations of 1987-1992
concentrated in turn on determining the structure of the bedrock within each of the blocks
selected and on obtaining further information on the block boundaries (i. e. fracture or crush
zones) by a variety of methods, including more precise lineament interpretations, airborne,
ground surface and borehole geophysical measurements and borehole sampling. The block
boundaries were included within the structural models constructed for the sites (Saksa et al.
1991a-d; 1992a-e).

The material contained in the extensive database developed during the site identification
survey (Salmi etal. 1985) is discussed by Viljanen (1992), who describes the properties of
about 130 of the blocks examined. He also compares this information with regional
divisions of Finland based on crustal relief and lithology (Alalammi 1986). The distribution
of the present sites relative to the relief and lithological regions and the correlation between
them is discussed in TVO (1992b). The Romuvaara, Veitsivaara and Konginkangas sites
fall into relief type 2 and the Syyry and Olkiluoto sites into type 3. According to Viljanen
(1992), the greatest variations in fracture density, 0-6 fractures/metre occur in the Ostro-
bothnian relief type, the figures elsewhere being 0-2 fractures/metre, while the correspond-
ing figures for the lithological regions are 0-6 fractures/metre for region 10 and 0-2
fractures/metre in the other regions.

The sites scarcely differ at all in terms of their levels of fracturing and were considered,
collectively, to represent good quality bedrock of the slightly or sparsely fractured kind. No
appreciable differences in fracturing are to be found between them or with respect to relief.
The connection between fracture density and topographical variation confirmed the
assumption that the more elevated bedrock areas are knots which have remained above their
surroundings by virtue of their lower fracture density and resulting superior resistance to
erosion. In the lowest-lying areas the stretches of bedrock with the most numerous fractures
have been obscured, partly as a consequence of the marine phases that followed the
glaciations. This observation also helps to explain the differences in fracture frequencies
that emerged in the fleldwork between the bedrock outcrop surveys and the fracture logging
from borehole core.
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Further examination of the results indicated thatno clear internal correlation couldbe found
between the topography and level of fracturing, and that the differences between the sites
were small. Thus, whereas Salmi et al. (1985) had classified the blocks concerned according
to fracturing, crushing, size, level of exposure and topography, it is only the level of
exposure that was found to vary markedly between the five sites.

A reassessment was also made of the approach adopted for the interpretation of the blocks
as part of the preliminary site investigations in 1983-85, which had involved subjective
interpretations of satellite images, air photographs and basic geological and topographic
maps. The aim was to re-evaluate these factors by numerical analysis of the relief data. The
Veitsivaara and Olkiluoto sites were selected for this purpose, and their relief data, which
formed an essential body of initial material for the interpretations performed in 1983-1985,
were digitised and the resulting figures used to construct numerical models of the terrain
(Autio & Hakanen 1991, 1992). These models were then used to produce structural
interpretations comparable to those made in the site identification survey. The models and
their interpretations served to confirm the results arrived at in the 1983-85 interpretation and
at the same time permitted more detailed structures to be elucidated. This revealed clear
transition points in the topography at Veitsivaara and enabled more balanced interpretations
of the offshore area to be achieved in the case of Olkiluoto (Fig. 6.3-1).

Figure 6.3-1. Terrain model for Olkiluoto and its surroundings constructed using oblique
illumination.
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One result of the investigations was that it provided further confirmation for the interpre-
tations of the boundaries to the bedrock blocks, which remained for the most part unchanged
(Fig. 6.3-2). The crush zones forming these boundaries were studied by means of boreholes,
and a separate report was drawn up on the internal properties of the fracture zones (Sacklen
1992). The site-specific results and their interpretations are discussed in TVO (1992b) (Fig.
6.3-2). In summary, it can be concluded that the results of the preliminary site investigations
allowed a single block to be identified at each site that included the whole investigation site,
and showed that the original ideas of the location of the block boundaries to be, in general,
correct. The fracture zones concerned vary in extent from local structures to regional ones,
and the blocks were found to be capable of subdivision into smaller units (e.g. Fig. 6.3-3).

LENTUJ
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1st Class Lineament

2nd Class Lineament

Lake

3rd Class Lineament
4th Class Lineament

Investigation Area

Figure 6.3-2. Bedrock structures deduced for the Romuvaara area during the site selection
programme (Salmi et al. 1985). The Romuvaara block selected for investigation on the basis of
information at this time is shaded.
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Figure 6.3-3. Regional fracture model of the Romuvaara area based on the results of the
preliminary investigations (TVO 1992b). The reference numbers, of the various fracture zones (or
structures) are shown.

Lithological and structural properties

The preliminary investigations enabled the lithology and major aspects of the fracturing to
be quantified.

The fracture densities were examined by rock type and in terms of outcrops and borehole
core for all the sites in TVO (1992b), based on evidence from the 1000 m deep boreholes.
The very much greater incidence of fractured bedrock to be found in borehole KRl at
Veitsivaara, compared with the other corresponding boreholes, and the greater width of the
fracture zones can be easily appreciated from the data (Table 6.3 -1). The lowest proportion
of fractured bedrock was found in borehole KRl at Olkiluoto.
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Table 6.3-1. The main rock types at the sites and the mean fracture densities measured from the
outcrops and boreholes, also the proportions of fractured rock in the boreholes.

Site

Romuvaara

Veitsivaara

Kivetty

Syyry

Olkiluoto

Rock types

Tonalite gneiss
Mica gneiss
Leucotonalite gneiss
Granodiorite
Metadiabase

Tonalite gneiss
Granite
Metadiabase

Porphyritic granite
Porphyritic gronodiorite
Granite
Granodiorite
Gabbro

Tonalite
Mica gneiss
Leucogabbro-quartzdiorite

Mica gneiss/veined gneiss
Tonalite-granodiorite
Granite/pegmatite

Fracture
density in
outcrop

(fractures nr1)

0.4
0.4
0.5
0.7
1.2

1.0
1.5

0.7
0.7
1.1
1.9
2.0

1.1

1.2

0.7
0.8
0.6

Fracture
density in core

samples
(fractures nr1)

2.1
2.0
2.2
1.9
3.7

2.0
2.9
4.1

2.4
1.4
2.2
3.5
1.8

2.6
1.7
2.3

2.1
1.3
2.3

Fractured
rock (%) in
core samples

5.8
6.8
1.2
0.4
1.9

1.6
21.1
64.4

2.2
1.3
0.3
1.3

3.2
2.8
5.6

2.1

1.4

A general similarity exists between the rock types in terms of the degree of fracturing in the
intact bedrock. This is particularly noticeable in the case of the Archaean gneisses of
Romuvaara and Veitsivaara (age >2800 Ma), and even the younger gneisses at Syyry and
Olkiluoto (age 1900-1800 Ma) do not differ very greatly in this respect. The intact bedrock
at all these sites has fracture densities in the ranges 0.4-1.0 and 2.0-2.7 fractures/m for
outcrops and boreholes respectively. The highest fracture densities are found in the gneisses
of Veitsivaara and Romuvaara, and the proportion of fractured bedrock, at 5.8%, is
somewhat higher in the tonalite gneiss of Romuvaara than elsewhere.

Fracture densities in the Proterozoic granite at Veitsivaara do not differ markedly from
those in the younger granites at Kivetty and Olkiluoto. Here the respective ranges are 0.6-
1.5 and 1.4-2.9 fractures/m, with the Veitsivaara granite representing the peak values and
also being noticeable in the proportion of fractured bedrock.
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Fracturing in the "intact" metadiabases at Romuvaara and Veitsivaara are similar, with
fracture densities of 1.2 and 3.7-4.1 fractures/m respectively, but the diabases at Veitsivaara
are extensively fractured and exhibit a higher proportion of fractured rock, 64.4%.

The gabbro-quartz diorites of Kivetty and Syyry are similar in terms of their fracturing.
Fracture densities vary in the ranges 1.2-2.0 and 1.8-2.3 fractures/m, but the leucogabbro
- quartz diorite at Syyry has a very much higher proportion of fracturing than the gabbro at
Kivetty.

It proved possible by means of low-altitude airborne, ground surface and borehole
measurements to locate large numbers of local fracture zones within the blocks at the five
investigation sites. These were interpreted as being continuous and planar, even though the
observations suggested that they are in many cases variable in width and could also be
discontinuous. No definitive information was obtained on how far such zones might extend
to depth, and it was considered that it would be difficult to obtain information of this kind.

Their extent to depth was nevertheless examined by:

• assuming in the case of small structures that they are at least as deep as they are long,
• assuming in the case of large structures that they continue to a depth of approx. 1500

m, which corresponds to the maximum interpretable depth from the seismic reflection
surveys and, when extrapolating from the ground surface, corresponds to 1.5 times the
depth of the deepest borehole,

• varying the transmissivity (T; m2/s) for the fracture zone with depth in the groundwater
models.

The fracture zones were located as accurately as possible and presented in three dimensions
by means of a CAD modelling program (Saksa 1995). The three-dimensional visualisation
of these complex structural models enabled those responsible for their construction to form
a common view of the interpretation of the investigations (e.g. Saksa et al. 1991a-d; 1992a-
e) (Fig. 6.3-4).

The percentages of markedly fractured bedrock in the deepest boreholes at the five sites are
given in Table 6.3-2. These deep boreholes were all located using the same criteria and were
designed to lie within what was believed to be relatively unfractured parts of the bedrock
(Table 6.3-1). The data presented in Table 6.3-1 therefore provides a useful comparison of
the five sites from the standpoint of fracturing, as outlined below:

• The fracture zones at the Romuvaara site frequently occur in connection with diabase
dykes, usually have a steep or moderate dip and are mostly fairly narrow and clearly
defined relative to the surrounding rock.

• The fracture zones at Veitsivaara are predominantly steeply dipping and occur,
similarly, in association with diabase dykes. They also lie close to the contact with the
granite and within the granite formation itself.
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• The majority of the fracture zones at Kivetty are oriented in a NW-SE direction, tend
to be continuous and are almost without exception vertical. Only 20% of the zones do
not lie in this category (TVO 1992b).

• The Syyry site has a relatively large number of local fracture zones, most of which are
vertical and they typically occur in a variety of orientations. A few broad zones with a
high density of fractures have been detected in the central part of the site.

• The local fracture zones at Olkiluoto are oriented in three main directions, WNE-ESE,
NNE-SSW and ENE-WSW. A number of zones oriented transverse to the long axis of
the island lie in the central part of the investigation area. The dip of the zones is variable,
but a significant proportion dip gently to the south or southeast.

Figure 6.3-4. Local fracture zones defined within the Romuvaara investigation area from the
preliminary investigations. The relative degrees of confidence attached to the interpretation of these
structures are indicated by the different colours (see discussion in Section 7.3.1 and Fig. 7.3-9).
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Table 6.3-2. Proportion of broken (fractured) rock in the deep KR1 boreholes at the five sites.

™ , , ,«N Average width of
Site Broken rock (%) , , 6 . , ,v broken section (m)

Romuvaara 6.1 1.9

Veitsivaara 24.6 3.5

Kivetty 4.2 1.6

Syyry 8.7 1.9

Olkiluoto 2.3 1.8

6.3.2 Hydrogeological properties

6.3.2.1 Hydraulic conductivity

Some 90 hydraulic conductivity measurements were made in the boreholes at each site by
means of constant head injection tests and about 25 by means of transient tests in the multi-
level piezometers. The results of these tests are presented in Fig. 6.3-5, the former
interpreted using Moye's equation and the latter using Cedergren's equation. These provide
initial indications of the trends in hydraulic conductivity, including the variation in the
measured values and an impression of the large numbers of very low values. No significant
comparisons between sites or between boreholes can, however, be based on this figure
without considering specific information on the individual boreholes and the hydraulic
testing regime in general, e.g. whether or not a borehole was drilled parallel to a fracture
zone, whether a borehole was drilled with the specific purpose of studying a certain fracture
zone, or the limited number of measurements at depths in excess of 500 m, etc.

Features that stand out more clearly in Fig. 6.3-5 are the numerous very low values of
hydraulic conductivity from the multi-level piezometers at Syyry and a small number of
significantly high piezometer readings at Romuvaara, while the outstanding borehole
results are the numerous high values at depths of 100 - 400 m at Syyry and the relatively high
values at greater depths at Veitsivaara. All the sites have so many measured values below
the detection limit that no differences in this respect can be considered to exist between the
sites.

A statistical analysis on the hydraulic conductivities for the five sites is presented in Table
6.3-3. With the exception of Syyry, the statistics for the sites are very similar. The Olkiluoto
data are shown by the %2 test not to be normally distributed, on account of the large number
of values of hydraulic conductivity at the lower limit of detection (10"10 m s"1) and the small
number in the interval 10"10 - 10"9 m s"1. The data for Syyry, on the other hand, is evenly
distributed but has a broader distribution and displays a greater number of high hydraulic
conductivities (Niemi & Kontio 1991, 1992).
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Figure 6.3-5. Measurements of hydraulic conductivity at the five sites. Constant head injection tests
are presented for packer intervals of 31 m.

The dependence of hydraulic conductivity on depth was explored further by dividing the
measurements into two depth classes of <200 m and 200 - 500 m (Niemi & Kontio 1991,
1992; Table 6.3-4).

Division of the data in this way led to the observation that the dependence of hydraulic
conductivity on depth is similar at all the sites, with the hydraulic conductivity decreasing
between classes by a factor of approx. 1.5-1.6 at Romuvaara, Veitsivaara and Kivetty and
approx. 1.2-1.3 at Syyry and Olkiluoto. The median conductivity over the depth range 200-
500 m is lowest at Romuvaara, with little difference being shown between the other sites.
Little difference was also found between the sites, in terms of the relationship between the
hydraulic conductivities measured in the fracture zones and in the intact rock.
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Table 6.3-3. Statistics of the measured hydraulic conductivity values (log10 m s'1) (A) and the normal
distributions fitted to them (B)for all values from depths of<500 m.

Investigation
area

Romuvaara

Veitsivaara

Kivetty

Syyry

Olkiluoto

A
Mean

-8.9

-8.7

-8.7

-8.2

-8.7

A
Median

-9.2

-9.0

-9.0

-8.5

-9.0

A
Standard
deviation

1.3

1.3

1.3

1.9

1.4

B
Expected

value

-9.2

-9.0

-9.0

-8.5

-9.1

B
Standard
deviation

1.7

1.6

1.6

2.3

1.8

Table 6.3-4. Statistics of measured hydraulic conductivities when considered in two depth classes
of<200 m and 200-500 m.

Investigation
area

Romuvaara

Veitsivaara

Kivetty

Syyry

Olkiluoto

Mean
(<200 m)

-7.8

-7.7

-7.5

-7.1

-7.9

Median
(<200 m)

-8.1

-7.4

-8.0

-7.0

-8.0

Mean
(200 -500 m)

-9.3

-9.1

-9.0

-8.5

-9.0

Median
(200 -500 m)

-9.8

-9.1

-9.4

-9.3

-9.2

Standard
deviation
(<200 m)

1.3

1.5

1.4

1.9

1.6

Standard
deviation

(200 -500 m)

1.0

0.9

1.1

1.8

1.3

Low hydraulic conductivity values (<10~9 m s'1) were recorded over varying lengths in
borehole sections in intact bedrock. The numbers of such sections for different borehole test
lengths are shown in Fig. 6.3-6, the length distribution being expressed in multiples of the
approximately 30 m packer interval used in the borehole measurements of hydraulic
conductivity.

The greatest numbers of individual sections of low conductivity were recorded for
Veitsivaara and Kivetty, and by far the lowest numbers for Olkiluoto, while the longest
continuous low-conductivity borehole sequences were found at Romuvaara and Olkiluoto.
It was, however, unclear at the time how these data should be interpreted and to what extent
they provided useful comparisons between the sites.
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Figure 6.3-6. Numbers of borehole sections of given lengths (in multiples of30 m) possessing low
hydraulic conductivities (<10~9 m s'1) at the five sites.
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6.3.2.2 Groundwater flow conditions

The groundwater table follows the surface topography at all the sites, implying that the
horizontal hydraulic gradient is directly dependent on the local topography which, with
local exceptions, is subdued. It is not strictly correct to assign a mean gradient for each site,
however, a slightly higher mean gradient exists at the surface at Romuvaara than elsewhere,
with generally smaller gradients at Syyry and Olkiluoto. The greater than average hydraulic
gradient observed at Romuvaara decreases with depth more rapidly than do the hydraulic
gradients at the other sites.

The low hydraulic conductivities and hydraulic gradients recorded at all the sites means that
groundwater fluxes (the volume of water passing through a given cross sectional area per
unit of time) are limited and, at 500 m depth, lie in the range of 0.001 - 0.15 1 nr2 a"1 (Table
6.3-5).

Table 6.3-5. Groundwater flow rates in fractured intact bedrock and fracture zones at a depth of
500 m at the five sites. Fractures zones are assumed to have a width of 10 m.

Investigation area

Romuvaara

Veitsivaara

Kivetty

Syyry

Olkiluoto

Flux in intact bedrock
( l m ' a-')

2x10' - 0.15

io-2 - i o '

10' - 5x10'

lO"2 - 5xlO"2

103 - 10 '

Flux in fracture zones
(lnr2 a-')

10' - 150

1 - 2000

5xlO"2 - 100

0.2 - 300

10' - 30

Since the surface traces of fracture zones are commonly associated with topographic lows,
the hydraulic gradients along them are small and the flux depends mainly on their
transmissivity, which, at these sites, typically lies in the range 10"7-10"s m s'2 at a depth of
500 m. If the thickness of a fracture zone is assumed to be 10 m and its hydraulic gradient
0.01, arange of 0.1 - 3001 m'2 a1 is obtained for the mean flux. Fluxes of this magnitude were
obtained from the groundwater flow models for all the sites, although each site was found
to have a few fracture zones that are, however, more significant in terms of groundwater
flow.

The groundwater flow regimes were found to differ markedly from site to site. The principal
factors which determine the geometry of the groundwater flow are the relief, which controls
the hydraulic gradient, and the orientation of the hydraulically most conductive structures.

At Romuvaara groundwater recharge occurs in the centre of the site and flows radially
outwards (Taivassalo & Koskinen 1992). At all depths the flow adopts a horizontal
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dispersive pattern with fracture zones locally intercepting flow leading to some local
discharge in topographic depressions.

The general groundwater flow regime at Veitsivaara is dominated by regional flow from
east to west (Meling 1992) with local recharge taking place in the eastern part of the site.
Groundwater flow is controlled by the presence of one particular fracture zone (Rl) and by
the expanse of low-lying ground to the south of the site. The majority of the groundwater
flow paths continue out of the investigation area without reaching the surface.

There are two groundwater recharge areas in its eastern part of the Kivetty site, however the
direction of groundwater flow rapidly rotates to be sub-horizontal with increasing depth.
The presence of conductive fracture zones results in a general south-westerly sub-
horizontal flow over the majority of the Kivetty site, at all depths, modified locally by the
presence of fracture zones with other orientations.

Groundwater recharge takes place in the north-western part of the Syyry site. The most
pronounced hydraulic gradient in the area covered by the boreholes shows generally sub-
horizontal groundwater flow at depth mainly towards the southeast, with discharge
occurring to the southeast of the investigation area.

A groundwater divide bisects the island of Olkiluoto in an E-W direction (Fig. 6.2-4). Near-
surface groundwater responds to this topographic effect, however, at 500 m depth the flow
is dominantly sub-horizontal to both the north and the south (Koskinen 1992a, 1992b).
Groundwater discharge takes place beneath the sea via transmissive fracture zones.

6.3.3 Geochemistry

Large numbers of water samples were taken in the course of the preliminary site investiga-
tions, from the deep boreholes, from surface waters and from precipitation. All these
samples were taken, handled and analysed in accordance with predetermined procedures,
and a summary of the hydrochemical investigations has been published (Lampen &
Snellman 1993).

Particular attention was paid to the quality and representativeness of the samples. It had been
noted in the Lavia borehole project (Wickstrom & Lampen 1986) that composition of the
groundwater in the bedrock is susceptible to external disturbances due to a variety of factors
during the borehole investigation phase, notably the effects of the flushing water used
during drilling, the flow of groundwater within the open borehole as a result of differences
in hydraulic head and the water introduced for the water loss tests. Other factors which also
affected the representativeness of the borehole groundwater samples were the pumping
speed used when taking the samples, the condition of the sampler, the gases released from
the sample as a result of the pressure differentials and reactions in the sample on coming into
contact with air. The reliability of the laboratory analyses was also influenced by the
handling of the sample in the field, its transportation and its storage. It was possible,
however, when planning the sampling programme to take these factors into account, so that
their effects could either be prevented or could be subsequently assessed.
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The initial task of processing the hydrochemical results was, therefore, to judge the
representativeness of the sample and the reliability of the results. The proportion of drilling
fluid in the sample was measured using the concentration of the tracer and the effects of flow
within the borehole were assessed from the pressure head measurements.

The representativeness of the laboratory analysis was determined from calculations of the
ionic charge balance, as the overall charge in the groundwater is neutral - deviations of+/
-10% were, however, acceptable. Of the individual parameters examined, contamination
from the air between sampling and analysis had the most marked effect on the determination
of alkalinity and acidity, and from 1990 onwards these analyses were performed in the field
in order to improve their reliability.

Further examinations were directed at classifying the samples in terms of their salinity and
principal ions. The chemistry of the water samples was assessed by means of Schoeller
diagrams (Schoeller 1935). These diagrams enabled samples from different points to be
compared and observations to be made on the main cations and anions typical of the water
samples (the diagram for Olkiluoto is shown in Figure 6.3.7). The relationships of the
cations and anions were examined using the traditional trilinear plot of Davis & De Wiest
(1967).

1.00E+03

1.00E+02 : : : : :

1.00E+01

1.00E+00

1.00E-01 J -

Figure 6.3-7. Relationships between the principal components in the groundwater samples from
Olkiluoto from different depths in various boreholes.
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The results of the sampling were examined qualitatively using the chloride ion for
comparison, since this is usually regarded as a 'conservative' variable in groundwater
chemistry (Nordstrom et ah 1989; Feth 1981) and to be helpful in the detection of factors
likely to affect the composition of water samples, such as mixing, dilution, dissolution and
precipitation processes. It also allows an initial estimate to be made of the possible origins
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of the groundwater by examining the concentrations of sodium, calcium, potassium,
magnesium, manganese, iron, barium, strontium, bromide, fluoride, bicarbonate and
sulphate in relation to those of chloride.

Obtaining groundwater samples for isotope analysis is particularly sensitive to interference,
and in view of the uncertainties attached to the results of such analyses many of them can
be regarded only as indicative. The principal isotopes of interest here were deuterium (2H),
oxygen (18O), 14C, 13C and tritium (3H). Of these, tritium serves as an indicator of the
representativeness of the water sample, since it reveals the presence of any recent meteoric
water. !3C and 14C indicate the mean residence time of the groundwater, and deuterium and
18O provide indications of the temperature at which recharge took place and the degree of
mixing (e.g. Figure 6.3-8). The results of the radiocarbon analyses can be affected by
contamination with atmospheric CO2 during sampling, whilst other factors tending to affect
the balance of carbon isotopes in groundwater samples from the bedrock are the dissolution
of calcite from fracture fill material, reactions between calcite dissolved in the water and
solid calcite and oxidation of methane in the bedrock to carbon dioxide.
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Figure 6.3-8. S^Hand 88O results for Olkiluoto groundwater samples. The proportions of the two
stable isotopes suggest a largely meteoric origin. The reference line is the GMWL, Global Meteoric
Water Line, &H'= &8O + 10.

The results obtained from the water samples taken during the site investigations were
classified in terms of their representativeness (Lampen & Snellman 1993) as a means of
suggesting values for future use and pointing to the levels of uncertainty which would have
to be considered, especially during geochemical modelling. The criteria applied in this
classification were chosen to include not only indicators of the potential level of contam-
ination (3H, TOC, KMN04, NO3 or PO^ but also those associated with the sampling
technique used (e.g. pumping velocity, Eh and/or O2 measurements in the field and amount
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of drilling fluid) and the ionic balance. This classification was performed separately for the
groundwater and surface water samples, those taken from the boreholes being further
assessed in terms of their redox parameters. Attention was also paid to Fe2+/Fe(tot) and the
occurrence of sulphide ions and reducing gases in addition to the field measurements of Eh
and O2. Boundary values were defined for the parameters used as criteria, as listed in Table
6.3-6 (Lampen & Snellman 1993, National Board of Medicine 1991). This process
separated the samples into three groups:

• Class A: all parameters fall below the boundary values and the sample was taken at a
low pumping velocity, <300 ml/min,

• Class B: all parameters fall below the boundary values but the sample was taken at a high
pumping velocity, e.g. in a pumping test,

• Class C: at least one parameter exceeds its boundary value.

The samples were found to be normally of adequate quality for determining the general
properties of the groundwater. The representativeness of the water samples was assessed
using a series of variables which describe the effects of possible contamination or alteration
(Table 6.3-6) and which are highly sensitive to events occurring in the course of drilling and
borehole investigations, the contamination of groundwater by surface water and other
possibly anthropogenic sources of contamination. The method used for characterising the
groundwater at these sites was that developed by Davis & De Wiest (1967), which is based
on the amounts of the principal ions present. In spite of the minor contamination detected
in the samples, it was possible to carry out an initial characterisation of the groundwaters
at the sites and obtain a comparison between the sites in terms of their groundwater
chemistries.

The results of the groundwater analyses were subsequently used to develop hydrochemical
conceptual models for the sites. In addition to groundwater chemistry, the evaluation of
groundwater trends and the assessment of the representativeness of the groundwater
samples made use of mineralogical data, the bedrock structures and hydrogeological data,
the interpretation being based on correlation diagrams and calculations made from the
models. Use was made here of the chemical modelling programs EQ3NR (Wolery 1983),
PHREEQE (Parkhurst et al. 1982) and PHRQPITZ (Plummer et al. 1988). The resulting
models were then used to investigate the interactions between fracture infill minerals and
the groundwater (Pitkanen et al. 1990,1992a-c), with particular attention being paid to pH,
the carbonate system and redox conditions. Saturation indices and facies diagrams, and also
disequilibrium indices, which reflect the relative stability of the weathering products of the
principal bedrock minerals, were compared with the mineralogical analysis of fracture
minerals from core material. The ion ratios, isotope ratios, saturation indices and facies
diagrams were used to study the development of the groundwater chemistry and to
investigate the possibility of sea water contamination in the case of Olkiluoto. Reference
samples of groundwater, so called "reference groundwaters", were also selected on the basis
of the hydrochemical results and the geochemical modelling for use in the calculations
required for the safety analysis (Snellman 1990).
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Table 6.3-6. Boundary values for the parameters used in the classification of representativeness of
the groundwater samples (Lampen & Snellman 1993).

Parameter

3H

Fraction of flushing water

Ionic equilibrium

Eh (field measurement)

O2 (field measurements)

TOC

KMnO
4

NO3

NH4

PO4

Boundary values

<8.5 TU

<10%

+/-10%

<0mV

<0.5 mg I1

<3.5 mg I1

<12 mg I1

<25 mg I"1

<0.5 mg I-1

<0.1 mg I"1

The minimum, maximum and mean values obtained for the principal hydrochemical
variables studied in the groundwater samples taken from the boreholes during the prelim-
inary investigations are listed in Table 6.3-7. The table also includes comparative data from
research into deep groundwaters in crystalline bedrock in Finland (Lahermo et al. 1990;
Ronka 1983; Snellman 1982, Snellman & Helenius 1992; Blomqvist et al. 1992), Sweden
(Smellie et al. 1985; Smellie & Laaksoharju 1992) and Switzerland (Pearson et al. 1989)
and synthetic groundwater in Sweden (Allard et al. 1981) and Canada (Gascoyne 1988).
The table draws attention to the most significant differences in groundwater chemistry
between the sites, namely that Romuvaara, Veitsivaara and Kivetty have fresh groundwater
to depth, whereas the groundwater at Sievi and Olkiluoto can be either fresh, brackish or
saline. This is reflected in the TDS and electrical conductivity values and in the concentra-
tions of the principal ions, notably chloride. Of the freshwater areas, Kivetty has higher ionic
strengths in its groundwater samples than either Romuvaara or Veitsivaara, possibly on
account of the lower incidence of fracturing (Lampen & Snellman 1993). The mean TDS
value at Olkiluoto is almost three times that recorded at Syyry.

Especially striking as far as the mean concentrations of the principal ions is concerned are
the high sodium and calcium levels in the Syyry and Olkiluoto samples, particularly the
latter, and the magnesium concentrations at these sites are also considerably higher than
those at the sites with fresh groundwater, Romuvaara, Veitsivaara and Kivetty. Total iron
is higher at Syyry than at the other sites, largely as a result of two very high figures recorded
for samples obtained from borehole KR1 during the pumping tests, which may have been
influenced by the high iron content of the water used for drilling.
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Table 6.3-7. Minimum (min), maximum (max) and mean values (mv)for groundwater sample

parameters from boreholes at the five sites in the preliminary investigations.

PARAMETER

TDS, mg/l

pH, field

el.cond.(field), mS/m

Eh(Pt, field), mV

02(field), mg/l

Na, mg/l

K, mg/l

Ca, mg/l

Mg, mg/l

Fe(tot.lab), mg/l

Cl, mg/l

HC03, mg/l

S04, mg/l

H-3, TU

H-2, %<SMOW

0-18, %SM0W

C-14, pmc

C-13, %PDB

R0 RO

(min) (max)

61.7 189.S

6.8 9.;

7.7 19.C

-330.0 230.C

0.0 1.1

4.3 43.2

0.7 3.C

2.7 23.C

0.1 5.3

0.0 3.0

0.9 7.4

0.0 123.3

1.0 6.5

9.9 35.8

-110.1 -98.5

-13.7 -12.8

71.3 71.3

-19.8 -19.8

RO

(mv)

) 150.2

! 8.0

11.2

-91.5

0.5

9.0

2.0

13.9

4.0

1.1

1.9

83.7

2.2

23.2

-103.5

-13.1

71.3

-19.8

VE

(min)

63.J

6.(

4 i

-99.C

O.C

2 i

0.4

3.S

0.6

0.0

0.6

24.4

0.5

14.0

-104.0

-13.7

33.1

-19.0

VE

(max)

VE

(mv)

. 170.6 122.3

! 8.;

> 19.;

260.C

8.C

31.C

1.1

18.C

2.0

0.9

20.C

92.8

6.8

51.0

-94.4

-12.4

33.1

-19.0

6.9

i 10.2

) 163.8

2.7

11.9

0.6

11.9

1.2

0.3

6.3

55.8

2.1

24.4

-98.9

-13.1

33.1

-19.0

Kl

(min)

133.2

7.2

14.6

-350.C

O.C

4.7

0.2

11.2

0.9

O.O

1.C

82.4

0.1

6.0

-101.8

-13.5

8.8

-21.0

Kl

(max)

> 240.;

8.E

26.C

400.C

0/

27.C

2.A

33.0

8.6

1.4

5.8

158.6

3.5

34.0

-92.7

-12.4

80.4

-19.3

Kl

(mv)

» 202.8

7.8

18.4

3.3

0.1

13.6

1.5

23.9

6.1

0.3

2.3

132.9

1.6

9.2

-96.5

-12.6

44.5

-20.0

SY

(min)

264.S

6.6

24.E

-487.C

O.C

17.0

2.2

26.0

1.0

O.O

3.4

19.5

1.5

3.0

-104.7

-12.9

33.6

-19.8

SY

(max)

10991.'

9.;

1729.C

70.C

0.S

1870.C

26.C

2200.C

38.0

9.1

6830.C

189.2

20.0

34.0

-88.8

-11.9

75.1

-5.6

SY

(mv)

t 3444.6

! 8.0

563.7

-288.9

0.1

609.9

7.9

624.2

12.8

2.2

2024.2

96.8

7.9

9.2

-93.6

-12.2

62.9

-9.7

OL

(min)

1374.;

7.2

21 O.C

-290.C

O.O

360.0

4.7

74.0

22.6

0.1

421.0

12.8

0.1

6.4

-91.9

-11.1

18.7

-20.8

a OL

(max) {mv)

35109.4 9119.0

9.1 8.3

5000.0 1323.9

35.0 -143.9

0.9 0.3

6622.0 1917.8

19.8 10.6

6214.0 1370.4

65.5 40.2

2.5 0.5

22000.0 5437.7

346.6 174.9

396.0 126.2

25.0 -14.6

-64.4 -80.4

-8.7 -10.3

47.0 38.5

-14.3 -17.8

PARAMETER

TDS, mg/l

pH, field

el.cond.(field), mS/m

Eh(Pt, field), mV

02(field), mg/l

Na, mg/l

K, mg/l

Ca, mg/l

Mg, mg/l

Fe(tot,lab), mg/l

Cl, mg/l

HC03, mg/l
S04, mg/l

H-3, TU

H-2, %oSM0W

0-18, %£M0W

C-14, pmc

C-13, %PDB

RO

VE SY

Kl OL

(mv) (mv)

158.4 6281.8

8.0 8.1

13.2 943,8

25.2 -216.4

1.1 0.2

11.5 1263.9

1.3 9.3

16.6 997.3

3.8 26.5

0.6 1.0

3.5 3731.0

90.8 135.9
2.0 67.1

18.9 11.8

-99.6 -87.0

-13.0 -11.3

61.6 50.7

-19.6 -13.7

Ref.1

360.0

25.1

7.1

26.6

7.8

0.9

36.6

18.5

Ref.2

19.9

5.1

21.2

6.8

1.0

20.8

19.0

Ref.3

7.6

1350.0

2500.0

30.0

418.0

295.0

1.4

5245.0

22.0

685.0

<1.7

-66.0

-7.8

23.8

-13.5

Ref.4

10200.0

9.0

1710.0

14.0

1451.0

143.0

<0.05

5850.0

31.1

310.0

3.4

-71.2

-10.3

Ret 5

8.4

35.1

-300.0

0.0

50.0

16.0

0.1

55.0

85.0

<3

-86.3

-12.0

Ref.6

8.3

1890.0

-310.0

2100.0

8.1

1890.0

42.0

0.2

6370.0

10.4

550.0

-1.0

-97.2

-12.3

Ref.7

13210.0

7.0

4037.0

45.0

870.0

2.6

6621.0

95.0
1560.0

Ref. 8

11247.0

7.8

-30.0

2300.0

10.0

1800.0

30.0

1.0

6000.0

50.0

1000.0

Ref. 9

52.5

3.9

18.0

4.3

0.3

70.0

9.6

Ref. 10

(min)

5.0

-340.0

10.0

0.2

20.0

0.1

5.0

100.0

1.0

Ref. 10

(max)

150.0

-100.0

1700.0

10.0

1800.0

65.0

5600.0

400.0

370.0

REFERENCES:
Reference 1: Lahermo et al., 1990 Reference 6: Smellie and Laaksoharju, 1992, Aspo, KAS02/530 m

Reference 2: Ronka, 1983 Reference 7: Pearson et al., 1989, Bottstein, 1326 m/1983

Reference 3: Snellman, 1992, Y-1, 1985/192 m Reference 8: Gascoyne, 1988

Reference 4: Biomqvisl et al. 1992, Pori, Hyvela/ 488 m, 1987 Reference 9: Allard, 1981

Reference 5: Smellie et al., 1985 (Klipperas 1)/406 m Reference 10: Snellman, 1982, depths < 200 m, mean values (mv)



94

Bicarbonate was found to be high in the groundwater at all the sites, possibly reflecting the
level of exposed bedrock, the lowest mean value being obtained at Veitsivaara. The
Olkiluoto groundwater has a higher sulphate content, and this was thought to be due either
to its marine origin or as a product of the oxidation of pyrite, although the water used for
drilling also was found to contain a high proportion of sulphates.

Regarding the comparative data quoted in the table, references 1 and 2 (Lahermo et al. 1990;
Ronka 1983) represent means derived from large datasets, whereas references 3-7
(Snellman & Helenius 1992; Blomqvist et al. 1992; Smellie et al. 1985; Smellie &
Laaksoharju 1992; Pearson etal. 1989) refer to single boreholes, reference 5 (Smellie etal.
1985) with fresh groundwater and the others with brackish or saline groundwater. Refer-
ences 8 and 9 (Gascoyne 1988; Allard etal. 1981) refer to artificially-produced saline and
fresh groundwater. Reference 10 (Snellman 1982) represents a summary of the data
available on groundwater chemistry in crystalline rocks up to 1982.

The mean values for the principal ions at Romuvaara, Veitsivaara and Kivetty resemble the
results of earlier analyses of samples from shallow boreholes, i.e. depths 0 - 200 m (Ronka
1983; Lahermo et al. 1990), and the observations made at Klipperas site in Sweden in
borehole Kl 1 (Smellie et al. 1985). It is not reasonable, however, to compare the saline
groundwater of Olkiluoto and Syyry with other examples of saline groundwater in Finland,
in view of the differences in geological conditions. In general terms, a higher ionic strength
in groundwater is generally indicative of greater water-rock interaction, and thus of a longer
mean residence time.

The majority of the groundwater samples from the sites were indicative of reducing
conditions, as shown by the low O2 and Eh values, the presence of sulphides and methane
and hydrogen and the occurrence of ferrous iron. A high methane concentration, approx. 70
vol.%, and the highest sulphide content of 3 mg I"1, were measured in borehole KR5 at
Olkiluoto. By far the most obviously reducing conditions were recorded at Syyry, almost
-500 mV at depths <800 m, and the Eh was also low, around -300 mV, in many of the
Olkiluoto samples, a few of the deeper samples at Kivetty and the at Romuvaara. Some
indeterminate samples from Veitsivaara were indicative of oxidation, whereas the field
measurements and sulphide values in borehole KR4 at that site suggested reducing
conditions.

The trilinear plot in Fig. 6.3-9 shows the main types of groundwater sample from
Romuvaara, Veitsivaara and Kivetty to be very similar, whereas distinctly variable
groundwater types are found at Syyry and Olkiluoto, although the borehole samples at both
have a very high chloride content. The surface water at all the sites was found to be mostly
of a mixed type, comprising a number of components. In terms of the classification of Davis
& De Wiest (1967), it is of the Ca-Mg-Na-HCO3-(SO4) type with the order of the principal
cations varying somewhat. Sulphate is absent from the surface water at Syyry, however, and
magnesium from some of the Veitsivaara and Olkiluoto samples. Chloride waters are found
only at Olkiluoto, where the seawater sample, representing the Na-Cl type, stands out
clearly from all the others.
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Figure 6.3-9. Proportions of the principal ions in surface water andgroundwater samples from the
preliminary investigation sites.

Groundwater samples from boreholes are mostly of the Ca-Na-Mg-HCO3 type, with some
variation in the order of the principal cations, although both Ca-Na-HCO3 and Ca-HCO3

types occur at Romuvaara, Veitsivaara and Syyry. The borehole groundwater samples from
Romuvaara, Veitsivaara and Kivetty were of the Ca-HCO3, Ca-Na-HCO3, Na-HCO3, Na-
Ca-HCO3, Ca-Mg-HCO3 and Ca-Mg-Na-HCO3 types, except that magnesium-bearing
groundwater was almost entirely absent at Veitsivaara. Chloride increased markedly in the
Veitsivaara samples as a consequence of the pumping tests. The freshwater samples from
the upper part of borehole KR1 at Syyry were of the same main type as many of the Ca-Na-
HCO3 and Ca-Na-Mg-HCO3 samples referred to above, but both Na-Cl and Ca-Na-Cl type
groundwater was found at greater depths. The Na-Cl type was also encountered in the
Olkiluoto boreholes, even at relatively shallow depths.

TheNa-Ca-Cl type occurs at a depth of about 450 m at Olkiluoto, and at greater depth similar
groundwater to that of the Ca-Na-Cl type at Syyry was found.

The proportions of the stable isotopes 2H and 18O in the groundwater samples from all the
sites point to a meteoric origin, and the samples are on average located well below the GMW
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line (Craig 1961). The rainfall samples stand out as heavier than the cold season precipita-
tion samples on account of isotope fractionation, and the evaporation of surface water is
particularly in evidence in the Olkiluoto seawater samples and those taken from the source
of surface water used for drilling at the site. The isotopically lightest groundwater samples
on average were obtained from Romuvaara and Veitsivaara and the heaviest from Olkiluo-
to. These results fit well with the isotope data from Hyvela, near Pori, quoted in Table 6.3-
7 (Blomqvist et al. 1992). The effects of latitude and the altitude of the sampling point are
clearly visible in the results for the individual sites. Isotope ratios in the Romuvaara,
Veitsivaara, Kivetty and Olkiluoto boreholes differ between the pumping test samples and
those obtained with the sampling equipment, whereas no such difference was observed at
Syyry. On the other hand, more obvious differences between the sections of the same
borehole and between the different periods of sampling were found at Olkiluoto than at the
other sites.

The mean tritium concentration in the water samples from the boreholes at Romuvaara,
Veitsivaara and Kivetty was 18.9 TU, as compared with 11.8 TU at Syyry and Olkiluoto.
The results at all the sites pointed to the presence of young surface water at depth, which
was considered to be probably the result of the mixing of surface water or residual drilling
water with the deep groundwater, due to flow within the boreholes. Higher than average
tritium concentrations were recorded in the Romuvaara and Veitsivaara samples, approx.
24 TU, while the lowest concentrations, approx. 9 TU, were measured at Kivetty and Syyry,
where the figures for the drilling water wells were frequently below the detection limit. The
borehole tritium concentrations at Olkiluoto were also frequently low or below the detection
limit.

The mean 14C values for the groundwater samples from all the sites lie between 50-60 pmc.
The 13C/14C ratio for one sample at Kivetty, in which 14C = 8.8 pmc, indicated a fairly long
residence time, and similar indications were obtained for some of the boreholes at Syyry and
Olkiluoto. The assumption of a long groundwater residence time was supported by the fact
that these samples have tritium concentrations and stable isotopes close to or below the
detection limit. The methane in the gas samples from depths of 597 m and 739 m in the deep
borehole at Syyry gave 14C values of approx. 11 pmc and 3.3 pmc, and correction of these
with respect to the 13C determinations gave residence times for methane dissolved in the
groundwater of 17,800 a and 27,000 a respectively. Obtaining absolute ages was hampered
by a contribution from minerals and organic material, by mixing of water from various
sources and by the possibility of contamination from atmospheric CO2 at the time of
sampling.

The 234U/238U isotope ratio exceeded 1.0 in the majority of the groundwater samples. The
level of uranium was greatest in the samples from Veitsivaara, reflecting the higher uranium
and thorium concentration in the granite at the site. The lowest uranium content was
measured in samples from the deep borehole at Syyry. These findings confirm the existence
of highly reducing conditions suggested by the field measurements and gas analyses. The
results were in agreement with the uranium-series radionuclide imbalance that usually
prevails in groundwater (Asikainen 1982).
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6.3.4 Geotechnical issues

Preliminary investigations of the constructability of the rocks at these sites were carried out,
with the intention of finding out the extent to which the bedrock might be suitable for
constructing a repository at approximately 500 m depth. The bedrock at all the sites was
found to include typical basement lithologies that were generally well suited for under-
ground construction using normal construction techniques. According to the engineering
bedrock classification system in use in Finland (Korhonen et al. 191'4; Table 6.3-8), the
predominant rock at all the sites was described as being sparsely or slightly fractured and
massive, mixed or schistose in structure.

Table 63-8. Rock quality description according to the Finnish engineering geological classifica-
tion (Korhonen et al. 1974; Gardemeister et al. 1976).

Structural solidity
of rock mass

Intact rock mass

Loose rock mass

Broken rock mass

Structural types
of rock mass

Mass-structured

Schistose structured

Mixed-structured

Loose-structured

Weathered-
structured
(Rp0-Rp3)2

Cleft-structured (Ril)

Block-structured

mm
Fracture-structured
(Rim)
Crush-structured
(RilV)
Clay-structured
(RiV)

Structural types and
frequency of fractures
(described in terms of
the most dense
fracturing)1

Sparsely fractured
Slightly fractured
Abundantly fractured
Sparsely fractured
Slightly fractured
Abundantly fractured
Sparsely fractured
Slightly fractured
Abundantly fractured
Sparsely fractured
Slightly fractured
Abundantly fractured

Hardness and toughness
of main rock types

Soft
Brittle
Tough
Hard

Should be described as thoroughly as possible
bearing in mind the degree of weathering

Planar fractures divide the rock mass into two or
more separate sections
Abundantly fractured

Densely fractured

Abundantly or densely
fractured

-

No fracture filling

Little filling in fractures

Fractures filled with clay
minerals
Abundantly clay material
in rock mass

Sparsely fractured:
Slightly fractured:
Abundantly fractured:
Densely fractured:

<1 fractures/m
1-3 fractures/m
3-10 fractures/m
>10 fractures/m

2 RpO:
Rpl:
Rp2:
Rp3:

Unweathered
Slightly weathered
Strongly weathered
Completely weathered
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The tonalite, leucotonalite, mica gneiss and granodiorite bedrock of Romuvaara was found
to be mainly of a mixed structure and schistose in parts, while the metadiabase was massive.
The Veitsivaara bedrock was of two qualities, massive in the case of the granite and
metadiabase and mixed in the case of the tonalite gneiss, while the porphyritic granite,
granite, porphyritic granodiorite, granodiorite and gabbro bedrock at Kivetty was found to
be almost entirely massive. At Syyry predominantly massive tonalite and leucogabbro-
quartz diorite was present, although these rocks were also classified as having a mixed
structure in places, or even schistose, similar to the mica gneiss. The bedrock of Olkiluoto
was found to be principally of mixed structure or schistose, in the case of the mica gneiss
and veined gneiss, while the tonalite-granodiorite and the granite were mixed in structure
in places but predominantly massive.

Local fracture zones (referred to as structures or R-structures in the structural models of the
sites) were found at all the sites. The numbers of such zones (or structures) identified at the
sites and based on direct observation are presented in terms of the engineering classification
system in Table 6.3-9, together with the numbers of zones considered to be of constructional
significance and the total numbers of structures identified in the course of developing the
structural models. The number of structures at a site varied between 14 and 19, of which
between 5 and 8 were deemed to be significant from a constructional point of view, on
account of their degree of fracturing or weathering.

The structures mostly represent the block, fracture and crush types in the classification
system (classes II-IV), and no class V structures were found at all. Fracturing usually
involves some degree of weathering of the rock, this tends to increase with the degree of
fracturing. Various procedures for reinforcing and grouting fracture zones are part of the
normal routine of underground construction, and from this point of view no significant
differences in bedrock conditions were detectable between the sites.

The stress state in the bedrock is a parameter which affects the ease of construction and has
to be taken into account during the design of underground openings. It is normal to design
and orient an underground construction in such a manner that its longitudinal axis is parallel
to the direction of the maximum horizontal stress, as this will minimise the stress
concentrations on its walls and create the most favourable circumstances with respect to its
mechanical stability. The in situ stresses measured in the boreholes at the sites are shown
in Fig. 6.3-10, with the exception of Veitsivaara, where it proved impossible to obtain
sufficiently representative stress readings. Figure 6.3-10 also shows mean values for the
maximum horizontal stress measured in Finland and Scandinavia (Johansson 1984,
Stephansson & Ljunggren 1988). The graph for Scandinavia is based exclusively on the
results of hydrofracturing tests, i. e. the same method as used here (Leijon & Klasson 1990).
The results from these sites are, however, somewhat higher than the average for Scandina-
via, but lower than those obtained elsewhere in Finland.
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Figure 6.3-10. Values of the mean horizontal in situ stress plotted against depth for four of the five
preliminary investigation sites. Best fit trends of the mean horizontal stress are also presented for
Scandinavia and for Finland.
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Table 6.3-9. Fracturezones deducedfrom the bedrockmodelsfor the five sites anddirectly observed
fracture zones by classes (I - IV) based on the engineering rock mass classification system of
Korhonen et al. (1974) used in Finland. The number of zones (i.e. structures) thought to be of
constructional significance are also given.

Class

Romuvaara

Veitsivaara

Kivetty

Syyry

Olkiluoto

TOTAL

I

1

1

II

3

5

4

1

13

II-
III

1

5

6

5

5

22

III

3

7

3

3

4

20

I-
ni

l

l

ii-
IV

1

1

III—
IV

7

5

1

5

18

IV

1

1

Total

14

19

14

14

16

77

Zones of
constructional
significance

8

6

5

6

6

31

Interpreted
zones

19

27

25

29

25

125

The potential for construction of a repository was assessed for the five sites (Riekkola et al.
1992a-e). In developing the preliminary repository designs in these reports, it was assumed
that a repository would be located in those parts of the bedrock which were delimited by
local fracture zones and also where investigations had taken place using deep boreholes.
Several variations to the designs were also tested by altering the distance between the
disposal tunnels and the nearest known hydraulically-conductive fracture zones. The
orientation of the disposal tunnels was also determined by the orientation of the maximum
horizontal stress, and the design took into account the levels of fracturing in the bedrock,
the expected direction of groundwater flow and the chemistry of the groundwater (i.e.
salinity). The overall conclusion was that, based on the information gained from the
preliminary investigations, suitable volumes of bedrock for locating a repository at about
500 m depth could be found at all the sites. A comparison was subsequently carried out of
the relative levels of constructability at the sites (Riekkola et al. 1992f).

6.4 Discussion and conclusions

6.4.1 Investigations and site properties

The scope of the preliminary investigations were set out in the research programme in 1982
and 1985 (Aikas & Laine 1982, Aikas 1985b), and the overall conclusion was that these
aims had been fulfilled. The presence and boundaries of the bedrock blocks defined during
the site selection programme were confirmed in every case, and the bedrock models
describing the areas were produced in greater detail than had originally been intended. This
latter achievement was a consequence of the use of improved borehole technology (a wide
range of measurements, good quality samples and oriented core sampling), the availability
of accurate instrumentation and the systematic adoption of geophysical methods in the
course of the work, including low-altitude measurements from a helicopter, borehole radar
and VSP and HSP reflection surveys.
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The above methods enabled the fracture zones in the bedrock to be identified and their
positions and properties to be evaluated. The properties of fractures (their openness,
tightness, filling) were defined for the intact bedrock and the orientations of fractures were
defined (by means of oriented samples) for use as initial values for interpretation and
modelling purposes (e.g. statistical analysis and fracture network modelling). Valuable
experience was gained in the use of the field methods with a view to future requirements
and these were brought together to produce an evaluation of the methods and technical
approaches adopted (Ohberg 1992).

The comprehensive set of hydraulic conductivity measurements augmented the limited
existing data, in particular on the location and properties of small-scale fracture zones in the
bedrock, and the large number of high quality measurements provided valuable information
on the hydraulic conductivity of the bedrock and its variations under different geological
conditions. The set of results obtained confirmed the impression of the hydraulic properties
of the bedrock that had been gained from the earlier safety assessments, and the long-term
pumping tests added to the range and accuracy of the conductivity measurements and
tended to confirm earlier ideas concerning hydraulic connections between the boreholes.
The hydraulic head measurements in the boreholes yielded new data on the hydraulic head
distribution and its variations with time in different types of crystalline bedrock, which
supported the results of the modelling. The technique adopted, of isolating the borehole at
several intervals using multiple packers, also enabled the groundwater sampling methods
to be refined for future purposes in order to obtain representative groundwater samples.

The bedrock models constructed from the field results served as a basis for groundwater
flow modelling, and the advances made during the investigation phase meant that these flow
models were considerably more detailed than had been possible in earlier phases of the
work. Use was subsequently made of the flow and bedrock models for investigation
possible locations for the repository and as input into safety assessments.

By adjusting the calculated hydraulic heads in the groundwater flow model for each site it
proved possible to fit them to the measured values without the need to make any appreciable
changes to the conceptual bedrock model that had served as a basis for the groundwater flow
model (e.g. Fig 6.4-1). The results of this exercise also enabled the success of the
investigations as a whole to be evaluated. This good mutual correspondence between the
model and measured values resulted in an increased level of confidence in the bedrock
model. Groundwater flows were calculated for the intact bedrock and fracture structures for
each of the sites, and were available for comparison with the estimated surface recharge.

Although it was not the aim at this stage to examine groundwater flow velocities in the
fractures in detail, some flow velocity observations were made using an instrument
developed in the course of this investigation phase (Rouhiainen 1992a,b). A modelling
approach was developed as the work proceeded which allowed the distribution of flow
between bedrock fractures to be examined and estimates to be produced of the flow
velocities within them. A preliminary examination of flow velocities at each of the sites was
subsequently published (Taivassalo & Poteri 1992).
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Figure 6.4-1. 3D distribution of the calculated hydraulic heads and their relationship with the
structures of the bedrock model for Romuvaara, based on the results of the preliminary investiga-
tions.
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Since the potential disposal sites that emerged from the site selection programme of 1983-
1985 were all very similar in their structure and other properties, it was not surprising that
the five sites examined in the preliminary investigations proved to be similar. Such a
similarity has certain advantages in the fact that the conceptual uncertainties associated with
the analysis of, for example, groundwater flows will be of the same nature and likely to be
of similar magnitude for all the sites. Certain high values of hydraulic conductivity have
been measured in the bedrock but their representation in the data is dependent on three
factors: their relationship to specific fracture zones, an element of randomness associated
with the heterogeneity of the bedrock and to some extent the locations of the boreholes.

The preliminary site investigations involved the taking of more than 330 groundwater
samples. Particular attention was paid to sample quality, and the results were carefully
documented. The material confirmed earlier impressions of the general nature of the
groundwater in the Finnish bedrock and established that the groundwater at the five
investigation sites did not differ from the groundwater types generally encountered
elsewhere in Finland or in similar rocks in other countries.

It was known from earlier experience that it would be difficult to obtain representative and
high quality groundwater samples, and a set of stringent sample representativeness criteria
were developed in the course of the work. The results allowed general conclusions to be
drawn regarding the nature of the groundwater at the five sites, with Romuvaara, Veit-
sivaara and Kivetty having fresh groundwater, whereas the groundwater at Olkiluoto and
Syyry was shown to be partly fresh and partly saline. The chemical data indicated that the
groundwaters are a mixture of waters of different types and ages, and that their distribution
and mixing is controlled mainly by differences in hydraulic conductivity between the
fracture zones and intact bedrock, by land uplift and by proximity to the sea.

The investigations showed the sites to be similar in their main bedrock properties and, in
this respect the results conformed to expectations. No findings emerged which were
seriously at variance with the preconceived view of the bedrock of these areas, e.g. no
entirely different rock types were identified, no extensive ore mineralisation was encoun-
tered and no extensive crush zones were found unexpectedly. The assumptions made from
the limited surface-based studies during the site selection programme were shown to be
generally valid as regards the principal properties of the bedrock and the occurrence of
major structures within it.

The investigations served to demonstrate that the notion of an "intact" bedrock block was
in itself a gross simplification. In fact, the bedrock was shown to contain significant small-
scale structural features and its degree of fracturing to vary continuously from large fracture
zones to small fractures and joints {e.g. Fig. 6.3-4). It was possible to identify large numbers
of local fracture structures (some 20-30 per site) which would need to be taken into account
when evaluating the safety of disposal and in planning the repository. Their number was
considerable greater than had been envisaged from the results of the earlier surface-based
observations alone. In addition, the occurrence and nature of local fracture zones based on
the earlier site selection programme (1983-1985) did not always coincide with the bedrock
models subsequently developed.
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It was also observed in these investigations that high hydraulic conductivity was not
associated systematically with any particular type of fracture zone or with denser fracturing,
as had been commonly believed. There was usually a marked contrast in conductivity
between fracture zones and the intact bedrock, but there could also be equally large
differences in conductivity between different types of fracture zones. The simplest, high
conductivity fracture zones could comprise a few individual fractures, whereas the most
complex could be found to consist of extensive stretches of bedrock possessing dense
fracturing. It was not possible to account fully for such conceptual uncertainties in single
bedrock and groundwater models and it was decided to investigate these uncertainties by
developing alternative models. These alternative conceptual models were examined by
carrying out sensitivity and uncertainty tests on the groundwater flow models by varying
the properties of the conductive bedrock structures and assessing the consequences of this
for the modelling results (e.g. Koskinen & Laitinen 1995).

6.4.2 Consequences for long-term safety

The following conclusions were drawn from the results of the preliminary site investiga-
tions with reference to the proposed disposal concept and its long-term safety:

a) Each of the five sites had a sufficiently large bedrock block bounded by significant crush
zones, which could be expected to reduce the possibilities of any major tectonic
movement occurring in the area proposed for a repository. This was considered to
reduce the risk of any disturbed evolutions scenario taking place that could lead to the
damage of one or more of the canisters.

b) Analyses of the groundwaters at the five sites demonstrated that their chemical
characteristics were compatible with long-term safety. The Eh values were indicative
of reducing conditions, oxygen concentrations were usually at the lower limit of
detection and sulphide concentrations were relatively small. Favourable chemical
conditions exist at depth at all the sites with regard to the long-term integrity of the
canister and in limiting the dissolution of the major radionuclides in the groundwater.
The low potassium concentrations in the groundwaters also meant that the bentonite
buffer would retain its advantageous chemical and physical properties.

c) At all the sites the hydraulic conductivities measured in the intact bedrock are low and
are distributed in a similar manner as a function of depth. Conductivities in the intact
bedrock that would be suitable for construction purposes are of the order of 10~9 -10"10

m s"1 (the latter being the detection limit of the method), and corresponded well with
those obtained for intact bedrock in Sweden and Canada. The groundwater modelling
results showed the groundwater fluxes (volume of water per unit area and time) to be
of the order of 0.1-0.011 nr2 a"1 or less at all the sites, attributable principally to the low
conductivities and small hydraulic gradients. Flow rates of this magnitude were
regarded as small with respect to the safety analysis. Flow rates in the fracture zones are
greater than in the intact bedrock at all the sites and are the dominant factor in
determining the groundwater flow regime. Measurements of 14C, 13C and 3H isotopes
nevertheless pointed to very long groundwater residence times in the bedrock, and the



105

salinity of some groundwater samples was also an indication of slow groundwater
turnover.

It was concluded that the bedrock properties of all of the five sites investigated would be
able to provide suitable conditions for the safe disposal of spent fuel and that there were no
appreciable differences between them in this respect.

6.4.3 Consequences for locating the disposal facility

The data obtained on the bedrock and the resulting bedrock models developed were used
to explore the possibilities of locating a repository at a depth of approximately 500 m at each
of the sites (Riekkola et al. 1992a-f). Various repository layouts were examined by varying
the design of the repository and the lengths of its tunnels in order to examine the chances
of avoiding having any tunnel passing through a fracture zone. Attempts were also made to
place the repository in an area of downward or horizontal groundwater flow so as to
minimise the likelihood of releases from the repository being discharged in its immediate
vicinity. Fitting similarly, where saline groundwater was reported at a site (e.g. at
Olkiluoto), it was regarded as desirable to try to place the repository within the saline zone.
The general conclusion of this analysis was that the repository could be built in the manner
originally envisaged at any of the sites.

500 m
AVAILABLE AREA ACCORDING TO LOCATION RULE A

Figure 6.4-2. Repository layout in the Veitsivaara bedrock used in the groundwater computations
of the TVO-92 Safety Analysis (Vieno etal. 1992).
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The alternative designs tested also served to indicate that as far as the bedrock conditions
were concerned, the repository could be positioned in a variety of ways in the bedrock block
defined by the fracture zones at any of the sites. Based on these preliminary investigations,
which were limited in their extent, it was apparent that there would be a somewhat greater
choice of locations for a repository at Kivetty, Romuvaara and Olkiluoto compared with the
situation at Syyry or Veitsivaara. An example of the repository in site geology is given in
Fig. 6.4-2.

6.4.4 Further investigations at the sites

In accordance with the decision of the Council of State (1983), the most suitable of the sites
selected for preliminary investigations were to be taken forward for more detailed
investigations to be carried out over the period from 1993-2000, so that a single site could
be selected by the year 2000. The programme of future investigation and research drawn up
by TVO (1992c) stated that this choice should be based on the results of specific safety
assessments and investigation programmes for the alternative sites considered. It was
suggested that the detailed site investigations should concentrate initially on confirming the
findings of the preliminary investigations and that plans should be put forward at a later
stage for investigating the effects of constructing an access shaft to an underground research
laboratory (URL) on hydraulic heads, hydrochemistry and the properties of the bedrock. It
was stated that these investigations should be designed to predict the effects of repository
construction and to forecast how best use could be made of the construction and operation
of the URL to provide confirmation of the understanding of the site.

It was concluded, based on the results of the preliminary site investigations, that:

• it had be demonstrated that the systematic site selection programme followed had
enabled suitable areas of the Finnish bedrock to be selected for preliminary investiga-
tions,

• the investigated sites all proved to be potentially suitable for the safe, long-term disposal
of spent fuel based on the assumptions inherent in the repository concept and

• all the sites offered the possibility of locating a repository within the areas covered by
the preliminary investigations.

It was also concluded that future investigations and the accompanying R&D programme
would be aimed more towards the licensing process and the eventual selection of a single
site, and that their purpose would be to demonstrate that the site chosen possessed factors
that were most likely to enhance the performance of the multiple barrier system. It was also
stated that the repository would inevitably be located at one of these sites investigated, and
that it was important that it was possible to characterise the selected site in a more detailed
manner than had been the case in the preliminary investigations, especially with regard to
the immediate surroundings of the repository and the disposal holes.

Predictive modelling of the bedrock properties on the basis of existing information, and the
comparison of future field measurements with these predictions can improve the reliability
of the future results and help to reduce the uncertainties associated with them. It was,
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therefore, felt that it would be advantageous if the next round of investigations were to take
place at sites where large amounts of data already existed and where the bedrock and other
conceptual models were associated with lower uncertainties.

The differences between the sites, e.g. in the groundwater flow models and the placement
of the repository, were attributable chiefly to the local fracture zones included in the bedrock
models, for it is these, together with the mineralogy of the bedrock, that determine the
groundwater flow system and the transport rates of radionuclides. It was considered
convenient from the point of view of planning and predictive modelling, as part of the more
detailed investigations, if sites could be selected where the orientations of fracture zones
were limited to a few clearly defined directions, which could be understood in terms of the
geological history of the area. This would imply that the conceptual uncertainties associated
with the structural model at such a site should be less marked, and that the probability of
intersecting an unknown, significant fracture zone would be lower. The conceptual
uncertainties regarding the properties of the fracture network and the levels of channelling
within fractures were considered to be similar for all the sites, and would be in any case
difficult to determine.

It was assumed that where the number of alternative conceptual models of the structure and
other attributes of a site was believed to be small, it should prove easier to investigate
progressively smaller structures and plan the future investigations in a more logical manner.
It was also concluded that sites having gently or moderately dipping fracture zones,
especially where the dip was constant, would be preferable, as determining the precise
locations for boreholes to intersect such zones would be less crucial.

Recent publications at that time {e.g. Anon 1992) had emphasised that an area to be
investigated for a repository should be easy to characterise, evidently with the idea that the
acquisition of data and the elimination of any conceptual uncertainties would be made
easier. This ease of investigation does indeed promote the acquisition of data in site
investigations and the evaluation of the reliability and usefulness of these data. It also
implies in practice that it should be possible to direct future field investigations towards
those part of the area where they will increase one's understanding of the site to the greatest
degree possible. This will also present the most efficient route to reducing uncertainties in
any modelling carried out.

Having completed the preliminary investigations TVO examined the five sites from the
viewpoint of the needs for future investigations. TVO appreciated the fact that the emphasis
of the investigations had to change from developing a general understanding of the bedrock
conditions for the purposes of interpretation and modelling, which had been the situation
during the preliminary phase, to more focused investigations which would be designed to
answer specific questions, such as siting the repository and understanding the temporal
evolution of the groundwater system. The five sites were evaluated and compared with these
thoughts in mind.
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6.5 Comparison of the five sites

The information presented below is taken from the summary of the preliminary investiga-
tions presented in TVO (1992b). References are presented in TVO {op cit.) to the
background reports, where this information is presented in more detail.

Romuvaara

The experience of modelling the bedrock at Romuvaara indicated that the fracture zones are
distinct from the intact bedrock, an observation supported by the hydraulic heads measured
in the deep boreholes, which confirmed the assumed positions of the fracture zones and their
significance in terms of groundwater flow. This fact became particularly apparent in the
numerical groundwater simulations, for example, in which a good correlation was found
between the calculated and measured hydraulic heads. It was proposed that the repository
should be situated beneath the more elevated area in the centre of the site, a region of
groundwater recharge. In this area few significant fracture zones were detected which
appeared to have a substantial effect on the groundwater flow. The distribution and
geometry of these zones at Romuvaara was fairly clear, in spite of the area's complex
deformation history, and the investigability of the site was considered to be good. It was
thought that further surveys and new boreholes should be concentrated in the area already
covered by the preliminary investigations and that there were good prospects for validating
the models developed using the data from the preliminary investigations.

Veitsivaara

In the Veitsivaara area the degree of fracturing was found to be higher in the granite and
metadiabase than in the gneisses. The groundwater flow in this area was found to be
dominantly from east to west, with the Takkupuro-Varpuoja crush zone, immediately to the
north of the site, being of particular significance in controlling this flow. The effect of this
crush zone could also clearly be seen in its effect on the distribution of hydraulic heads, and
its proximity led to some anomalous hydraulic heads in some sections of the boreholes
which were difficult to explain in terms of the fracture zones included in the bedrock model.
This could also be seen in the numerical simulation of the groundwater flow, where the
differences between the calculated and measured hydraulic heads were considerable in
places. The crush zone and the local fracture structures were found to be the major
determinants in defining the regions bedrock area available for repository construction. In
view of the nature of the groundwater flow and of the Takkupuro-Varpuoja crush zone
which dominates it, it was considered that the task during the next stage of the investigations
should be to provide a comprehensive account of the properties of this crush zone. It was
thought that this crush zone could, for example, continue to the south at depth under the area
investigated here, its dip possibly reducing with depth. Both this and the more frequent
fracturing in the granite gneiss called for an extension of the current area of interest and a
number of new boreholes, simply in order to characterise the crush zone further, even
though this would scarcely contribute any new information to the bedrock model in the area
covered by the existing boreholes.
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Kivetty

The level of exposure at Kivetty was found to be variable, with the site being restricted in
area in the southwest by the presence of peat bogs. The area is characterised by vertical
fracture zones, the majority of which were found have similar orientations. The groundwa-
ter flow in the central part of the site, that covered by the boreholes, is in a direction almost
exactly orthogonal to the fracture zones, implying that these fracture zones have the effect
of isolating the intervening volumes of intact bedrock, one from another. A good correlation
was found between the measured hydraulic heads and those calculated in the groundwater
flow simulations and the results of the long-term pump tests, in which the poor responses
in some boreholes confirmed the assumption of the importance of the fracture zones as
acting as hydraulic barriers. Several areas within the site could be considered as locations
for the repository, for example at a number of locations between the fracture zones or in the
area of horizontal flow in the southwestern corner of the site. This latter area is marshy and
was considered relatively difficult to investigate geologically, however the consistency in
the orientation of the fracture zones was thought to increase the chance of being able to
define and characterise them accurately. Another solution at Kivetty was thought to be to
restrict the more detail investigations to the area covered by the present boreholes, so that
the new borehole results would complement the data already available.

Syyry

The Syyry site was found to contain the greatest number of fracture zones of the five sites
investigated, although the area covered by the boreholes was also the largest. The structures
were also not always particularly straightforward to interpret structurally, were found to be
typically wider than at the other sites and to be composed of a number of segments. The more
complex fracture zones were also found to have heterogeneous hydraulic properties and this
could be seen in the hydraulic head measurements which often showed a poor correlation
with the assumed effect of a zone. A similar conclusion was arrived at on the basis of the
numerical flow calculations, and by the fact that the hydraulic connections between the
boreholes revealed by the long-term pumping tests were also difficult to explain. The most
pronounced hydraulic gradient was found to be towards the southeast of the site, resulting
in an area of sub-horizontal flow. It was concluded that further investigations at Syyry
would need to concentrate mainly in this area, although boreholes there would add little to
the existing information. Characterising this area would indeed be largely a matter of
starting from the beginning, and the depth of the superficial deposits and the presence of
mica gneiss were considered unfavourable factors from the point of view of future
investigations. The possible continuation of the mica gneiss with a shallow dip beneath the
tonalite and the direction of the groundwater flow towards this mica gneiss were thought
to be circumstances that would serve to increase conceptual uncertainty and the need for
more protracted investigations.

Olkiluoto

The Olkiluoto site was the smallest of all in area, and the central part covered by the
boreholes comprised almost the whole of the centre of the island. This area was found to
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contain a relatively high number of fracture zones, some of which displayed marked
contrasts with the adjacent intact bedrock. This was demonstrated by the results of the long-
term pumping test, for example, where the hydraulic connections between the boreholes
formed by the fracture zones, resulted in significant changes in the hydraulic heads. The
hydraulic head measurements for the most part supported the assumptions regarding the
location, orientation and hydraulic properties of these structures. The presence of local,
isolated bedrock blocks and their associated saline groundwater, together with the hetero-
geneity of the fracture zones, however, gave rise to differences between the measured
hydraulic heads and those calculated in the numerical flow simulation. The groundwater
flow is to the north and the south, and possible areas for the construction of the repository
were considered to be either beneath the area of groundwater recharge in the centre of the
island or the area of horizontal flow in the north. It was felt that further investigations at
Olkiluoto should be concentrated not only in the area already covered by the existing
boreholes but also in an additional area towards the east. The gentle dip of many of the
fracture zones was considered to be a positive feature as far as ease of investigation was
concerned.

Overall assessment

The overall assessment of the five sites with respect to the ease of investigations and the
acquisition of data for safety analysis and repository design indicated that they could be
separated in to two groups, those, such as Romuvaara, Kivetty and Olkiluoto, that were
considered to be more favoured in this respect, and Veitsivaara or Syyry that were less
favoured. It was felt that the three former sites offered better prospects for reducing the
uncertainties and acquiring the necessary additional information and it was these three sites
that were taken forward to the next stage for more detailed investigation (TVO 1992b).
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7 DETAILED SITE INVESTIGATIONS 1993-2000

7.1 Investigation programmes

The guidelines for this period of investigation at the selected three sites were presented in
1992 (TVO 1992a). This eight-year period extending from 1993 to 2000 was considered to
be too long in practical operational terms to allow for the development of a single
programme and it was considered more appropriate to divide it into successive sub-
programmes. A general programme was compiled for the first phase (1993-1996, TVO
1992c), and attention was paid to the particular features of each site, which meant that the
three site investigation programmes varied slightly. The main components of the pro-
gramme were:

• building confidence based on the results of the earlier site investigations and confirming
the justification for the exclusion of two sites made on the basis of these investigations,

• extending the scope of the investigations at the sites concerned and supplementing these
investigations with data on rock mass properties in general,

• the acquisition of further data on those properties of the rock mass and groundwater
system that are considered most significant in a safety assessment, e.g. groundwater
chemistry and fracture properties in the near field and

• the acquisition of further information on each of the areas for the purpose of developing
final disposal techniques and for designing the repository.

The aim at the initial stage was thus to improve the accuracy of the results obtained in the
preliminary site investigations, the motive behind this being the need to evaluate the validity
of the assumptions included in the conceptual models and to examine the conceptual
uncertainties regarding the rock mass structure. In addition to verifying that the existing
results could be confirmed, the aim was also to assess the suitability of the techniques which
had been employed during the investigation, interpretation and modelling.

A site-specific investigation programme was prepared for the characterisation work for the
period 1994-1995 for each of the three sites (TVO 1993b). The proposed investigations
were presented in the programme as a series of themes and also included the investigation
schedule.

In 1994, the Nuclear Energy Act was amended to permit the Loviisa Nuclear Power Plant
to return spent fuel to Russia only until the end of 1996, thereafter, its spent fuel would also
have to be disposed of in Finland. A feasibility study performed in 1996 showed that the
island of Hastholmen, where the Loviisa Nuclear Power Plant is located, to be a potentially
suitable site for the spent fuel repository (Posiva 1996c). Preliminary investigations began
at Hastholmen in 1996, with more detailed ones in 1997, and were carried out in parallel with
the detailed investigations at the other three sites.
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The most important tasks for the period 1997-2000 were presented in the 1996 status report
for the project (Posiva 1996a). These tasks were:

• preparing a summary evaluation of the geological, hydrogeological and geochemical
properties of the sites by carrying out the required field and laboratory investigations
and the associated interpretations and modelling programmes,

• an evaluation of the state of knowledge regarding the overall understanding the sites and
an evaluation of the remaining uncertainties,

• the definition of potentially suitable volumes of the rock mass for housing a repository
and an evaluation of the overall suitability of the sites for final disposal in terms of
technical and safety aspect and

• the preparation of a performance assessment for the potential disposal sites.

The proposed investigations for the period 1997-2000 are presented in more detail in the
proposed research programme for the years 1997-2010 (Posiva 1996b). The "Parvi"
project, which was established for planning and carrying out the practical work, compiled
a programme for its own internal use. In addition to the detailed descriptions of the
investigation programmes, summaries of the investigations for the following year were also
presented in the annual research programmes of the Nuclear Waste Commission of Finnish
Power Companies (1992, 1993, 1994, 1995) and more recently in the radioactive waste
management programmes of the nuclear power plants of Olkiluoto and Loviisa (Posiva
1996c, 1997).

7.2 Detailed site investigations - approaches and extent

7.2.1 Overall strategy of the investigations

The investigation programme for the period 1993-1996 (TVO 1992c; Posiva 1996a)
concentrated on three main subject areas:

1. Baseline investigations at the three sites, which were aimed at defining the prevailing
conditions to an acceptable level and acquiring reference data on the sites which were
required for long-term monitoring,

2. Characterisation of the site, aimed at gathering additional information on its bedrock,
and

3. Verification of the results and the conceptual models of the geology, hydrogeology and
hydrochemistry of the sites developed in the earlier stages of the investigations with the
aim of evaluating the extent to which they could be substantiated.

Baseline investigations during this phase included groundwater sampling and hydrogeo-
logical measurements. The purpose of the groundwater sampling was to map the ground-
water quality both areally and in a vertical direction and, at the same time, to verify the initial
estimates of groundwater recharge and residence times. The results of these investigations
were designed to serve as basic data for comparison with investigations in the future and for
the evaluation of possible future changes in bedrock conditions. Sampling was carried out
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from packed-off intervals in boreholes, from groundwater pipes and from precipitation,
wells, springs and streams in the surrounding area. Hydrogeological measurements
included measurements of the hydraulic heads and the hydraulic conductivity of the packed-
off borehole sections using slug and bail tests. Continued monitoring of hydraulic heads in
the multi-level piezometers took place as did monitoring of the groundwater table in the
shallow boreholes.

The characterisation of a site concentrated on complementing the conceptual models
developed, on eliminating uncertainties in the models by drilling new boreholes and by
carrying out additional measurements on the ground and in the boreholes, including
hydrogeological interference tests. The work also concentrated on examining the hydroge-
ochemical evolution of the site and on an initial characterisation of the potential near-field
of the repository, i.e. the intact rock, using hydraulic measurements and groundwater
sampling.

Examination of the results of earlier investigations and the modelling assumptions that had
been applied, resulted in the drilling of one additional deep borehole for each site, at
Romuvaara, Kivetty and Olkiluoto. These boreholes were drilled in areas of the sites which
contained several existing boreholes and where the uncertainties in the geological structure
and the hydrogeological environment were believed to be low. The results obtained from
these boreholes were subsequently compared with the predictions made in advance of the
drilling (Hella et al. 1996). The ability to predict rock mass properties by deductions from
empirical results (and the associated modelling of the rock mass) was also tested in another
part of each site where the models constructed in the preliminary site investigations were
based on relatively limited field data. A new borehole was also drilled in this area at each
of these sites and results from it were compared with the interpretations and models
developed earlier in the programme. Similar comparisons of conceptual assumptions with
actual measurements were made by carrying out supplementary measurements in some
existing boreholes. These measurements included directional radar surveys and other
geophysical measurements to determine the extent and geometry of the fracture and
lithological zones deduced earlier, and seismic surveys and hydraulic interference tests to
assess the continuity of the structures.

Over the period 1997-2000 the investigations at Olkiluoto, Romuvaara and Kivetty
concentrated on:

• Groundwater sampling, which was carried out in order to determine geochemical
conditions, salinity, the levels of oxygen in groundwater and the redox conditions,

• fracture mineral studies, which were carried out as part of an analysis of the palaeohy-
drogeological evolution of the site and

• pumping tests and complementary hydraulic measurements in the boreholes for the
purpose of assessing the continuity of the structures and the determination of their
hydraulic properties.

The investigations at Hastholmen were started significantly after those at the other sites but
benefited from the experience gained from the other investigations and from the earlier
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investigations for the VL J repository for I/LLW. They were, therefore, different from those
at the other three sites in that, although the same investigation techniques were used, the
period of investigation was shortened considerably.

7.2.2 Investigation techniques applied

Improved equipment and new methods were used in the detailed site investigations
(Hinkkanen et al. 1996) and the investigation methods used over the period 1993-1998 can
be found in the reports that describe the investigation programmes at the four sites (Anttila
etal 1999a,b,c,d).

A new sampler for obtaining pressurised water samples was developed (Hinkkanen et al.
1996, Ruotsalainen et al. 1996). Sampling with this PAVE groundwater sampling system
(Fig. 7.2-1) allowed high quality samples to be taken from individual fractures or fracture
zones. The pressurised water samples were used in microbial studies and in the analyses of
dissolved gates.

The development of investigation equipment was most active in the hydrogeological field.
For example, the software and hardware of the HTU (Hydraulic Testing Unit) were
replaced, which improved the resolution of the tool and enabled the routine interpretation
of hydraulic conductivity measurements in the field. New flowmeters for difference flow
and transverse flow measurements (Fig.7.2-2) (Hinkkanen et al. 1996; Ohberg & Rouhi-
ainen 2000) were systematically used for the measurements within the new and the existing
boreholes at all the sites. The fluid logging (measurement of fluid resistivity and temper-
ature), which was carried out systematically during the preliminary investigations, was
replaced with difference flow measurements. The method gives the locations of hydrauli-
cally-conductive fractures without the requirement to replace the borehole fluid with
distilled water, as is the case in fluid logging. The good correlation between the results from
the HTU and the difference flow measurements gave confidence in the use of the two
methods. In addition to systematic measurements in single boreholes, flow measurements
were carried out in connection with pumping tests at Romuvaara and Kivetty.

The aim of the geophysical studies was to supplement the bedrock data obtained earlier in
the site investigations and to obtain more precise data on the rock mass. The studies were
mainly focused on the boreholes and on their immediate surroundings. Fracturing was
studied using new kinds of borehole wall scanning techniques: borehole-TV, dipmeter and
acoustic televiewer. The tools provided data on the orientation of fractures, on contacts
between the different rock types and on veins (see Fig. 7.2-3). The borehole-TV and
dipmeter tools proved to be the most valuable methods when scanning borehole sections
where oriented core data were not available (Okko & Paulamaki 1996). On the basis of the
comparison of the methods, tools and interpretations, typically some 20% of the fractures
reported from the core logging were detected with the borehole scanners (Labbas 1997).
The results obtained with the scanning techniques in some cases made it possible to
determine the locations of single hydraulically-conductive fractures. A fracture database
technique was developed (Hella et al. 1996), which maximised the use of the fracture-
relevant data derived from wireline and core logging, and was applied at the four sites.
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Figure 7,2-1. The pressurised groundwater sampling equipment (PAVE) developed by Posiva.

Borehole radar measurements were performed as single hole measurements with a
directional antenna. At Olkiluoto and Hastholmen the radar range with a directional 60 MHz
antenna was only 10-25 m (Posiva 1996a), as the saline groundwater and electrically-
conductive minerals limited the penetration of the radar waves. The orientations of the radar
reflectors were found to differ from the orientations of the bedrock structures interpreted



116

from other sources (e.g. Anttila & Heikkmen 1996). Further VSP-surveys were carried out
using a 3-component geophone system and a new processing and interpretation technique.
At Olkiluoto some structures, earlier interpreted as steeply dipping were subsequently, with
the results from the new geophone system, interpreted as having low dips (Paulamaki &
Paananen 1996). Galvanic charged potential surveys were carried out in boreholes to map
the orientation of some fracture zones. The electromagnetic frequency surveys produced
additional data on the locations of the boundaries of saline groundwater and variations in
the salinity and occurrence of fracture zones and mineral conductors.

DETAILED FLOW LOGGING
WITH TDS-MEASUREMENT

DIFFERENCE FLOW
MEASUREMENT

TDS-
- ELECTRODE

FLOW
SENSOR-.

RUBBER
-DISKS -

- SINGLE POINT
RESISTANCE
ELECTRODE

Figure 7.2-2. Principle of the transverse flow meter. The 2 m section to be measured is isolated
using inflatable packers and four longitudinal seals separate the test zone into sections. The flow
magnitude and the approximate direction of flow is measured with a heat pulse flow sensor. The
radial distribution of hydraulic conductivity can also be measured.
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Examples of different borehole scanner data

Aanekoski Kivetty site, borehole KI-KR1.
Borehole length interval 175-179 m.

Length
(m)

BIPTV
(RGB image)

Acoustic BHTV
(Transit time,
microsec)

Electrical Dipmeter
(Microresistance, cps)

BIP Fracture data
(True orientation)

' 1 ^ 4 U R n I L..IJ R D L Pad 2 i Pad 3 ,n Orientation 9Q

Figure 7.2-3. Appearance of fractures in different borehole scanner data (adjusted at the same
borehole length). From the left: Borehole Image Processing logging with a length resolution of
1 mm (Strahle 1995, BIP TV, horizontal scale 1:8, U-R-D-L-U = Up, Right, Down, Left and Up,
respectively), Borehole Acoustic Televiewer logging (Siddans & Morecroft 1995b, BHTV, acoustic
transit time in microseconds) with a length resolution of 5 mm, electrical 3-pad dipmeter logging
(Siddans & Morecroft 1995a, microresistance in counts per second, electrode pads separated by
120°) with a length resolution of 10 mm, and on the right are the deduced fracture locations and
orientations based on BIP TV interpretation (Strahle 1995). Figure is modified from previously
published report (Posiva 1996c).
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Rock stress measurements were carried out using the 3D overcoring and the 2D hydraulic
fracturing methods in boreholes at all the sites. Overcoring measurements were carried out
at various depths in order to examine changes of stress with depth. The hydraulic fracturing
method was, however, successful in only one borehole at Olkiluoto, and in the two other
boreholes only five out of a total of 37 completed tests resulted in co-axial hydrofractures
allowing a determination of the horizontal state of stress to be made (Ljunggren & Klasson
1996).

Geological investigations included the excavation and mapping of two investigation
trenches at the sites (e.g. Paulamaki 1995a, 1996, Fig. 7.2-4). The trenches, in particular,
produced more bedrock and fracturing data in the areas with no exposure, and enabled some
of the lithological contacts and the fracture zones predicted earlier in the preliminary
investigations to be confirmed and located precisely.

The Romuvaara, Kivetty and Olkiluoto investigation sites were equipped with integrated
GPS monitoring systems to investigate any current deformation (Hinkkanen et al. 1996).
The stability of the bedrock at a site was monitored with a permanent central station and
other local stations covering the rest of the investigation site. The central station was fitted
with a continuous satellite receiver which is linked to the central antenna system of the
Finnish Geodetic Institute which covers the entire country. The locations of the local
stations were such that their distances from each other and from the central station was
designed to optimise the resolving power of the system and also to include what are
considered to be the most important fracture zones on the site. The local network was
measured twice a year. The accuracy of the GPS measurements between the stations in a

Figure 7.2-4. The investigation trench TK2 at Olkiluoto.
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horizontal direction is of the order of 1 mm and in a vertical direction 2-3 mm (Chen &
Kakkuri 1994).

The surface-based geological investigations have, over the period since the investigations
commenced, included three successive mapping phases. General geological mapping was
followed by detailed structural geological mapping and the development of investigation
trenches. One reason for two separate phases of mapping is that the outcrops in Finland are
mostly overlain by glacial and recent deposits, and when these are removed the surface of
the outcrop is wet and dirty, thereby preventing the finest details to be observed. Two years
in the open, however, results in a clean rock surface.

Detailed descriptions of the investigation work carried out during this period are presented
in Anttila et al. 1999a,b,c,d). Examples are provided below of the results of the work that
was carried out and how this led to the development of bedrock models for these sites.
Particular emphasis is placed on the development of models for Olkiluoto. The develop-
ment of the hydrogeological and hydrochemical understanding of the sites is also discussed.

7.3 Development of lithological and structural models

7.3.1 Introduction

In order to describe better the development of the lithological and structural models and the
use of these models to develop groundwater flow models, it is necessary to return to the
earlier stages of the site investigations and show how the various components of the
investigation programmes, such as field mapping, regional geophysical surveys, structural
mapping, mapping the investigation trenches, core logging, wireline logging and cross-
borehole surveys, were integrated to produce the models finally developed. The develop-
ment of the lithological and structural models described below includes the work carried out
up to the latest stages of the investigations at all the sites, to the point at which Olkiluoto
alone was selected for further investigation.

The increased information obtained on the sites during the detailed site investigations
allowed increasingly detailed and reliable lithological and structural models of the bedrock
to be developed. Less detailed versions of these models had been developed during the
preliminary phase of the investigations and are reported in TVO (1992b; e.g. Fig. 6.3-4).
Cross sections and block models of the lithology were developed based mainly on borehole
data, though this was supplemented substantially by the interpretations of geophysical
surveys. Examples are presented below of the development of such lithological models for
the four sites.

In conjunction with these lithological models was the development of more comprehensive
structural models. Models were developed at two scales, the regional and site scale. The
lineaments of the regional scale model were used in the selection of the sites and later, during
the site investigations, to place the site-scale model in its regional context and to develop
an understanding of the seismicity of the site and the region in which it lay (see Section 7.8).
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These two types of model were revised on several occasions as the investigations
proceeded. In addition, at Olkiluoto and Hastholmen, extra data were also available from
the investigations associated with the development and construction of sub-surface repos-
itories for I/LLW, though both the boreholes and the repositories were at relatively shallow
depths.

An important initial stage in the development of the models consisted of creating a basis for
classification and conceptualisation. Of particular interest was how the fracture zones were
to be defined and what assumptions could be made regarding their properties, geometry and
mutual relationships. Different classes of fracture zone had to be developed based on the
intensity of fracturing, weathering and alteration and on their hydraulic properties. Expert
judgement had to be invoked here, as there was often a paucity of necessary data from the
investigations (see Section 7.3.3 and Anttila et al. 1999a,b,c,d).

In order to include fracture zones within a structural model it was necessary to develop a
method for defining their boundaries and their width, as this would have significant
implications for their potential hydraulic properties. Principal Component Analysis (PCA)
was an additional tool that was used to distinguish between fracture zones and the
surrounding intact rock. A Fracture Zone Index (FZI) was defined as the first principal
component of the data derived from borehole wireline logs (such as resistivity, P-wave
velocity, gamma-gamma density) and the combination of these with measurements of
hydraulic conductivity (Korkealaakso et al. 1994). These parameters were selected because
it was considered that they indicated the presence of hydrogeologically-significant features.

The results of the PCA showed that a considerable percentage of the total variance (in the
case of Hastholmen, for example, this was 45%) could be explained by the first principal
component (the FZI) {e.g. Front et al. 1999). In this way the rock mass could be divided up
into intact rock (represented by the normally distributed part of the frequency distribution)
and the fracture zones (represented by the anomalous tail of positive values). The results of
the PCA in defining the boundaries to fracture zones were in agreement with the boundaries
defined on the basis of geological, geophysical and hydrogeological information combined
with expert judgement, thereby increasing confidence in the definition of these zones (Fig.
7.3-1).

In order to develop the site-scale structural models it was considered necessary firstly to
classify the fracture zones and other features into four classes, in increasing levels of
uncertainty, with reference to the level of confidence that could be ascribed to their
existence and geometry. These four classes were named as directly observed, probable,
possible and other features and their definition is provided in the site reports {e.g. Anttila
et al. 1999a, where examples can also be seen of how the variable level of confidence in the
structures is incorporated into the structural models of the site). Fracture zones were also
divided into different types based on their overall properties, ranging in scale and effect
from crush zones (which normally lie only on the margins of the investigation areas),
through densely fractured (>10 fractures/m) and altered major fracture zones, to fracture
zones containing an abundance of fracturing, to open or abundant fracturing which could
consist of only one open fracture.
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Figure 7.3-1. The result of Principal Component Analysis (PCA) of fracture data from Hdstholmen,
in which the first principal component (PI, which is equivalent to the FZI (the Fracture Zone
Index)), explains 45% of the total variance in the fracture data.

The majority of the structural model consists of intact rock (the equivalent of the averagely
fractured rock of SKB), which represents the more sparsely fractured rock mass.

The site-scale models for the four sites covered areas of several tens of km2 and had volumes
of several tens of km3. The number of fracture zones (known as structures or R-structures
in the models, where the R(number) is the structure reference number) varied from about
25 to 30 per site and frequently more than half of these would have been confirmed directly
by drilling. In addition to these structures, local structures with uncertain orientation and
continuity were also included. These were not classified as structures and were not included
in the structural model of the site, but were considered to have potential hydrogeological
significance. In the majority of cases they are considered to be localised zones of potentially
enhanced conductivity and display increased levels of fracturing and occasionally also
alteration.

The structural models all assumed that the fracture zones were planar and continuous,
although such zones did, where necessary, terminate within the model. The properties of
each zone was tabulated and described in terms of such attributes as its surface trace length,
extension to depth, whether continuous with well-defined boundaries or discontinuous, its
hydrogeological significance, etc.
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The information in each of the site-scale structural models was used to develop the
groundwater flow models. A general simplification of the more complex fracture zones was
required in order to facilitate the construction of the element mesh and for handling the
numerical process of modelling the groundwater flow. In addition, some of the fracture
zones were considered to have minor effects on the flow of groundwater - in some cases,
for example, they were considered to possess minimal hydraulic contrast with the surround-
ing intact rock. In other cases, fracture zones were combined into a single zone of enhanced
conductivity, based on the results of interference testing (see Section 7.4.1).

More detailed groundwater flow models were also set up for Olkiluoto, based on the
structural model of the site, but with revised levels of assumed hydraulic connectivity. The
development of these models is discussed further in Sections 7.4.1 and 12.

7.3.2 Development of lithological models

7.3.2.1 Romuvaara

The starting point in the geological mapping at Romuvaara was the Geological Map of
Finland at a scale of 1:100 000 (Hypponen 1983), which suggested that Romuvaara and its
surroundings are composed of Archean granitic gneisses cut by Proterozoic metadiabase
dykes.

The development of geological understanding of the site can be summarised as:

• General geological mapping of the site 1987 (Paulamaki 1987) showed that the bedrock
in Romuvaara is much more complicated than was originally supposed and consists of
Archaean banded, migmatitic tonalite gneisses and leucotonalite gneisses, which have
suffered polyphase deformation. The gneisses are cut by north-south trending Archaean
granodiorite dykes and northwest-southeast and east-west trending Proterozoic meta-
diabase dykes.

• This map was revised in 1989 on the basis of low-altitude aerogeophysical surveys and
three new boreholes (Paulamaki & Paananen 1989). The revised map contained 19
metadiabase dykes. On the basis of geophysical interpretation a more detailed picture
of the granodiorite dyke and the first estimation of its dip was obtained.

• Dips and extensions towards depth were modified according to observations in
boreholes KR1-KR6, during 1988-89.

• The structural geological mapping at a scale of 1:5000 in 1990 (Karki 1990) resulted in
a mica gneiss unit being added. On the basis of outcrop-scale mapping of minor faults
the granodiorite and metadiabase dykes were interpreted as being faulted.

• The mapping of two investigation trenches in 1994-1995 (Karki 1995, Paulamaki
1995a) demonstrated that some of the lithological contacts and fracture zones could be
located more precisely than had been assumed earlier.
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• The last modification to the map was caused by borehole KR11 which, rather
surprisingly, showed ca. 250 m of leucotonalite gneiss within the migmatitic tonalite
gneiss.

Since only a small portion of the bedrock is exposed (224 exposures, usually less than
20 m2 in area), the geological map represents an interpretation which relies on extensive
extrapolation of rock types and the interpolation of the limited data, which combines the
direct observations of the rock types and their contacts in outcrops, investigation trenches
and boreholes with the interpretations of the structural elements, the geophysical ground
surveys (magnetic and gravimetric) and airborne geophysical measurements (magnetic,
radiometric and VLF). The outcrops and the deep boreholes are concentrated in the western
and southwestern parts of the area, and, consequently, the reliability of the map is best there.
The eastern part of the area is very poorly exposed, and the geological map was prepared
mainly on the basis of a few shallow boreholes and geophysical interpretations.

One of the most distinctive features in outcrops is the deformation of the bedrock, which,
apart from the metadiabase, has suffered a complex, polyphase Archaean deformation
history. Based on refolding and cross-cutting relationships, six plastic deformation phases
have been recognised. One problem caused by this polyphase deformation is that any
assessment of the trend and extent of the rock units at depth is difficult. The cross-section
shown in Fig. 7.3-2 must, therefore, be considered as only a very schematic presentation of
the mode of occurrence of the rock types. Only the metadiabase dykes and the granodiorite
dyke which were intruded after the main deformation phases can be located and interpolated
at depth.

Figure 7.3-2. Vertical cross-section through boreholes KR2 andKR5 (Anttila et al 1999a).
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7.3.2.2 Kivetty

The only map available from the Kivetty area before the preliminary site investigations was
the Geological Map of Finland, produced in 1935 at a scale of 1:400 000, which suggested
that granite and granodiorite as well as porphyritic granite and granodiorite were to be
expected.

The development of geological understanding of the site can be summarised as:

• In the general geological mapping carried out in 1988 (Paulamaki 1988) the site was
found out to be mainly composed of porphyritic granodiorite and porphyritic granite,
with even-grained granites and granodiorites as well as a small gabbro body. Because
of the lack of visible contacts, the porphyritic granodiorite and porphyritic granite were
combined. Only the results from one deep borehole were available during this mapping,
which was supplemented by the results from 30 shallow percussion-drilled boreholes
located in areas where outcrop was poor.

• Four additional deep boreholes were available during the structural geological map-
ping of 1990 (Paulamaki & Koistinen 1990). According to borehole information, there
appeared to be a large porphyritic granite body dipping gently to the east in the middle
of the site and it was now possible to separate the porphyritic granodiorite and
porphyritic granite. A new feature of the map was the narrow mafic veins cutting the
porphyritic granodiorite.

• The first modelling phase of the site in 1991 resulted in an even-grained granodiorite
being interpreted, based on geophysical surveys and observations in one deep borehole,
as consisting of a steeply-dipping central stock in the southern part of the site and a
network of veins in the north and east cutting the porphyritic granodiorite (Paulamaki
& Paananen 1991). This form of granodiorite veining had not been expected, however,
subsequently similar structures have been found in this area of Finland.

• The main result of the investigation trenches (Paulamaki 1994,1995a) was that the two
granite varieties were combined. The present geological map of the Kivetty site is
presented in Anttila et al. (1999b, Fig. 4.1-1).

• A schematic cross-section through boreholes KR1, KR8, and KR3 is shown in Fig.7.3-
3. The porphyritic and equigranular granites occur within the porphyritic granodiorite
as bodies dipping gently to the east or northeast. However, in the area of boreholes KR4
and KR5 the eastern contact of the porphyritic granite appears to be almost vertical.

• It was considered rather surprising that the low angle lithological contacts and even the
mylonite zones seem not to have influenced the development of fracture zones, which
are mainly sub-vertical.

• The biggest surprise at Kivetty was, however, the large altered fracture zone encoun-
tered in the extended section of borehole KR5 between 710-830 m depth, as no such
fracture zone was expected. This zone is presently interpreted as being almost vertical
with an almost E-W strike (Saksa et al. 1998).
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Figure 7.3-3. Vertical cross-section through boreholes KR1, KR8 andKR3 (Anttila et al. 1999b).

7.3.2.3 Hastholmen

The geological map of Finland (Simonen 1987) suggested that Hastholmen and its
surroundings consisted of different rapakivi varieties: pyterlite, wiborgite, dark pyterlite,
porphyritic rapakivi granite and even-grained rapakivi granite.

No new rock types were discovered in the preliminary geological evaluation of the Loviisa
region performed in 1996. According to the map presented by Kuivamaki et al. (1997) the
bedrock of the Hastholmen study site consists of anorogenic rapakivi granites, which can
be divided into three groups: 1) wiborgites and pyterlites, 2) porphyritic rapakivi granites,
and 3) even grained and leucocratic, weakly porphyritic rapakivi granites, though at this
time no low-altitude aerogeophysical maps were available.

A detailed investigation programme was started at Hastholmen in 1997, which included the
drilling of four deep boreholes (KR1-KR4), a low-altitude airborne survey and single hole
geophysical logging. A lithological model, based on these investigations, was presented in
1998 (Paananen & Paulamaki 1998, see Fig. 4.1-3 in Anttila et al. 1999c). Although
pyterlite and wiborgite were identified in the core logging, in the bedrock model it was
considered reasonable to combine these two varieties of rapakivi granite because of their
magmatic and structural similarity. The geophysical data was useful in determining the
extent and form of the even-grained/weakly porphyritic rapakivi granite at the surface. It
proved possible to separate the even-grained or weakly porphyritic rapakivi granites from
the wiborgites/pyterlites using geophysical data, based on their weaker magnetisation level.
The circular structure revealed by the sea bottom topography west of Hastholmen has been
interpreted as indicating an intrusion structure of the even-grained rapakivi granite.
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Beneath the island the even-grained and weakly porphyritic rapakivi granites present in
boreholes KR1-KR4 and KR6 have been interpreted as forming a lithological unit within
the pyterlite/wiborgite, with a thickness of ca. 500 m (Fig. 7.3-4).
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Figure 7.3-4. Vertical cross-section through boreholes KRl andKR3 (from Anttila et al. 1999c).

LOVIISAHASTHOLMEN
Aeromagnetic survay and
outcrop observations

Wiborgite
Pyterlile
Wiborgile/pyteriite
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Even-grained rapakivi granite
Interpreted even-grained
rapakivi granite

Figure 73-5. Aeromagnetic map of the Hastholmen area, outcrops with bedrock data and the
interpretation of the even-grained rapakivi granite.
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The geological map was revised this year (Okko et al. 2000), due to the results obtained from
borehole KR9, which did not show a uniform even-grained rapakivi body, as was expected
on the basis of the previous litho logical model. Accordingly, the extent of the even-grained
rapakivi granite was reduced on the mainland northwest of Hastholmen (Fig. 7.3-5). The
former interpretation may have been influenced by the alteration of the wiborgite/pyterlite
in the upper part of boreholes KR5 and KR9 (see Okko et al. 2000), which has changed the
magnetic properties of the wiborgite/pyterlite to resemble those of the even-grained
rapakivi granite. An alternative to the interpretation in Fig. 7.3-5 is that no continuous even-
grained rapakivi unit exists in this area but that several parallel, horizontal veins are present,
as it is seen in boreholes KR7 and KR8 north of borehole KR9 (see Front et al. 1999).

7.3.2.4 Olkiluoto

The Olkiluoto area was first mapped geologically in the early 1970s in connection with the
site investigations for the nuclear power plant. According to this map the Olkiluoto site
consists of veined gneisses, gneissic granites and coarse-grained granite.

The next map of Olkiluoto was published in 1981 in connection with the investigations for
the I/LLW repository. The gneissic granites of the earlier map were replaced by tonalites
and granodiorites and the areas of coarse-grained granite mainly by veined gneisses and
tonalite-granodiorites.

Further general geological mapping in Olkiluoto was carried out in 1988 (Paulamaki 1989)
which did not result in any major changes being made to the previous map. The weakly
deformed and migmatised mica gneisses were separated from the strongly migmatised and
deformed veined gneisses. Shallow core drilled boreholes were drilled to complement the
mapping on soil covered areas. Several shallow percussion-drilled boreholes, drilled in
connection with the site investigations for the nuclear power plant, were also available in
areas of poor outcrop.

In the structural geological mapping in 1991 (Paulamaki & Koistinen 1991) there was some
revision of the mapped mica gneisses and tonalite gneisses, some of the mica gneisses being
re-interpreted as tonalite gneisses. The boundaries of the tonalite gneiss bodies in the
southwestern part of the site were re-drawn in response to the structural observations on
outcrops. At this phase of the investigations five deep boreholes had been drilled.

Second investigation trench TK2 (see Fig. 7.2-4), which intersects the large granite unit in
the middle of the site, demonstrated that the bedrock in the unexposed parts of the site
mainly consists of mica gneiss, as the granite/pegmatite granite is more resistant to erosion
and is seen as outcrops.

In 1995, during the second phase of the fracture zone modelling, an interpretation of the
geological structure in the site scale was presented, based on the tectonic observations in
1991. It was suggested by Paulamaki & Paananen (1996) that shear zones parallel to the NE-
SW trending axial plane of F3 folds could also be seen at the site scale. Two of these
interpreted site-scale structures were found in the investigation trenches TK1 and TK2
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(Paulamaki 1995b, 1996). These zones are included in the structural model as fracture zones
R24andRll .

The contacts between the rock types are visible only occasionally and the geological map
is an interpretation involving considerable interpolation, combining the direct observations
of the rock types and their contacts in outcrops, investigation trenches and in boreholes with
the interpretation of the tectonic structure of the area. The reliability of the map is at its best
in the southeastern and central parts of the area, where the outcrops and deep boreholes are
concentrated (Anttila et al. 1999d). Although the mapping is supplemented by shallow
boreholes in the areas with no or few outcrops, large areas exist where the distribution of
rock types is based on geophysical measurements and interpretation. The amount of
interpretation required to develop the geological map is best described by the fact that only
five contacts between different rock types are exposed.

The insufficient number of direct observations may lead to over-interpretation, when some
feature at outcrop-scale is extended to the site-scale. An example of this is the current
interpretation of an overturned F3 fold, based on evidence in outcrop (Paulamaki &
Koistinen 1991) which has been used to explain the distribution of the tonalite-granodiorite
sections in borehole KR5 (Fig. 7.3-6). The weakness of this assumption being that the
Olkiluoto area is possibly too small for such large-scale structures to be reliably modelled
(Front era/. 1998).

The role of faulting on the surface and especially at depth has also not been properly
explained. For example do site-scale faults exist corresponding to the NW-SE and NNW-
SSE trending tight minor faults observed at outcrop? Some fracture zones with these
orientations have been included in the structural model on the basis of lineament interpre-
tation, borehole radar and VSP reflections from the boreholes, but none of them has yet been
verified by being intersected in boreholes.

The geological interpretation of the Olkiluoto site is affected by the distinct anisotropy of
the bedrock - on the basis of refolding and cross-cutting relationships, five successive
plastic deformational phases have been defined. The complexity of the deformation makes
the interpretation of the rock types at depth difficult. For example, it has been assumed that
tonalite/granodiorite intrusions in the northwestern part of the area are continuous with
tonalite/granodiorite sections in boreholes and have been interpreted to form a ENE-WS W
trending fold structure, the axial plane of which dips gently (25 - 50°) to the SSE (Fig.
7.3-7). However, distribution of rock types can also be explained in some areas by faulting
(Fig. 7.3-8).
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Figure 7.3-6. Vertical cross-section through boreholes KRI and KR5.
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Figure 7.3-7. Vertical cross-section through boreholes KR4, KR10, KR2 andKR6 (modifiedafter
Paulamaki & Paananen 1996) showing three continuous tonalite intrusions.
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Figure 7.3-8. Vertical cross-section through boreholes KRIO andKR8 (modifiedafter Paulamdki
& Paananen 1996).
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Furthermore, the granite-pegmatite, observed in outcrop and in core samples, has not been
fully included in the conceptual bedrock model. On the basis of structural mapping, granites
can be connected to many different deformation phases. Granite veins occur parallel to the
D2 foliation and D3 fold axis, but some of these also cut the folding. Estimating the extent
of granite at depth has been considered to be too difficult, as even estimating the distribution
of granite at the surface is difficult. The boundaries of the granite/pegmatite unit in the
middle of the investigation area have been determined on the basis of outcrops, which in
most cases display granite. However, the investigation trench TK2 which intersects the
granite unit demonstrated that the bedrock in the unexposed parts of the site consists mainly
of mica gneiss and, as a result, the granite/pegmatite unit may contain almost as much mica
gneiss as granite.

7.3.3 Development of structural models

7.3.3.1 Introduction

As has been explained in Section 5.3 (see also TVO 1992b), an initial simplifying
assumption was made at the start of the modelling of the four sites that fracture zones could
be described as continuous, planar like features. The interpolation of fracture zones between
boreholes and between these and the ground surface has been based almost entirely on this
assumption. Modelling has involved the combination of geological, geophysical and
hydrogeological data. The construction of the models has made extensive use of geophysi-
cal interpretation data and, in particular, the results of borehole radar and VSP measure-
ments.

The first structural modelling at Romuvaara, Kivetty and Olkiluoto was carried out in two
phases during 1991-1992. Initially, two independent groups of geologists and geophysics
in the GSF and VTT each made their own models (e.g. Pitkanen et al. 1989, Paulamaki &
Paananen 1989). The regional and local scales of the investigation were taken into account
and numerous different alternatives were examined. The final products of the working
groups were maps of inferred fracture zone locations, as well as cross-sections along
predetermined lines through boreholes.

In the subsequent second phase a larger team worked together to produce a coherent
description of the fracture zones. A detailed model of fracture zones was developed and
published (e.g. Saksa et al. 1992a-e) using the ROCK-CAD software (Saksa 1995). At this
point in the model development the models contained 19 structures (e.g. fracture zones) at
Romuvaara and 25 structures at both Kivetty and at Olkiluoto.

After the first phase of modelling additional boreholes were drilled at each site. New
borehole investigation methods included radar measurements with directional antenna and
more sophisticated geophysical borehole logging, which provide more orientated fracture
data (from borehole-TV, televiewer, dipmeter). In the second modelling phase in 1995-
1996 the same two groups again developed separate models, in which the structures defined
in the first model were examined with reference to the new investigation data. New
structures were defined and different structural alternatives examined (e.g. Front et al. 1995,
Paulamaki & Paananen 1995).



133

Unlike the first modelling phase, the two modelling groups were not involved in compiling
the summary report. Instead the compilation was carried out and reported by a group of
ROCK CAD specialists (e.g. Saksa et al. 1995). The structural models now included 28
structures at Romuvaara, 29 at Kivetty and 29 at Olkiluoto.

Following the second modelling phase no comprehensive structural modelling has been
carried out at the sites. The structural models have been revised and supplemented locally
only with reference to new data obtained from the interpretation of geophysical wireline
logs in boreholes drilled after 1996 (e.g. Luukkonen et al. 1997). The revisions of the
bedrock models for Romuvaara, Kivetty and Olkiluoto during 1997 are presented in Saksa
et al. (1998). The result of this re-evaluation and relatively minor update was that two more
structures were added to the Romuvaara model and one to the Olkiluoto model.

Modelling of the bedrock at Hastholmen has been carried out since the early 1980s. After
the first boreholes in 1980 it was apparent that the structure of the bedrock was dominated
by gently dipping fracture zones. In the first structural interpretation (Anttila et al. 1982),
the interpolation of fracture zones between boreholes was, however, still quite uncertain.
The first attempts at a 3-D structural model were made in 1985 (Anttila 1986). The revised
model presented by Anttila (1988) included the proposed VLJ repository site in the western
part of the island to a depth of 200 m and consisted of three sub-horizontal fracture zones,
named the upper, intermediate and lower fracture zones.

Based on the findings from the construction of the VLJ repository the model was initially
revised to include 8 fracture zones (Anttila & Viljanen 1994) and subsequently was
expanded to comprise the whole of the island of Hastholmen. The model consisted of 17
structures (R1-R17), representing mainly fracture zones, and based on borehole investiga-
tions, observations in the repository and on seismic surveys on the island and offshore
(Anttila & Viljanen 1995). The model was supplemented by the analysis of local topograph-
ic lineaments (e.g. potential fracture zones) and was presented as version 1.0 of the bedrock
model of Hastholmen (Lindh et al. 1997). This model was taken as the basis for defining
the programme of work for the detailed site investigations which commenced in 1997.

In 1998 the model was revised on the basis of information from four deep boreholes (KR1-
KR4), interpretation of an aerogeophysical survey and interpretation of geophysical
borehole logging (Okko etal. 1998, Paananen & Paulamaki 1998). This model (version 2.0)
is summarised in Lindh et al. (1998), and consists of 25 structures. The fracture zone model
described in Lindh et al. (1998) was revised in 1999 by Front et al. (1999) on the basis of
data from four new boreholes (KR5-KR8) and now consisted of 27 structures. The model
was revised on the basis of data from borehole KR9 (Okko et al. 2000) and has most recently
been updated by Saksa et al. (2000), based on the results of investigations in 1999 and 2000,
in particular reflection seismic surveys, which has resulted in the definition of 35 structures
(Fig. 7.3-9). Gently-dipping structures (dips <30°) dominate the model, with more than
60% of all structures being in this class. The greatest remaining uncertainties in the model
are related to the extent of the fracture zones and to their orientations.
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7.4 Hydrogeology

Hydraulic conductivity (K) values for the bedrock (intact rock and R-structures) were
measured by the Hydraulic Testing Unit (HTU), using a double packer injection system and
the constant head method and also by using the Flowmeter (Ohberg & Rouhiainen 2000;
Fig. 7.2-2). The total number of hydraulic conductivity determinations was generally
several hundred per site for the HTU and considerably more for the Flowmeter.

On the basis of studies of flow dimension from the Romuvaara site, calculated from
transient curves of hydraulic double-packer tests, most common flow dimensions lie
between 2 and 2.5 (Kuusela-Lahtinen & Niemi 1995,1996). For this reason the radial flow
equation or Moye's equation (Moye 1967) for the inter-pretation of hydraulic tests was
used.

Overall there was good compatibility between the values of K determined using either
technique, however, there were some exceptions especially at depth for small values of K.
One reason for these differences at Olkiluoto and Hastholmen is the presence of saline
water, which has caused difficulties when using for Flowmeter in determining pressure
differences between the borehole and the surrounding bedrock. In many boreholes more
conductive sections are clearly more frequent in the uppermost 150 - 200 m, although
highly-conductive sections are also present at greater depths. On the basis of results from
several boreholes it is apparent that the hydraulic properties of the uppermost 100 - 200 m
of the bedrock at all the sites appear distinct from those at greater depth, i.e. hydraulically-
conductive fractures are more frequent and their transmissivity is higher in the near-surface
zone.

Possible depth errors, caused by factors such as cable stretch, hinder the accurate analysis
of the relationship between fractures and hydraulic conductivities. In general, however
there is a good relationship between measured values of K and the presence of open
fractures. A recently developed system (Rouhiainen & Pollanen 1998; Ohberg & Rouhiai-
nen 2000), allows for the accurate logging of individual flowing fractures or set of fractures
which are in close proximity. Results using this system have enabled a more accurate
examination of the correlations between fractures and their hydraulic properties to take
place. This may help, for example in the compilation of more representative fracture
networks, which can be used for groundwater flow modelling and for the planning and
development of grouting techniques.

To examine the difference between the hydraulic properties of fracture zones and that of the
intact rock, all hydraulic conductivities measured over 2 m test lengths were divided into
two groups to represent known R-structures (fracture zones) and the intact rock. What is
termed intact rock also includes some fracture zones, which are normally narrow and are
assumed to be of limited extent and with unknown orientations. Known R-structures are
commonly composed of several separate transmissive elements and for this reason the
hydraulic properties of such zones are described in terms of their transmissivities (T). The
mean value of T for such R-structures has been compared with values of K of the intact rock,
with the difference between these two being typically of the order of 106—105 {e.g. Anttila
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et al. 1999d). The main conclusion from this analysis for all the sites is that the majority of
the known R-structures are hydraulically more conductive than the intact bedrock, even in
the situation where several hydraulically non conductive R-structures and several hydrau-
lically very conductive fractures and minor fracture zones, which are located outside known
R-structures, i.e. in the intact rock, are present.

The properties of the hydraulically most conductive fractures and minor fracture zones in
the intact rock, i.e. in the rock lying between R-structures, have been investigated by
analysing their spatial distributions and transmissivities in all boreholes, where there are
systematic values of hydraulic conductivity measured over 2 m. In this analysis the limit of
transmissivity was set to about l»10"8 m2/s and the selection of this kind of conductive
feature was made on the basis of a visual analysis of measured K values. A conductive
feature was assumed to be associated with an individual fracture or a group of fractures in
which the results from several 2 m long measuring intervals indicated an enhanced
transmissivity. The distances between identified R-structures without any hydraulically
conductive feature between them were also taken into account in this analysis, and
identified R-structures were also used as boundaries in determining the distances between
hydraulically conductive features. A schematic illustration of the procedure is shown in Fig.
7.4-1 and the results of the analysis for Olkiluoto are presented in Fig. 7.4-2. Depth classes
are 0 - 100 m, 100 - 300 m and over 300 m (Anttila et al. 1999d).

borehole

Figure 7.4-1. Determination of distances between hydraulically conductive (T ~ 1*10~s m2/s or
greater) features in intact rock (rock lying between known R-structures) and their transmissivities.
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Figure 7.4-2. Distances between hydraulically conductive (T~ 1*10* m2fs or greater) features in
intact rock (rock lying between known R-structures) and their transmissivities (log) with depth for
Olkiluoto.
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The depth dependency of hydraulic properties was investigated by dividing the transmis-
sivity values of R-structures into two depth classes and the hydraulic conductivity values
of intact rock into three classes. On the basis of regression analysis, the log mean
transmissivities of R-structures in the uppermost 200 m of the rock mass and those at greater
depth were determined, as were the corresponding means of the hydraulic conductivities for
intact rock for the three depth classes (0 - 200; 200 - 400 and 400 - 900 m). The conclusion
from this analysis for Olkiluoto, and also for the other three sites that were investigated, was
that there is a real decrease in the hydraulic conductivity of the intact rock with depth and
that there is a less certain, but possible, similar tendency for the transmissivity of the fracture
zones (Anttila et al. 1999d). These results were used for the compilation of initial values of
hydraulic properties for numerical groundwater flow modelling and for the extrapolation
and interpolation of transmissivities within R-structures, where only one measured value
of T was available.

Hydraulic connections between boreholes were studied at all the sites by means of long-
term pump (interference) tests {e.g. Jaaskelainen 1998). Several hydraulic connections
were found between the pumped section of one borehole and packed-off intervals of other
boreholes, which were separated by several hundreds of meters (Fig. 7.4-3). In this example
from Olkiluoto it was possible to determine the cross-hole transmissivity of some of these
conductive R-structures, thereby allowing an increased confidence to be placed on their
interpreted geometry and continuity. A strong response in the boreholes close to the pumped
section in borehole KR4 and the intervals exhibiting responses in boreholes KR1, KR5,
KR7, KR9 and KR10 are shown in Fig. 7.4-3. The interpretation of this test has allowed an
increased confidence to be placed on the existence of structure R20HY. Strong responses
in the nearby boreholes KR7 and KR10 indicate that there is locally a very transmissive
fracture system around the pumped section. In some tests at the other sites strong responses
were detected over distances of several hundred metres, indicating hydraulic connectivity
over considerable portions of the investigation area.

The cross-hole transmissivity determined from the responses of interference tests is,
however, greater for some R-structures than the transmissivity measured using double
packers in a single borehole or using the flowmeter. As a general rule it was assumed that
the results from interference tests are likely to be the more reliable. Unfortunately it has been
possible to carry out only a limited number of interference tests, due to the distances
between boreholes and the low transmissivity of many of the R-structures.
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Figure 7.4-3. Pumped section in borehole KR4 at Olkiluoto and response intervals in boreholes
KR1, KR5, KR7, KR9 andKRIO. Structures such as R20HY and Rll, which are assumed to be
present and to influence the extent of the drawdown, are also shown. Grid spacing is 500 m.

Hydraulic heads

Hydraulic heads at shallow depths within the bedrock were measured in numerous shallow
observation holes. At some sites observations were possible over considerable periods of
time and in many more boreholes due to the presence of, for example, a repository for
I/LLW. These data made it possible to study the relationship between the topography and
the water table and to compile equipotentials for the water table, which are required for the
definition of boundary conditions for numerical groundwater flow simulations.

The present groundwater table for the Olkiluoto site, which is determined by the local
topography, is shown in Figure 7.4-4. The groundwater table, which is close to the surface,
is used as a boundary condition in the groundwater flow modelling.
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Figure 7.4-4. The present groundwater table at Olkiluoto. The area shown in blue denotes the
region where head data are unavailable.

7.4.1 Groundwater flow modelling

7.4.1.1 Introduction and history of modelling

Groundwater flow modelling has been an integral part of the investigation work carried out
at all the sites. This modelling has been carried out at three scales - at the regional to site
scale (e.g. Kattilakoski & Koskinen 1999), at the site scale (e.g. Lofman 1999a-b) and also
at the site-to-canister scale (also referred to as the block scale) (Fig. 7.4-5; Poteri & Laitinen
1999). During the preliminary site investigations the analysis of groundwater flow at the
sites was carried out assuming steady-state conditions without taking into account varia-
tions in the density of the groundwater (e.g. Koskinen 1992b). The effects of the repository
were also not considered. In the detailed investigations a more comprehensive, two-stage
groundwater flow modelling analysis was carried out, in the first stage the analysis assumed
present-day conditions and the effects of variable density and post-glacial uplift were also
included (e.g. Lofman 1996). The second stage consisted of simulations that were carried
out up to 10,000 years into the future, taking into account not only the effects of groundwater
density and uplift but also the influence of the repository (e.g. Laitinen & Lofman 1996).
This particular modelling provided input to the TILA-96 safety analysis (Vieno & Nordman
1996).
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Repository
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Figure 7.4-5. The nested set of regional scale, site scale and canister or block scale models
developed in the numerical simulations ofgroundwaterflow. The regional and site scale models are
based on aporous medium approximation, whereas the canister scale model uses afracture network
approach (from Poteri & Laitinen 1999).

Each period of groundwater flow modelling has been limited by the data available at that
date. The conceptual fracture zone geometry employed in the modelling by Koskinen
(1992a,b), Lofman (1996) and Laitinen & Lofman (1996) for the Olkiluoto site was based
on the preliminary investigations of Saksa et al. (1993). Since then, however, the conceptual
bedrock model at Olkiluoto has undergone several changes owing to the results of the
additional site investigations and interpretations {e.g. Saksa et al. 1996; Saksa et al. 1998).
In addition to the introduction of several new fracture zones and modifications to the
properties and geometry of many of the existing zones, the transmissivities of all the zones
have been revised. Although the results of these additional site investigations and interpre-
tations did not necessarily change the overall understanding of the groundwater flow regime
they have led to more local effects on the results of the subsequent groundwater flow
analyses.

The site scale models for the sites lie in the range of 1 - 10 km and were designed to
characterise the general groundwater flow conditions and provide an insight into the
mechanisms affecting flow over the next 10,000 years. The results of this modelling were
an aid in helping to evaluate the sites and select the site that was to be considered for
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repository development. Another objective was to estimate the flow conditions in the
vicinity of the proposed repository, as well as identifying possible flow routes from the
repository to the surface. The results of this modelling was used in both TILA-96 (Vieno
& Nordman 1996) and TILA-99 (Vieno & Nordman 1999).

7.4.1.2 Development of the later model, with specific reference to Olkiluoto

The most recent numerical simulations of groundwater flow and solute transport at
Olkiluoto have been carried out by Lofman (e.g. Lofman 1999a, 2000) by means of a
numerical simulation of coupled and transient groundwater flow and solute transport out to
10,000 years into the future, using the most up-to-date structural models of the sites and
taking into account the effects of groundwater density variations, uplift and the effects of
the repository. Flow and transport are described by a mathematical model that consists of
two coupled, time-dependent non-linear partial differential equations written for the
residual pressure (the total pressure without the hydrostatic component of fresh water) and
the solute concentration. The equations are solved numerically employing the finite
element method with linear elements.

Conceptually the fractured bedrock is divided into hydraulic units, the planar fracture zones
and the intact rock, for which an equivalent-continuum (EC) model is applied separately -
the fractured medium (cf. the intact rock of the structural models) is treated as a piecewise
homogeneous continuum with representative average characteristics. The geometry of the
fracture zones is based on the latest geological bedrock model and each individual zone is
modelled as explicitly as possible.

The repository and the surrounding disturbed zone of bedrock are modelled as a two-
dimensional structure having higher transmissivity than the surrounding intact rock. The
effects of the construction and operation phase are not considered, i.e. the repository is
assumed to be closed and fully saturated at the beginning of the simulation period. In
addition, the effect of temperature rise caused by the heat generated by the spent nuclear fuel
is considered to be insignificant compared with that of the natural hydraulic gradient.

The model area at Olkiluoto is about 26 km2 and includes the whole of the island of Olkiluoto
and the surrounding sea in such a way that the distance of the vertical boundaries from the
centre of the island is about 2-3 km, whilst the depth of the modelled domain is 1.5 km. The
geometry of the fracture zones is based on the latest geological bedrock model, and the
model contains 3 3 individual fracture zones. The repository and the surrounding excavation
disturbed zone (EDZ) is located at a depth of 500 m and is intersected by two fracture zones,
R10HY and R16 (Figure 7.4-6).

For the numerical simulations the modelled volume is discretised into a finite element mesh
containing 47,000 3D elements representing the intact rock embedded with 18,000 2D
quadrilateral and triangular elements for the fracture zones (Figure 7.4-7). Due to the planar
structure and the high contrast of the hydraulic conductivities (more than two orders of
magnitude higher than in the intact rock), groundwater in the zones can be assumed to flow
parallel to the plane of the zone, justifying the use of 2D elements.
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Figure 7.4-6. The repository layout at a depth of500 m and the fracture zones included within the
groundwater flow model. The anticipated locations of the shoreline at 100 and 1000 years in the
future is also shown (from Lofinan 1999a).

The properties of the bedrock are based on the geological, hydrogeological and hydrochem-
ical field investigations. The transmissivity of the fracture zones is assumed to vary
exponentially with depth according to the analysis of measured T-values (HTU, difference
flow logging and pumping tests) in the boreholes as well as on the geological interpreta-
tions. The fracture zones are divided by Saksa et al. (1998) into two categories according
to their measured transmissivities. The largest uncertainties are naturally related to the
zones without measured values and to the zones with two or three measured values that
differ strongly from each other. The repository and its accompanying EDZ is assumed to
have an isotropic transmissivity.

Because the intact rock is modelled conceptually as an equivalent continuum with
representative average characteristics, the measured small-scale hydraulic conductivities
are averaged in order to obtain the conductivities that represent a similar overall behaviour
of the network of fractures on a larger length scale. This requires the hydraulic conductivity
used in the simulations to be the upscaled effective average conductivity. The agreement
between the measured values and the assumption of a depth-dependent conductivity is not
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1500 m

Figure 7.4-7, Finite element mesh for the Olkiluoto site. The 47,000 3D elements (upper figure)
represent the intact rock and the 18,000 2D elements (lowerfigure) thefracture zones (from Lofman
1999a).
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very good, because the measured conductivities vary markedly, and it is obvious that this
discrepancy represents one of the major sources of uncertainty in this modelling.

The present groundwater table and topography as well as the salinity concentration for fresh
and sea water are employed as an initial condition at the surface of the model. In the
remainder of the modelled volume the initial pressure is assumed to be hydrostatic, and the
values assigned to the nodes are calculated according to a relatively simple (depth-
dependent) salinity model, which is based on the measured salinities of groundwater
samples. Time-dependent and specified boundary conditions are applied for both pressure
and concentration during the simulation. Estimated relationship between groundwater table
and topography, together with a mathematical model describing the future land uplift and
sea level rise, are employed as a boundary condition at the surface of the model.

7.4.1.3 Results

The overall flow pattern at Olkiluoto is mostly controlled by the local variations in the
topography (Figures 7.4-4 and 7.4-8). Below the island of Olkiluoto the flow direction is
mostly downwards, whilst near the shoreline and below the sea groundwater flows
horizontally and/or upwards. The evolution of the hydraulic conditions (flow and salinity
field) with time seems not to have much effect on the flow pattern below the present island,
but mostly below the present sea. When the shoreline moves due to land uplift, the flow
direction changes from upwards to horizontal and the discharge areas move closer to the
boundaries of the modelled area, whereas the flow direction at the boundaries changes
gradually from inwards to outwards. Eventually, at 10,000 years AP the overall horizontal
flow outside the present island is strongly directed through the boundaries.

The groundwater flow in the vicinity of the repository is mainly vertical due to its location
at the centre of the island below the topographic high point (Figures 7.4-9 and 7.4-10). The
sub-horizontal fracture zone R21 lies below the repository, and its upper northeast portion
lies below the present sea, resulting in a strong upward flow towards zone R3. Its high
transmissivity, the upward flow and its location close to the repository result in a maj or flow
route to the surface.

The computed rates of groundwater flow through the repository and its EDZ indicate that
most of the groundwater flows into the repository from above and leaves the repository
through its lower face and that this flow lies in the range of 12-18 m3 a"1.

The driving force, i.e. hydraulic gradient, for groundwater flow in this analysis is given by
a combination of the residual pressure gradient and the gravitational force, since the density
of the groundwater varies across the site. The average values in the intact rock and in the
vicinity of the repository are about 0.1 -2% and 0.6-0.8%, respectively, and they are believed
to remain substantially the same during the next 10,000 years. The changing hydraulic
conditions, i.e. the evolution of the salinity field and the uplift, seem to have only a minor
effect on the driving force in the vicinity of the repository.
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Loftnan 1999a).
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The salinity content of groundwater in the bedrock changes with time, as the island of
Olkiluoto gradually rises from the sea due to the post-glacial uplift. This uplift causes fresh
water to replace brackish and saline water, both vertically and laterally, below the ever
increasing area of the island. Eventually, at 10,000 years AP, brackish and saline water in
the bedrock is expected to have been flushed by fresh water down to a depth of about 600
m. In the most transmissive fracture zones and beneath the most elevated parts of the island
it is anticipated that fresh water will be present to a depth of about 1000 m.

More recent modelling has been performed at the site scale for Olkiluoto (Lofman 2000)
to examine further the effects of the saline groundwater and this work is discussed in Section
10.

7.5 Hydrochemistry

The hydrochemistry of the four sites investigated during the detailed investigations is
described extensively in Anttila (1999a,b,c,d), where references are presented to the reports
specific to the hydrochemistry more detailed. Two of the sites, Kivetty and Romuvaara,
have freshwater to great depths, whereas both Olkiluoto and Hastholmen were submerged
for considerable periods of time by the Baltic (and the other marine and freshwater lakes and
seas formed at the different phases of glacial retreat) and have saline groundwaters at depth.
It is more sensible, therefore, where necessary, to describe the hydrochemistry of Kivetty
and Romuvaara separately from that of Olkiluoto and Hastholmen. The geochemical
interpretation and modelling of groundwater at Kivetty (Pitkanen et al. 1998) and Romu-
vaara (Pitkanen et al. 1996b) indicate, however, that similar reactions have occurred in the
evolution of the fresh groundwater types at these sites as have occurred at those sites with
saline groundwater, such as Olkiluoto (Pitkanen et al. 1996a, 1998a).

Whilst the chemical evolution of the groundwater is not identical at Kivetty and Romuvaara,
there are distinct similarities. The differences are mainly due to the different rock types
present at the two sites and the depth ranges over which certain chemical processes are
dominant. Groundwater evolves from Ca-Na-Mg-HCO3-type in the upper part of the
bedrock to Na-Ca-HCO3-type at greater depths. Finally, groundwater changes to Na-Ca-Cl-
HCO3 type in the most saline samples due to extensive water-rock interaction. This
evolutionary trend with residence time at Kivetty is similar to that of Romuvaara's/7ow-
path 1 (Anttila et al. 1999b) reflecting moderate interaction between granitoid rocks and
groundwater at low temperature. The trend to calcium dominated Na-Ca-Cl-type ground-
water is present at all the sites investigated and is typical of felsic rocks elsewhere.

The geochemical interpretation of groundwater at Hastholmen and Olkiluoto (Snellman et
al. 1998,Luukkonene?a/. 1999), Pitkanen et al. 1999) has revealed that the hydrogeochem-
ical evolution is characterised by considerable mixing of different end-member water types
and water-rock interaction (Fig. 7.5-1). Groundwater end-members at these two sites range
from modern (fresh meteoric water, sea water from the Gulf of Bothnia/Gulf of Finland) to
relic (Litorina Sea, Eemian Sea (Hastholmen), glacial meltwater), and brine end-member
intruded or formed under the influence of hydrothermal activity (pre-glacial, probably
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Phanaerozoic to Precambrian in age). Recent research by Posiva (Gascoyne 2000) suggests
that this saline groundwater at depth may also be due to the process of salt-rejection into the
aqueous phase during the growth of permafrost. Under current conditions, similar processes
are seen in the evolution of groundwater types at these sites and these are in contrast with
the conditions at sites with only fresh groundwater, i.e. Romuvaara and Kivetty. The major
reactions are related to the oxidation of organics with contemporaneous CO2 production,
and subsequent dissolution of calcite at shallow depths and/or in dynamic flow systems, as
indicated by, for example, variations in 813C(DIC). At greater depths, where less dynamic
flow conditions are present, the precipitation of calcite, with possibly silicate hydrolysis,
results in pH being stabilised between values of 7.0-8.3.

The least disturbed redox measurements on deep groundwater at Romuvaara and Kivetty
suggest the prevalence of slightly to fairly reducing conditions at depth (Eh 0 to -420 mV,
with median values of -150 mV and -60 mV respectively). At Romuvaara anaerobic
oxidation of organic carbon, with sulphate reduction as the predominant electron acceptor,

R9-10

Figure 7.5-1. Hydrochemical conceptual model of the Olkiluoto site looking north (from Pitkdnen
etal. 1999) basedon the current interpretation ofthehydrochemistry. Changes in colour represent
changes in groundwater type. Generalised reactions controlling redox andpH are shown.
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is expected to be the main redox-controlling process in groundwater over long residence
times at depth. This process is also indicated by the occurrence of sulphide, by the
decreasing sulphate content of groundwater with increasing Cl, by the decreasing trend of
Eh (measured) versus increasing sulphide, by the occurrence of sulphate reducing bacteria,
and by the increase in 534S(SO4) with increasing Cl. The redox conditions at Kivetty seem
to be buffered mainly by the S-Fe-C-system (Fig. 7.5-2). The occurrence of sulphate and
sulphide in the same groundwater samples indicates a very negative redox-level. Although
sulphide concentrations are small, the reaction path calculations (EQ3/6) indicate a
thermodynamic redox level of about -200 mV to -300 mV depending on the pH in deep
groundwater. The expected Eh in the sulphidic zone at Romuvaara is around -200 to -300
mV at a pH of 8.0 - 9.0, and in the high pH range measured at Romuvaara the expected redox
level is even lower.

Salinity and the extent of calculated geochemical reactions remain at a low level at
Romuvaara and Kivetty, regardless of the maturity of the most evolved groundwater. A low
salinity is considered to be typical of the interaction between crystalline bedrock and
groundwater in a cold climate, with limited or no input of fossil water, such as palaeo-sea

Figure 7.5-2. Conceptual hydrogeological and hydrochemical model of the Kivetty site illustrating
the hydrochemical and isotopic evolution (from Pitkanen et al. 1998).
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water or residuals of ancient hydrothermal water, being leached into the system. The TDS
and also the chloride content increase with increasing depth, but significant variations can
be observed for a single borehole or between corresponding sampling levels in different
boreholes, reflecting the importance of the local hydraulically-conductive fracture zones in
controlling the spatial variability in groundwater chemistry.

The palaeohydrogeology of the four investigation sites varies, particularly in their relation
to the Weichselian glaciation and to the palaeo-Baltic stages, and is reflected in the
chemistry of the groundwater. Romuvaarahas clearly been in a supra-aquatic position since
the last glaciation. The groundwater 14C ages at Romuvaara (adjusted for interaction by the
calculated mass-balance models) cover virtually the whole period of time since the retreat
of the ice sheet about 10,000 years ago, with young groundwater ages being typically
connected with higher hydraulic conductivities in the bedrock. However, no cold water
signature is observable in the stable isotope data of old groundwater samples at Romuvaara,
whereas such signatures are frequent at the other sites. The storage of glacial meltwater
above the bedrock would have been limited due to the supra-aquatic location of Romuvaara
and the small amounts of recharged glacial meltwater were probably either rapidly and
efficiently flushed out of the system or the ice sheet was possibly cold-based and permafrost
prevented glacial meltwater intrusion.

At Kivetty groundwater I4C residence times adjusted for reaction models by mass balance
calculations cover virtually the whole period since the ice sheet retreated from Kivetty about
9,700 years ago (Pitkanen etal. 1998). Some subglacial ages of up to 15,000 years have been
determined, and they are considered to be mixed ages derived from the mixing of preglacial
groundwater and glacial meltwater from the retreating ice sheet. There is no evidence of
oxygen intrusion to great depth at any of the sites, since observations of iron oxyhydroxides
in fractures are generally limited to the upper 200 m of the bedrock, and to only 30 m depth
at Olkiluoto.

To depths of 100-150 m at Olkiluoto and 100 m at Hastholmen a meteoric groundwater type
is characterised by a dilute HCO3-rich groundwater containing a Baltic Sea input. The water
type has been recharged since the island of Olkiluoto rose above sea level, but 3H results
indicate mostly recent decades, indicating that the near-surface zone seems to be hydroge-
ologically dynamic. Mass-balance calculations at Olkiluoto (Pitkanen et al. 1998) show
that meteoric water has nearly completely displaced the former groundwaters which may
have descended to a depth of 100-150 m.

The brackish SO4-rich groundwater below the HCO3-rich groundwater at 100-300 m depth
at Olkiluoto and Hastholmen most probably infiltrated during the Litorina Sea stage
(Pitkanen et al. 1996b, Nordstrom 1986, Snellman et al. 1998, Luukkonen et al. 1999),
when both these sites were still beneath the sea6. The Litorina sea water character at
Olkiluoto is currently strongest in the upper zone of the SO4-rich groundwater layer, which

6 Although a recent review of the effects of permafrost (Gascoyne 2000) suggests that another process could
also have been involved, due to the redissolution of mirabilite (Na2SO4-10H2O).
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suggests limited mixing between meteoric recharge and SO4-rich groundwaters, probably
due to the density difference between the waters. Geochemical calculations (Figure 7.5-3;
Pitkanen et al. 1998) show that the Litorina-derived water has mixed significantly with
former brackish water, which indicates little vertical movement of the mixture of meltwater
and subglacial groundwater in the upper part of the bedrock during the Litorina stage.
Litorina infiltration may, therefore, have been originally limited to the upper 150 m, similar
to current meteoric recharge. At Hastholmen, however, the SO4-rich Na-Cl groundwater
shows a large scatter in the TDS values, resulting from mixing of different bodies of
groundwaters.

During the retreat of the ice sheet dilute glacial meltwater infiltrated into the rock mass and
mixed with pre/subglacial groundwater at shallow depth. This is seen in the transition zone
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Figure 7.5-3. Conceptual model ofgroundwater chemical evolution during the early stages of the
Litorina Sea at Olkiluoto.
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from brackish to saline groundwater (at 400 - 600 m depth at Olkiluoto and Hastholmen)
where the lower parts of the brackish groundwater seem to have a 20% input from glacial
meltwater. Mass-balance calculations (Fig. 7.5-4: Pitkanen et al. 1998) from Olkiluoto
indicate that equal volumes of meltwater and subglacial brackish groundwater originally
mixed in the upper 150 m and a significant intrusion of glacial meltwater (representing
about 20%) would have reached a depth of about 300 m during the deglaciation period. This
supports the significant role of more open fracturing and/or sub-horizontal fracture zones
in constraining recharge in the upper part of the bedrock. No indications of oxygen gas
intrusion with glacial meltwater recharge have been observed, either from fracture miner-
alogy or from the current hydrochemical and isotopic data (Pitkanen et al. 1998). At
Olkiluoto there is only one observation of iron oxyhydroxide at 30 m depth, whereas rust
observations are limited to the upper 200 m at Kivetty, Romuvaara and Hastholmen.

Groundwater becomes saline at 500 - 600 m depth at Hastholmen and below 400-500 m
depth at Olkiluoto. The saline groundwater at Hastholmen shows similar chemical charac-
teristics to those of the brine-derived saline groundwater type (Ca-Na-Ci) at Olkiluoto
(Pitkanen et al 1998). At Hastholmen the stable isotope content and the elevated Ca/Cl, Ca/
Mg and Br/Cl indicate considerable water-rock interaction at elevated temperatures. At
Olkiluoto different chemical signatures from calcites, fluid inclusions and isotopic signa-
tures in saline groundwater suggest an extremely old origin for the original brine end-
member^), which is most probably early Phanerozoic or Precambrian in age (Pitkanen et
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al. 1998). The present maximum TDS at Olkiluoto is 75 g I"1 (Ruotsalainen et al. 2000) and
stable isotopes of water, the Br/Cl ratio, 14C and mass-balance calculations suggest that
saline groundwater has been diluted only slightly by Litorina Sea water. These data indicate
that significant mixing of glacial meltwater in saline water is unlikely, and the predicted
portion of meltwater is <10%. A steady Br/Cl ratio and increasing positive values of 537C1
with decreasing Cl in the saline groundwater also do not support the premise of dilution by
older marine water, i.e. from the Eemian Sea. The dilution of saline water seems likely to
be a considerably older event than the Weichselian glaciation, with long term water-rock
interaction leading to an increasing Na/Cl ratio with decreasing salinity. Highly saline deep
groundwater (at >700 m depth) seems to have been preserved undisturbed during the glacial
cycling throughout the Quaternary. This concept corresponds with the current model of the
flow system at Olkiluoto (Lofman 1999a, 2000) according to which descending infiltration
is unable to intrude to great depths.

At Hastholmen, however, the high SO4 and Mg and the 34S signature suggest mixing of a
marine component in the saline water, and the low 14C value excludes the Litorina Sea as
a possible sea water source. The high salinity of this sea water type could be due to the
Eemian interglacial at 130,000 - 100,000 BP, which was the first warmer period preceding
the last glacial advance. During this interglacial, the Baltic Sea was more saline and
probably had a connection to the White Sea (Eronen 1990). The fairly low stable isotope
signatures of some saline waters below 500-600 m depth suggest some addition of a glacial
meltwater component.

Comprehensive datasets for all the sites have been produced and the modelling is
considered to have resulted in a good general picture of the evolutionary processes
prevailing in the bedrock since the last glaciation, with pre-glacial processes being
identified at Olkiluoto and Hastholmen (Anttila et al. 1999c,d). The isotopic database is
extensive for all the sites, except for the more saline groundwaters at Olkiluoto and
Hastholmen. Carbon isotope analyses of calcites, and organic matter are needed for these
two sites to construct reaction models and 34S, and 18O analyses of sulphur species are
required for checking the extent of actual sulphide production through water-rock interac-
tion. At Kivetty the hydrochemical interpretation indicates the presence of restricted flow
systems around each borehole where presently undefined flow barriers seem to prevent
subhorizontal flow along interpreted transmissive structures. Flow velocities seem to be
slow and it is not possible to demonstrate the presence of any really active natural flowpaths
(Anttila et al. 1999b).

7.5.1 Hydrochemical conditions of importance in disposal

The hydrochemical conditions at the sites have been considered in terms of their signifi-
cance for:

• corrosion of the spent fuel canister
• stability of the buffer material
• solubility of the spent fuel and
• radionuclide transport.
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Spent fuel canister

The anoxic reducing conditions at depth at all four sites are expected to be favourable for
limiting the corrosion rate of spent fuel canisters. In oxygen-free water, sulphide is the most
corrosive agent for the Cu canister, and the most important corrosion products are cuprous
sulphides Cu2 JS, corresponding to the mineral phases, chalcocite, anilite and djurleite
(Ahonen 1995). Cupric sulphides such as covellite are also likely admixtures. The sulphide
content in the gneissic rock groundwater at Romuvaara appears to be constrained by the
availability of dissolved Fe from the iron oxyhydroxides present. In mafic rocks (which are
present at Romuvaara but only to a limited extent) dissolved sulphide is less limited, due
to the probable control of dissolved iron by iron silicate. This explanation is believed also
to be applicable for the situation at Olkiluoto, where groundwater with an elevated dissolved
sulphide content is present (Pitkanen et al. 1994). Sulphide concentrations at Kivetty are
less than in the mafic rock at Romuvaara and in groundwater at Olkiluoto.

Bentonite buffer

Favourable conditions are expected to exist for the stability of the bentonite buffer at
Romuvaara and Kivetty, although ion exchange with clay minerals is favoured where Ca,
Mg and K is exchanged for Na, according to thermodynamic calculations by Pitkanen et al.
(1996a), and this is supposed to be the case also for Na-montmorillonite. The overall mass
and mole transfer in this process is expected to be low, but would need to be evaluated more
precisely.

The stability of the bentonite buffer at Olkiluoto as at Hastholmen, may be effected by the
saline groundwater by reducing the swelling capacity and increasing the hydraulic conduc-
tivity of compacted bentonite. However, laboratory tests and modelling studies (Karnland
1998) have shown that the desired swelling pressure (~ 5MPa) is obtained even in brine
(TDS 100 g I'1) if the density of compacted bentonite is sufficiently high (2000 kg m"3 at
saturation). Ion exchange with clay minerals will occur in the long-term, with Ca, Mg and
K being exchanged for Na. The Ca-rich saline groundwater is expected to have the strongest
impact (Muurinen et al. 1996). According to the theoretical evaluations performed (e.g.
Wanner et al. 1992, Wieland et al. 1994) it is, however, expected that the bentonite buffer
will maintain its low permeability for hundreds of thousands of years even at Hastholmen
and Olkiluoto (Crawford & Wilmot 1998).

Radionuclide solubility

The most important groundwater parameters that affect radionuclide solubility are pH, the
carbonate content and Eh, with salinity also being important for certain elements. Temper-
ature has a strong effect on pH and hence on the solubilities of elements that can be
hydrolysed. The temperature at depth is somewhat higher at Hastholmen and Kivetty
compared with Romuvaara and Olkiluoto, apparently due to the more radiogenic bedrock
(elevated levels of U, K, He, Rn, Ra and Th) of Hastholmen (rapakivi granite) and Kivetty
(diorite). However, the difference (7°C to 12°C at 500 m depth) is not so large as to affect
the solubilities. The temperature in the near-field of the spent fuel repository will rise to a
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maximum of about 100°C within a few decades and will then gradually decrease towards
the ambient temperature of about 15°C within a few thousands of years (Raiko 1996). The
probability of the corrosion-resistant canister allowing any release of radionuclides during
this thermal phase is, however, very low. In addition to carbonates, strong complexing
agents in the groundwater such as hydroxide, chloride, sulphate, sulphide and phosphate
may be of importance, if their concentrations become high enough. At Olkiluoto, the
content of these ligands is variable, and high SO4 and low carbonate waters as well as high
chloride waters are found. At Romuvaara, Hastholmen and Kivetty the content of these
ligands is low compared with the dominant dissolved carbonate ions, even for the high pH
water associated with the mafic rock.

In natural groundwater systems one of the most important factors defining the pH level is
the amount of dissolved CO r The dissolved carbonate contents at the four sites range from
less than 0.1 meq I"1 to 7 meq I"1, the lowest values are exhibited in the most saline
groundwater at Olkiluoto and Hastholmen, and the highest values are observed in the
brackish HCO3-rich groundwaters at shallow depths at Olkiluoto (Pitkanen et al. 1998). The
pH values of groundwater at the sites range generally from about 7 to 9, apart from certain
locations at Romuvaara, where the variation is from 7 to 10, reflecting the influence of more
variable mineralogy, the high pH values being found in boreholes which intersect metad-
iabase dykes.

The effect of the salinity of the groundwater (fresh, brackish, saline) on solubilities is
element-specific and rather depends on the composition of the solution - the pH, redox
condition and the amounts of important complexing ligands and other element species
being the important factors. The largest changes here may occur due to complexation
reactions, in contrast to the general paucity of such reactions in fresher groundwaters. For
example the characteristically low carbonate content of the Finnish saline groundwaters is
an important factor in the carbonate-dependent element solubilities (e.g. U, Pu, Np, Am)
(Vuorinen et al. 1998). The high sulphate in the brackish water may effect the solubility of
elements such as Ra, which forms both complexes and solids with sulphate. The solubility
of Ra is lowest in groundwaters having a high sulphate content, e.g. the Litorina Sea water
type at Hastholmen and Olkiluoto (Vuorinen et al. 1998).

Many organic ligands are known to have strong complexing affinities, but at present
specific knowledge of the amount and the nature of organic complexing agents present in
the groundwaters at these sites is scarce. Organic ligands, such as humic and fulvic acids,
have not been discussed, or have been considered only briefly, in the investigations to date.
Data on such species are available only from Olkiluoto at a depth of 613-618 m in the saline
groundwater, indicating a relatively low concentration (0.01- 0.02 mg I"1) of humic acids
(Laaksoharju et al. 1994).

Reducing conditions, favourable for low radionuclide solubility and slow canister corro-
sion, are expected to exist at depth at all sites. The main redox reactions at depth in
groundwater are related to the anaerobic oxidation of organics, in parallel with microbially-
catalysed SO4 reduction, according to evidence from enriched 534S(SO4), dissolved sul-
phides, observations of SRB (Haveman et al. 1998) and pyrite precipitates on calcite fillings
(e.g. Pitkanen et al. 1994,1996a,b, 1998a, 1998). At Hastholmen the Fe27goethite pair is
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also considered important (Snellman et al. 1998). Depending on the pH, the redox level is
generally expected to be buffered below -200 to -300 mV at all sites.

Radionuclide transport

The sorption properties of the rocks at the sites can be estimated on the basis of their cation
exchange capacities (CEC), the amount of Fe oxides, and degree of alteration and their
porosity, which all are related to the mineral composition and microstructure of the rock
(Huitti et al. 1996). The CECs of the rocks are generally fairly similar for all sites, although
mica gneiss, especially that at Olkiluoto, seems to have the best sorption properties for
elements such as Cs, which is sorbed by ion exchange. The CEC of the altered rapakivi at
Hastholmen is slightly higher than that of the tonalites at Romuvaara and only slightly lower
than that of mica gneiss in Olkiluoto (Huitti et al. 1996). The overall sorption properties of
the rapakivi granite at Hastholmen is similar to the Kivetty granite (Huitti et al. 1996).
Rapakivi and some parts of the granites at Kivetty contain hematite, which is an efficient
sorbent especially for transition elements and actinides.

In addition to their sorption properties the minerals possess reduction capacity, which could
be expressed from their Fe2+content. Mica gneisses and granodiorites at Olkiluoto contain
more of these Fe2+ rich minerals (biotite, chlorite, hornblende) than do granitic rock types.
However, at Hastholmen the chlorite content of unaltered rapakivi is higher than that
generally found in granite and increases with the degree of alteration of the rock (altered,
weathered rapakivi). Of the rocks studied, the Olkiluoto mica gneiss has the highest chlorite
content, whereas biotite is very common both at Romuvaara and Kivetty.

On the scale of migration flowpaths, the differences between the sorption properties of rock
types at the different sites have, however, been considered clearly less significant than the
differences attributed to redox conditions (reducing vs. oxidising) and the salinity of
groundwater (fresh vs. saline) (Hakanen & Holtta 1992). The low ionic strength of
groundwater (TDS obs. max. 265 mg I1) is expected to be favourable for sorption both at
Kivetty and Romuvaara. The brackish and saline groundwater types at Olkiluoto and
Hastholmen (TDS obs. max. 75 mg I'1) are expected to be less favourable for elements
sorbing by ion exchange, e.g. alkaline and earth-alkaline elements Cs, Ra and Sr, in
comparison with fresh groundwater.

Colloidal forms of radionuclides may significantly affect their rate of transport in ground-
water, if the sorption of radionuclides on colloids is irreversible. Bentonite in the near-field
is expected, however, to act as a filter for possible colloidal forms. Furthermore, the
available data on inorganic colloids (less than = 360 ppb) and humic acids (=10 ppb) in
Finnish groundwater (Laaksoharju et al. 1994) as well as the data on the properties of
Swedish groundwater colloids (Laaksoharju et al. 1995) indicate low concentrations.

7.5.2 Conclusions of hydrochemical evaluation

The overall conclusions of the hydrochemical evaluation of the sites can be summarised as:
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1. For the two freshwater sites ofKivetty and Romuvaara:

The hydrochemical characteristics of these sites show that the conditions are generally
favourable for the stability of the buffer, slow copper corrosion rate, low solubility and slow
transport of radionuclides, i.e. low salinity, anoxic reducing conditions, pH neutral or
slightly basic and low sulphide content. The high pH and high sulphide values associated
with mafic rocks would need to be further evaluated.

2. For the two sites ofOlkiluoto and Hastholmen with saline groundwater at depth:

The hydrochemical characteristics of these sites show that the conditions are generally
favourable for a slow copper corrosion rate, low solubility and slow transport of radionu-
clides, /. e. anoxic reducing conditions, pH neutral or slightly basic and low sulphide content.
However, the role of high salinity on the stability of the buffer and the transport of
radionuclides needs to be evaluated further. In addition, the possible role of the elevated
ammonia content at shallower depths needs to be addressed. A more detailed analysis of
groundwater salinity at Olkiluoto has subsequently been carried out (Ruotsalainen et al.
2000) as has an assessment of its effects on a spent fuel repository (Section 10.2.1; Vieno
2000).

7.6 Constructability

7.6.1 Classification of the rock mass

The properties of the bedrock at the four sites have been evaluated according to the
engineering rock mass classification developed for this work, in order to define the bedrock
volumes suitable for constructing a repository. The following properties of the rock mass
were considered to influence its constructability:

• Rock quality: determined by rock type, fracturing and hydrogeological properties. Rock
type and properties includes factors such as mineralogy, texture, grain size, weathering,
strength and deformation as well as thermal conductivity. Fracturing includes the
number of fracture sets, fracture orientation, frequency and length as well as their
factional properties. Hydrogeological properties include hydraulic conductivity, grouta-
bility and estimations of groundwater ingress.

• In situ stress: magnitude and direction of in situ stresses.

• Groundwater chemistry: especially pH and concentration of sulphate, carbon dioxide,
ammonium, magnesium, chloride and radon.

• Geotechnicalproperties: properties that affect the drilling, blasting and support of the
rock and its crushability.

These properties of the bedrock were divided into three classes depending on the influence
the rock properties could have on the construction of the repository. Although it is evident
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that methods for construction will develop in the future, the basis for the evaluation was the
methods currently used in excavation and underground construction. The following
constructability classes, each associated with a specific range of constructability attributes,
were developed:

• Normal: when construction of the repository can be carried out by applying convention-
al hard rock tunnelling techniques and materials. Tunnelling techniques are considered
conventional when tunnels can be excavated using 4-5 m blasting rounds and any
subsequent rock support consists of rock bolts and shotcrete or wire mesh.

• Demanding: when construction of the repository needs more sophisticated and expen-
sive construction methods or materials than in the normal class, the rate of tunnelling
is considerably reduced, or more effect has to be placed on operational safety. The
implication is that tunnels should be excavated using 3-4 m blasting rounds and
supported temporarily using bolts and shotcrete or wire mesh after each round. Final
support can be carried out using rock bolts and fibre-reinforced shotcrete.

• Very demanding: when construction of the repository needs significantly more expen-
sive and sophisticated construction methods or materials than in the normal class, the
rate of tunnelling is considerably lowered, or very much more effort has to be placed on
operational safety. This implies that tunnels will need to be excavated using 1 -3 m blast
rounds and supported temporally with bolts and shotcrete after each round. Spiling and
pre-grouting will be required before excavation and final support can be carried out
using fibre-reinforced shotcrete with reinforced ribs or cast concrete lining.

The classification of the rock mass has been carried out in the central part of the four sites,
where most of the boreholes are located, and the surface and borehole investigations as well
as the 3D bedrock model have been used as input data for the classification.

In addition, the bedrock for each site has been classified according to the empirical Q-
system (Barton et al. 191 A, Grimstad & Barton 1993) for the sake of comparison and for
estimating the support measures at different depths and for different rock types.

7.6.2 Evaluation of the constructability

7.6.2.1 Estimates based on rock mass classification

The evaluation of the constructability of the rock mass for the four sites was, at the stage
of the detailed site investigations based on the engineering rock mass classification and the
Q-classification (Aikas et al. 2000).

The aim is to construct as much as possible of the repository in volumes of rock which are
classified as normal. In practice this means the that construction should take place
dominantly within intact rock and that major fracture zones (structures) should be avoided
at the disposal depth. The majority of the rock mass at all the sites consists of intact rock
and has been estimated to be normal from the point of view of constructability. This means
that excavation and rock support can be carried out using conventional methods and
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materials, as generally applicable to Finnish underground construction projects. This intact
rock at the four sites is typically hard and unaltered, the fracture frequency being quite low,
in outcrops typically from <1 to <2 fractures/m and in rock cores 1 - 4 fractures/m,
depending on the site. At the majority of the sites local differences in the properties of the
intact rock within a single rock type were found to be small (Anttila et al. 1999a,b,c,d).

An important bedrock property that may limit the placement of the deposition tunnels and
disposal holes at all the sites is the location of some fracture zones, which may prove to be
difficult to seal against the ingress of groundwater and may also require extensive support.
All the sites have several structures which have been identified as being very demanding
from a constructability point of view, at least for the deposition tunnels. It is believed,
however, that other tunnels (i.e. non deposition tunnels) and shafts could be excavated
through these structures.

The suitable range of depth for repository construction may be reduced by the limited
strength of some parts of the rock mass and by the values of the in situ stresses. Close to the
maximum repository depth of 700 m, one or more of the rock types at each of the sites has
been estimated to be demanding or very demanding in terms of its constructability, possibly
because of its relatively low uniaxial compressive strength and/or the higher stress field,
which lies in the range of aH = 30-45 MPa at 700 m for the four sites (aH = the maximum
horizontal stress). The wiborgite/pyterlite at Hastholmen and the mica gneiss at Romuvaara
are placed in the demanding category at considerably shallower depths, due to their
relatively low uniaxial compressive strengths (<7ucs= 130-170 MPa). The classes demanding
and very demanding mean that special methods and materials should be used when
excavating and supporting the rock which, in turn, will result in more time and increased
costs for the construction work.

In addition, at Olkiluoto and Hastholmen, the salinity of the groundwater results in the need
for more expensive materials for some constructional elements and more extensive
maintenance during the construction and operational phases.

The main conclusion of the evaluation based on the classification work is that there seem
to be no significant geotechnical constraints to repository construction within the depth
range of 400 - 700 m, however, with increasing depth geotechnical factors do need to be
given a higher priority (Anttila 1999a,b,c,d).

7.6.2.2 Estimates based on numerical modelling

Estimates of geotechnical behaviour based on empirical methods have been included in the
engineering rock mass classification as well as in the Q-system. The geotechnical behaviour
of the repository during its construction phase has been analysed by numerical methods
based on the geotechnical and geological information obtained in earlier site investigation
phases in 1987-1995. According to the results of 3D numerical modelling, the maximum
depth from a geotechnical point of view for constructing a repository at some of the sites
is considerable less than 700 m. For example, the maximum depth was estimated to be only
350 m for mica gneiss at Romuvaara (Tolppanen et al. 1995) and from 300-500 m at
Kivetty. At Hastholmen there was found to little constraint to the depth of the repository and
at Olkiluoto the maximum depth for construction in mica gneiss was found to be 500 m.
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The requirements for rock support increase with the depth. Estimates of the average Q-
number for the intact rock types suggest that in the stronger rocks tunnels can be supported
with rock bolting in the upper part of the depth range of 400 - 700 m whilst, close to the
lower depth limit, the need for rock support increases and may call for rock bolts and fibre-
reinforced shotcrete, however, other types of support may also be used, such as rock bolts
and wire mesh. Rock types that are weaker or have more variable properties may suffer from
spalling over the lower portion of this depth range. The porphyritic granodiorite at Kivetty
is the most problematic rock in this respect, as it is thought that it would suffer from severe
spalling at depths approaching 700 m. The method for support will be selected based on the
in situ geotechnical behaviour of the rock as well as on the suitability of the materials for
the repository environment.

The extent of suitable rock at 500 m depth available for constructing the repository was
determined for each of the sites and is illustrated in Anttila et al. (1999a,b,c,d). This
potentially suitable areas were all limited by the presence of fracture zones and, to some
extent, by the size of the area characterised by the borehole investigations.

The remaining uncertainties associated with the exact locations, dimensions and properties
of the bedrock structures also results in uncertainty in the evaluation of the rock's
constructability. It was concluded that it would be necessary at all the sites to carry out in
situ investigations in a URL at the proposed disposal depth in order to decide on the precise
locations for the deposition tunnels and disposal holes.

7.6.3 Constructability at Olkiluoto

The constructability and engineering rock mass classification of the Olkiluoto site is
presented here to illustrate the current level of understanding in this area and because the
level of knowledge is more advanced than at the other sites.

The rock mass at Olkiluoto has been classified according to the engineering rock mass
classification system using the results of the Olkiluoto site investigations, which consist of
surface and borehole investigations and the development of a 3D bedrock model. The
results of the lithological and structural models were used to develop a block model, in
which the rock mass was divided into blocks, defined by the fracture zones (or structures),
in order to estimate the spatial distribution of the level of constructability (Aikas et al. 2000;
Fig. 7.6-1). The blocks are subvolumes of the bedrock bounded by structures which are
considered to be significant in terms of rock engineering or hydrogeology. The investiga-
tion area of approximately 2 km2 contains 10 boreholes, the majority to a depth of 600 m.
Data are available from greater depths then this, but only from three boreholes which extend
to depths of 850 - 1000 m.

The classification of the bedrock was studied with reference to five spatial variables: rock
type, intact rock/R-structure (whether the rock mass in question belongs to intact rock or to
the R-structures of the bedrock model), depth, block number and borehole number. Rock
quality was found to depend mainly on the first three of these variables and only slightly on
the remaining two variables (Table 7.6-1). Block-specific and especially borehole-specific
dependencies were, therefore, examined to a lesser extent than those of the others.
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Figure 7.6-1. Horizontal intersection of the Olkiluoto block model at a depth of 500 m.
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Table 7.6-1. Dependence of rock mass classification parameters on five spatial variables. I/S

= intact rock/structure. X = dependence is examined (X) = dependence is estimated. Colours:

red = strong dependence, yellow = moderate dependence, green = weak dependence.

Parameter/Regional variable

Lithological properties:

Mineral composition

Degree of schistosity

! Grain size

i Degree of weathering

Strength and deformation properties

Thermal properties

I Fracture properties:

j Number of fracture sets

Fracture frequency

j Fracture trace length

j Frictional properties

Fracture width
• i I , i n • i i . . i - i I , ,

Hydrogeological properties:

Hydraulic conductivity

Sealing and grouting properties

Structural rock type:

Intact, fractured or crushed rock

Hydraulically conductive rock

! State of stress:

I Principal stresses

Strength/stress ratio

| Groundwater chemistry:

pH

Sulphate content

Free carbon dioxide

Ammonium content

Magnesium content

Chloride content

Radon content
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Drillability
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Rock support
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With regard to its lithological properties, the intact rock at Olkiluoto, which most
commonly consists of mica gneiss and granite/pegmatite, is usually placed into the normal
class of constructability. The degree of schistosity and strength properties of mica gneiss
resulted in it being placed partly in the demanding class. Some of the R-structures were
classified partly as demanding or very demanding on the basis of their degree of weathering.

Based on its fracture properties, the intact rock at Olkiluoto was mainly placed into the
normal class of constructability. Due to natural variations in rock quality, it is anticipated
that rock of the demanding class may occur locally. With regard to the frictional properties
of fractures, the majority of the R-structures were classified as demanding and a few
structures partly as very demanding, which means in practice that temporary support could
be required to avoid the risk of local rock failure. With regard to fracture length, rock
belonging to the very demanding class of constructability is present in only a few structures.

The hydrogeologicalproperties of the intact rock were usually classified as normal from
the constructability point of view. Hydraulically-conductive fractures or fracture zones
which probably need grouting are found on average at 100 m intervals at the planned
repository depth of about 500 m. The transmissivity of several R-structures was estimated
to be so great that they were classified as very demanding.

With regard to the structural rock type, the intact rock of Olkiluoto was mainly classified
as normal in terms of its constructability. However, rock classified as demanding, mainly
hydraulically-conductive rock, is found locally. Six of the R-structures were classified as
normal, four as demanding and seven as very demanding with regard to the structural rock
type. The very demanding class includes the hydraulically-conductive structures Rl, Rl 1,
R12, R19, R20, R21 and R24. Structure R19 is present only at shallow depth and thus does
not affect the location of the deposition tunnels; however, it could influence the location of
the shafts (Fig. 7.6-2). Only a small amount of crushed rock is present in the borehole
intersections of structures and none are, therefore, classified as being very demanding on
the basis of their structural rock type. When evaluating the constructability of the R-
structures, it should be remembered that each structure is only ever intersected by a small
number of boreholes and occasionally by only one.

With regard to the state of stress (and the strength/stress ratio), the main rock type of
Olkiluoto, mica gneiss, was classified as normal or demanding at depths of less than about
500 m. At greater depths rock bursts may occur locally and the rock was classified as very
demanding. The other rock types at Olkiluoto are expected to behave in a similar manner
on the basis of their strength values.

On the basis of groundwater chemistry the bedrock at Olkiluoto was classified as normal
over the range of depth investigated, with regard to all groundwater parameters except the
chloride content. With regard to this parameter the bedrock was classified as demanding in
the depth range of 0 - 400 m and very demanding at greater depths.

In terms of'rock engineering properties, all the rock types of Olkiluoto were placed into the
normal class of constructability. Mica gneiss was partly classified as demanding, however,
with regard to its blasting and crushing properties. With regard to its blasting properties this
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is a valid conclusion only where the direction of a tunnel is approximately parallel to the
schistosity. The evaluation of the need for rock support was based on the determination of
the Q-value. Systematic bolting of tunnel walls to depths of 400 m was considered
sufficient. In the depth range of 400 - 600 m, besides systematic bolting, shotcrete is likely
to be required and, at greater depths, temporary support with systematic bolting and thick
fibre-reinforced shotcrete. The R-structures were usually classified as normal or demanding
in the depth range of 0 - 400 m. In the depth range of 400 - 600 m structures were classified
as demanding and at greater depths as demanding or very demanding.
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On the basis of the Q-value, the intact rock at Olkiluoto to a depth of 500 m was usually
placed in the normal class of constructability (e.g. Fig. 7.6-3). At depths in excess of this
it was classified as demanding. The R-structures were usually classified as normal or
demanding in the depth range of 0 - 400 m. At greater depths they were classified mainly
as demanding or very demanding. Structure R15, one unmodelled structure intersection
(RX) and parts of structures RIO and R21 were classified as very demanding, at depths
greater than 600 m. Structure R15 is, however, present only at depths greater than those
considered for repository construction and will not affect the constructability of the
deposition tunnels.

The following conclusions were made regarding the constructability of the bedrock based
on the rock mass classification:

• In the depth range of 300 - 700 m, no bedrock properties were discovered that would
prevent the construction of a repository using conventional hard rock engineering
methods.

• The intact rock, which usually consists of migmatised mica gneiss, has been placed
mainly into the normal class of constructability in the upper part of this depth range and
the R-structures into the normal or demanding class. In the lower part of this depth range
the constructability of mica gneiss is considered to be demanding and the constructa-
bility of the R-structures to be demanding or very demanding, due to the increase of in
situ stress with depth.

• The need for rock support will increase with increase in depth. On the basis of the Q-
values, it is estimated that the tunnels can be constructed using systematic rock bolting
and thin shotcrete in the upper part of the depth range. In the lower part of the depth range
the requirement for rock support increases so that temporary support, in addition to
systematic rock bolting and thick fibre-reinforced shotcrete, is likely to be required. Due
to the variation in the classification parameters, the geotechnical behaviour of mica
gneiss and correspondingly the need for rock support may differ locally from that
estimated on the basis of the average Q-value.

• The structures Rl, R10, R l l , R12, R19, R20, R21 and R24, which have all been
classified as very demanding, are considered effectively to determine the possible
locations of the deposition tunnels. Of these, Rl 0 is classified as very demanding only
at a depth of more than 600 m; Rl 1 is present only over the depth range of 0 - 400 m
and R19 is present only at shallow depth. Most of these structures have been classified
as very demanding on the basis of their hydrogeological properties. Structures R10 and
R21 are significant with regard to their rock engineering properties, and R21 is also
hydrogeologically significant.

• The chloride content of the groundwater increases significantly with depth and, based
on this factor, the constructability of the bedrock was classified as demanding to a depth
of 400 m and as very demanding at greater depths. In practice, this means that better
corrosion protection than normal will be required for underground components.
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• There is uncertainty in much of the source material used in this classification of the
bedrock, especially in relation to the representativeness of the borehole data and the
assumptions regarding the development of the bedrock and block models, in particular
the number and properties of the R-structures. In turn, this uncertainty limits the extent
to which reliance can be placed on the results of the classification. Additional
investigations in the area of the proposed repository and over the depth range of interest



169

are required to obtain more information on the bedrock characteristics in order to make
decisions regarding the optimal placement of the repository.

Preliminary repository layouts have been developed for each of the four sites, based on the
geotechnical constraints listed above, together with other practical constraints regarding the
length of disposal tunnels and the anticipated volumes of spent fuel (Anttila et al.
1999a,b,c,d).

7.7 Future climate change

The normal evolution of the four sites and the most likely future development of the
repository sites in terms of their natural environment and the engineered components of the
disposal system, has been reviewed by Crawford & Wilmot (1998). The temporal evolution
of a repository located at any of these sites has been considered over the period up to 1
million years in the future. Significant changes in climate are anticipated over this time, with
considerable changes to the surface environment of Finland. In addition, the near-field
environment of the repository will evolve as initial resaturation and restoration of reducing
conditions at depth in the near-field and the surrounding rock takes place. Continued
isostatic uplift over the next few thousand years will result in a relative fall in sea level,
which will be of significance at Olkiluoto and Hastholmen as the saline groundwater at these
sites will tend to migrate to greater depths. At Kivetty and Romuvaara continued uplift is
likely have little effect, as the groundwater at repository depths is already dilute.

Over the next few tens of thousands of years the climate in Finland will deteriorate, with the
formation of thick permafrost, the advance of continental ice sheets and the formation of
freshwater lakes and/or marine incursions during periods of partial or full glacial retreat. It
is likely that semi-regular climatic cycling will take place over the next million years with
a periodicity of major glacial advances of approximately 100 000 years. The extent of future
glaciations in Finland has been reviewed for the first time by Ahlbom et al. (1991) and later
by Forsstrom (1999). Two alternative trends in future climate are presented, which are
based on the ACLIN model of Imbrie & Imbrie (1980) and the LLN 2D model of Berger
& Loutre (1997), neither of which take into account the extent to which anthropogenic
effects may influence future climate change (Fig. 7.7-1). Any significant climate changes,
whenever they occur, will, however, have a considerable effect on the hydraulic conditions
of the bedrock and on the chemistry of the groundwater.

Similar changes have affected Finland since the beginning of the Quaternary and this has
had an effect on such aspects of the sites as their groundwater chemistry, the morphology
of the land surface and on the extent of cover by superficial sediments. These past changes
have left their mark, in particular on the groundwater chemistry, with considerable flushing
of the more transmissive parts of the rock mass, the fracture zones and the fractures, by cold,
fresh water and, where sites have been submerged for considerable periods of time by the
Baltic and Litorina Sea, by incursion of these groundwater types to considerable depths.
These changes in groundwater chemistry are likely to take place several times over the next
million years.
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Figure 7.7-1. Illustration of stadial periods in future glaciation scenarios. A (=ACLIN (Imbrie &
Imbriemodel), B (=LLN 2D model): a = stadial around20,000 AP, b= stadial around 60,000 AP
and c - stadial around 100,000 AP. Estimates of future shorelines are very speculative.
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The bedrock at all the sites is poorly exposed, as it is overlain by variable thicknesses of
superficial glacial and post-glacial sediments, and exposure levels are only a few percent.
These sediments mask the underlying rock, make the geological investigations considera-
bly more difficult and result in there being considerable uncertainties in the both the
lithological and structural models developed for the sites. The construction of trenches at
all the sites has helped to mitigate the effect of these superficial deposits, however, there will
always be irreducible uncertainties due to this effect. In addition, the more resistant rocks
are preferentially exposed on the sites, so that the fracture densities measured at outcrop are
different from those determined from borehole core, and fracture zones, which are in many
ways the most significant geological structures on the sites, are almost never exposed. This
is important in developing the structural model of a site because extrapolation between
boreholes has, therefore, to be based on the interpretation of geophysical anomalies or on
the assumption of the continuity and linearity of fracture zones.

7.8 Seismicity

Seismic activity parameters have been estimated for the four candidate sites (Saari 2000)
who examined their current and future seismicity, the aim being to provide estimates of their
future seismicity. The study of regional seismicity indicated that southern Finland contains
two seismic zones of higher and lower seismic activity. The magnitude-frequency relations
of these zones were scaled to represent the seismicity of the target areas, /. e. the areas within
a radius of 100 km of the four sites. The proportion of larger to smaller earthquakes appears
to be smaller at Hastholmen than at the three other sites.

In Finland, the most obvious evidences of post-glacial fault movements (Kuivamaki et al.
1998) are found in western Lapland. All these faults are reverse faults, which require a
compressional tectonic environment, and it appears that the impact of post-glacial crustal
rebound at the time was less than the impact of plate tectonics.

The post-glacial earthquakes in Lapland were generated in an environment of rather
uniform NW-SE oriented compressional tectonics, which indicates, as does the present
seismicity, that the seismicity immediately after deglaciation was related mainly to the push
from the North Atlantic Ridge.

When the dip of the faults is steep, as is usual in Finland, strike slip faulting is expected in
a compressional environment. Post-glacial strike slip faults are difficult to identify, but
current Finnish earthquakes are mainly of this type.

A common view in seismic hazard studies is that a certain seismotectonic zone will have
a characteristic maximum magnitude. The Finnish bedrock seems to be able to release strain
with earthquakes less than M=5.0. However, because the period of known seismicity is
much shorter than the period of approximately 100,000 years that is required for the safety
assessment of a repository, the possibility of larger earthquakes cannot be definitely
excluded. Usually, in an earthquake hazard analysis 0.5 units are added to the maximum
calculated or observed magnitude, reflecting the assumption that a short-term seismic
dataset may not have captured the largest possible earthquake.
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When considering post-glacial seismicity, however, the basic conditions and the estimate
of maximum magnitude based on current data are not valid, and a different method of
estimating the maximum magnitude is required. The accumulated strains at the four sites
over a 100,000 year interval results in estimates of maximum magnitudes of: Romuvaara
ML = 7.6, Kivetty ML = 8.2, Hastholmen ML = 7.4 and Olkiluoto ML = 7.9.

It is also possible to make use of the magnitude-frequency distribution, which is based on
the assumption that the earthquakes do not have any upper magnitude limit. Seismicity was
examined within the framework of the lineament maps, in order to associate future
significant earthquakes with active fault zones in the vicinity of the potential repository
sites. The sites are dominated by long, northeast-southwest oriented lineaments (Fig. 7.8-
1), however at Hastholmen southwest-northeast orientations are also common and the
lineaments tend to be shorter than at the other three sites. The existence of potentially active
fault zones was suggested by this study and it has been assumed that the most significant
earthquakes are related to the largest fault zones or to the faults associated with the present
seismicity.

Figure 7.8-1. I-class lineaments (see Salmi et al. 1985 for definition) in the Olkiluoto region.
Lineament numbers refer to the corresponding number in the interpretation by Kuivamdki (2000).
Lineaments longer than 40 km are shown in red. Light blue dots are macroseismically- and dark
blue dots instrumentally-located earthquakes. The solid triangle shows the location of Olkiluoto.
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8 PREPARATION FOR SITE SELECTION

8.1 The legislative framework

The site selection process started in 1983 under the then legislative framework. The
preparation for the new Nuclear Energy Act had been in progress since the early 1980s and
the law became effective in 1988. It introduced the concept of a decision process - the
Council of State's Decision in Principle (DiP) - which would always be needed before any
significant nuclear facility could be built in Finland.

In order to allow a DiP to be made under this legislation regarding the disposal of spent fuel,
the implementor, in this case Posiva, is required to submit the relevant application. This has
to be made with reference to a specific site or sites. When taking the decision the
Government has, in turn, to ask the host community for their approval and to examine the
preliminary safety appraisal of the disposal concept, which is carried out by the Authority
for Radiation and Nuclear Safety (STUK). The community has the right of veto at this stage
of the decision making process and the possibility of selecting a disposal site without the
support of the local community is, in practice, virtually nil. The Government can make a
positive decision regarding the DiP only if both the local community is in favour of the
proposed repository, and also if STUK is able to provide the Government with a statement
in support of the decision.

A positive DiP has to be ratified by Parliament, thereby providing Parliament with the final
say on site selection. A positive DiP, however, does not provide Posiva with permission to
construct the disposal facility, as a construction licence will have to be applied for separately
from the Government. Posiva's current plans are to commence disposal of spent fuel in 2020
and to make this possible an application for the construction licence needs to be submitted
to Government around 2010.

The Nuclear Energy Act was amended in 1994, with the result that the export or import of
nuclear wastes is prohibited and the waste generated as a result of electricity production
from the Olkiluoto and Loviisa power plants has to be disposed of in Finland.

8.2 General requirements and recommendations regarding the
suitability of a site

The early siting work described in Sections 1-4 was mainly based on the international
recommendations and general guidelines developed for siting a deep repository (IAEA
1977). These guidelines were, of course, very general and applicable to many geological
environments. Before and during the course of the site selection programme and site
investigations the evolution of these siting guidelines was closely followed by TVO and
later Posiva (Anttila 1995). The modifications to these guidelines, which resulted in the
publication of an updated IAEA report in 1994 (IAEA 1994) were taken into account as the
programme evolved.
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It became evident that in order to justify properly a decision regarding the DiP, which had
always been planned to take place in 2000, it would be necessary to develop a set of criteria
which would have to be met by a suitable site. The general requirements for a spent fuel
disposal site were issued in March 1999 in the decision of the Council of State on the safety
of the final disposal of spent nuclear fuel (STUK1999a). The basis of the safety regulations
is (§9) that

"The bedrock properties of the final disposal site taken as a whole have to be favourable
for isolating the disposed substances from the natural environment. The site for final
disposal should not possess anything viewed as disadvantageous with regard to long-term
safety."

Favourable conditions imply stable mechanical and chemical conditions in which the
engineered barriers work effectively and remain in force for as long as possible. The
bedrock also acts as a natural barrier in the disposal system.

The natural barrier is considered to consist of (STUK 2000):

• The intact rock around the disposal tunnels, which limits groundwater flow around the
waste canisters;

• The host rock, in which favourable conditions of low groundwater flow rates, reducing
chemical conditions and retardation of dissolved chemical species, limit the mobility of
radionuclides;

• The containment provided by the host rock against natural phenomena and human
actions.

The requirements of the natural barrier and factors that need to be taken into account in
investigating the geological and hydrogeological environments of a site are, as specified by
STUK (2000):

• The characteristics of the host rock at the selected disposal site shall be such that it acts
as an adequate natural barrier. In addition, the characteristics of the host rock shall be
favourable with respect to the long-term performance of the engineered barriers.

• Such conditions in the host rock as are of importance to long-term safety, shall be stable
or predictable for at least several thousands years and thereafter reasonable estimates
of the range of geological changes must be provided.

• Factors that can result in a site being unsuitable are, for instance, the proximity of
exploitable natural resources, exceptionally large in situ stresses, seismic or tectonic
anomalies and abnormal groundwater characteristics.

• Adverse groundwater characteristics are those, such as the lack of buffering capacity,
the presence of oxygenated groundwater at depth and high concentrations of substances
which might substantially impair the performance of engineered barriers.

• Adverse geological conditions include an overly complex geological structural situa-
tion, which would result in unacceptable uncertainties during the development of a
structural model.

• The location of the repository shall be favourable with regard to the groundwater flow
regime at the disposal site.
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• To ensure that the effects of natural surface phenomena, such as glaciation, and human
activity will remain acceptably low, the repository shall be located at a depth of several
hundred meters. The disposal depth shall be selected with due regard to long-term
safety, taking into account the geological structures and lithological properties of the
host rock and the trends in in situ stresses, temperature and groundwater flow rates with
depth.

The safety regulations presume that long-term safety will be based on barriers that reinforce
one another. In this case, if one barrier contains some deficiency in its operation or if there
is predictable geological change, then this should not endanger the long-term safety. This
means that the properties of a site should not be considered only with reference to current
processes and conditions, but with reference to how they might change over the next tens
or hundreds of thousands of years. Over this period of time significant changes in climate
are probable which are likely to induce changes in groundwater flow, groundwater
chemistry and in situ stresses. Large changes in bedrock properties down to the depth of the
repository may result and, although they may be only transitory in nature they may be
repeated on several occasions over the next few hundred thousand years.
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9 DEVELOPING THE BASIS FOR SITE SELECTION

9.1 The site selection process as providing a basis for the
assessment of site suitability

The foundation of the site selection programme was developed as a consequence of
extensive research during different stages of site selection and investigation. The approach,
adopted initially in 1983, guaranteed that there was a large amount of site investigation and
other data available, and that made it possible to undertake a reliable assessment of the
safety and feasibility of the proposed disposal concept.

At the beginning of the 1980s the availability of data on the properties of the bedrock at
depth in Finland was considered insufficient to draw any conclusions as to the suitability
of any site for deep disposal. For this reason it was considered important to conduct
investigations in several areas in different parts of the country and, in particular, in different
geological environments. In this way, it could then be assumed with reasonable confidence
that the final site would be representative of those conditions found in Finland (Aikas &
Laine 1982, Aikas 1985b). It was also considered important that any recommendation to
build a deep repository and apply for a construction permit should be based on knowledge
of the conditions at depth, and it was appreciated that this information could only be
obtained from sub-surface investigations. The suitability of any site would be based on such
information and would allow more detailed design work to proceed.

When selecting the investigation sites, as described in Section 4, a good deal of attention
was paid to the structure of the bedrock and in particular to the avoidance of major fracture
zones or other such discontinuities. Environmental factors, which were considered to be
important in determining the potential suitability of an area, had also to be assessed during
the process.

The preliminary site investigations provided the necessary information on the rock types,
discontinuities and groundwater by drilling boreholes, performing geophysical and other
surveys and by geochemical sampling. On the basis of this information it was discovered
that the geological and hydrogeological environments of the areas investigated do not differ
significantly from each other. In addition, it was discovered that the bedrock in these areas
does not possess any factors, such as large fracture zones, that would adversely affect the
long-term safety of a disposal facility. The detailed site investigations furnished additional
in-depth information and eliminated many uncertainties. The similarity of the areas is
attributable to their possessing what could be termed typical bedrock properties of the
Fennoscandian Shield. Similar results have been obtained from Sweden (e.g. Saksa &
Nummela 1998) because the bedrock there is also part of the same shield.

By investigating several areas it was possible to create a large assessment database for safety
analysis and repository design. On the basis of the investigations it can be stated with
confidence that the bedrock at all of the four candidate sites represents variations of typical
Finnish bedrock. The variation in properties between the sites studied is slight and in some
cases the variation in the properties within a given site is similar in magnitude to that
between the different sites.
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Over the past twenty years, views regarding the desirable properties of host rock for a
repository have developed in different countries as a result of their investigation pro-
grammes and safety analyses. A site selection programme can be considered as a learning
process, in which impressions gained of the properties of the bedrock and their importance
in relation to spent fuel disposal with time, increases as information is assimilated. This
process allowed the decision as to whether the disposal concept was valid, to be continu-
ously assessed, so that the importance of the remaining uncertainties could be considered
in a logical manner.

Other reports providing a basis for the assessment of suitability

In addition to the site investigations other material has been produced in order to help assess
the suitability of the site. An important document in this regard was the assessment of the
environmental impacts relating to the four candidate sites that were being investigated
(Posiva 1999). This report explains the effects of the development of the disposal facility
on land use and on the surrounding environment. An essential part of the assessment is an
investigation of the effects of the proposed development on the population in the vicinity,
with reference to how it might affect their quality of life and on the economic consequences
of the development. The results of this assessment were used as input to assessing the
general level of social acceptance and appropriateness of repository development within the
municipalities concerned.

9.2 The principles of assessing a site's suitability for disposal

The site selection programme represented an investigation and assessment process, which
aimed at providing a method for assessing the suitability of a site in terms of its overall
suitability, whilst at the same time also fulfilling the various statutory safety and environ-
mental requirements. In assessing the suitability of a site, several factors need to be taken
into account, including the feasibility of constructing the disposal facility, the site's
geological characteristics important for assessing long-term safety and also the degree of
local support for the project from the local population. These factors can be considered
under the following headings.

Long-term safety

As stated in the safety requirements of the (STUK 1999a, 2000), a suitable site is one in
which the geological environment at depth is acceptably stable, in addition, the site should
not be cut by any large fracture zones or contain exploitable mineral occurrences. In this
kind of environment hydrogeological and geochemical processes are anticipated to occur
only slowly and, therefore, the changes affecting the repository can be understood
reasonably well.

In the presence of an appropriate geochemical and mechanical environment the engineered
barriers will maintain their isolation functions for as long as possible. This kind of
environment is free of oxygen, represents reducing conditions, has a nearly neutral pH and
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low sulphide concentrations. The level of groundwater salinity should also not be too high
(dissolved salt content corresponding to TDS <100 g 1 ).

An appropriate hydrogeological environment would ensure that groundwater fluxes in the
near-field would be sufficiently slow, and would be require both a small hydraulic gradient
and low values of hydraulic conductivity.

A suitable geotechnical environment would be one in which the repository could be located
at sufficient depth and where in situ stresses were typical of those at depth in crystalline rock
in Finland.

Feasibility of construction

The most appropriate geotechnical environment for the disposal facility is one where it
could be constructed using normal construction methods, appropriate for the type of rock
and the depth of the repository, without recourse to special techniques. The conditions for
this kind of environment require sufficient suitable rock at a suitable depth, so that the
disposal tunnels can be constructed without excessive requirements for support. Weaker
rock are likely to require additional support and ingress of groundwater could also be a
problem that may have to be controlled by grouting during the construction and operation
phases. These techniques of support and groundwater control could results in increased
uncertainties in the assessment of long-term safety. In the worst case scenario, problems
with bedrock stability could prevent disposal taking place, even if the technical concept
were modified to accommodate the necessary changes, for example in the design of the
disposal holes.

A suitable site is one in which there is sufficient flexibility in the location of the repository,
and this might be termed a robust site. There would then be the possibility of locating both
disposal tunnels and disposal holes in the most suitable parts of the rock mass.

The feasibility of enlarging the repository

The possibility of having to extend the repository needs to be taken into account, for the
situation where it is required to dispose of additional spent fuel. This could be due to a
decision to extend the life of the existing reactors and/or construct additional reactors. It is,
therefore, necessary to consider the suitability of a site from this standpoint, the extent to
which a site could be extended and the additional site characterisation work that would be
required to investigate the possibility of such an extension.

Repository operation

The facility will be planned and built in such a manner that it can be used at the chosen site
whilst complying with all the safety requirements stipulated in the regulations. The risks in
the repository during the operational phase are, in part, linked to the results of the site
investigations via such factors as the stability of the disposal tunnels.

Transport of the spent fuel to the disposal facility is an essential part of the disposal operation
and safety during transport will depend critically on the transport casks. The requirements
for transport and the form that this will entail depend on the site selected for disposal.
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Social impact

It is important that there is a measure of social acceptance for the development of a disposal
facility and this can best be achieved by working together with the local municipality and
its residents during the latter stages of the site selection programme, site investigations,
construction, operation and closure of the facility.

Land use and impact on the environment

The site for a disposal facility requires a specified area of land, accompanied by a plan that
would allow the operation of the facility to proceed smoothly. Regulations will stipulate that
the land is not to be used for any other purpose than that associated with spent fuel disposal.
Traffic and transport of spent fuel to the site will increase the environmental burden on the
area immediately adjacent to the site and also along the transport route.

Infrastructure

The final disposal facility will require a suitable transport network, both on and to the site,
services provided by the local authority and also industrial services.

Costs

The cost of construction and operation of the facility will vary depending on the site chosen,
e.g. with respect to the transport distance for spent fuel. The main uncertainty when
estimating the cost of developing the facility is, however, related to the possible variations
associated with the development of the underground repository.
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10 ASSESSMENT OF THE SUITABILITY OF THE SITES
FOR SELECTION

Following the basis presented in the previous chapter an examination of the suitability of
the four site candidates for the disposal facility was carried out and was presented in the EIA
report (Posiva 1999). Information regarding the long-term safety, feasibility and the
possible extension to the repository are presented in the TILA-99 safety assessment (Vieno
& Nordman 1999) and the four site investigation reports (Anttila et ah 1999a-d). The factors
affecting the operation, environment and acceptance of the final facility are outlined in the
EIA report and in the material appended to it.

Long-term safety

On the basis of the surface-based investigations carried to date safe disposal of spent fuel
could be considered at all four sites (Vieno & Nordman 1999, Anttila 1990a-d) and all the
sites have volumes of potentially suitable bedrock that are sufficient for disposal purposes.

The investigations of groundwater chemistry have shown that all sites have sufficiently
stable geochemical environments at the proposed disposal depth where conditions exist for
engineered barriers to operate effectively as planned. At Olkiluoto and Hastholmen the deep
groundwater is saline, whereas at Kivetty and Romuvaara it is fresh. Observations of the
isotopic composition of the saline groundwater indicate that this water has had limited
interaction with the meteoric groundwater lying above it. The salinity does not have an
effect on the long-term safety of the repository as long as it remains at less than 100 g 1
(TDS) (Vieno 2000). In reality, a high salt content could restrict the disposal depth at both
Hastholmen and Olkiluoto. The salinity also has to be considered when selecting the
backfill material. The high salt content and a coastal location would also mean that deep
groundwater here would, however, be less likely to be used as a source of drinking water.

Exceptionally high pH values have been measured at some sampling points in Romuvaara,
where the rock type consists of alkaline dykes. In these samples sulphide levels are slightly
higher than normal in crystalline bedrock in Finland, at 3 mg I .At Olkiluoto the sulphide
content is also slightly elevated, at 2-3 mg 1 - this is possibly caused by iron solubility
limitations, as ferrous sulphide may not be able to precipitate as pyrite.

The hydraulic gradient, which affects the velocity and direction of groundwater flow is
rather small under conditions normally found in Finland and the areas investigated do not
vary from typical conditions in this respect. Kivetty and Romuvaara currently have less
favourable gradients compared with the coastal sites at Olkiluoto and Hastholmen, but
continuing uplift will result in the retreat of the coastline and any differences between the
sites will, therefore, be reduced. There are no significant difference between the sites in
terms of groundwater flux. The rapakivi granite at Hastholmen typically has a slightly
higher hydraulic conductivity than the intact rock at the other sites bont, however the
number of conductive fractures is lower and there are likely to be fewer constraints when
locating tunnels and disposal holes.
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There are no significant differences between the sites in terms of long-term changes in
climate (Crawford & Wilmot 1998). Before the beginning of the next period of major
climatic cooling leading to glacial advance, continuing uplift will cause different types of
changes in groundwater conditions in the bedrock at the coastal sites of Olkiluoto and
Hastholmen, compared with the inland sites of Kivetty and Romuvaara. At Olkiluoto and
Hastholmen changes in groundwater conditions will be mainly related to the depth of the
saline groundwater and this needs to be taken into account when deciding on the location
and depth for a repository.

During periods of time when ice sheets cover the sites conditions are expected to remain
fairly constant for long periods of time and the uncertainties associated with these
conditions are similar for all of the sites.

The results of the site investigations show that the sites do not possess ore deposits nor are
any present in their immediate vicinity. The bedrock at the sites is comprised of typical,
commonly occurring rock types that have little if any commercial value. The possibility of
disturbance and unintentional human intrusion into a repository at any of the sites is
considered to be minimal.

Feasibility of construction

The results of the site investigations and the repository development plans at the four
candidate sites has demonstrated that it will be possible to build the disposal facility
including the underground repository according to the Decision in Principle. The investi-
gations have shown that there is generally suitable bedrock for excavation at the sites and
that the repository can be located within the planned depth interval of 400-700 m, either as
a single or dual-tiered structure (Anttila et al. 1999a-d). It has also been demonstrated that
the disposal facility could be built at any of the four sites using routine, currently available
construction methods, with the disposal tunnels being suitably positioned within the local
rock blocks, i.e. between the local fracture zones {e.g. Figure 10-1).

Micaceous gneiss occurs at Olkiluoto and Romuvaara at a depth of 600-700 m. The
increasing stress with depth may result in significant rock support being required at the
repository depth during excavation or operation. Further detailed investigations of the in
situ stresses and the integrity of the bedrock would, therefore, be required before a
repository could be constructed. The in situ stress tensor at Hastholmen is significantly
anisotropic and this factor would have to be to be taken into account when planning the
repository and in deciding how to position the tunnels. The large altered fracture zone
encountered at Kivetty would have to be carefully avoided in fitting the underground
repository.

The flexibility regarding the location of the repository at Olkiluoto and Hastholmen is
limited to some extent by the occurrence of saline groundwater. Additional, detailed studies
would be required at either of these sites to establish the distribution of this saline
groundwater at depth.
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Figure 10-1. Illustrative example of the area required by deposition tunnels at Olkiuoto assuming
that 2200 waste canisters, corresponding to 4000 tU, require disposal. Horizontal section at
500 m depth using bedrock model version 3.0.

The possibility of repository enlargement

It is considered feasible to increase the extent of the repository at all the sites. If the quantity
of the spent fuel were to increase from the current estimates it would be possible, if required,
to commission further studies to locate additional bedrock suitable for the disposal tunnels.
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At the coastal sites the basis for positioning the repository has been that the disposal tunnels
should not be located outside the coastal margin. A significant expansion of the repository
site at Loviisa in Hastholmen would require excavation under the mainland. At Olkiluoto
the repository could be extended from the central part of the island towards both the east and
the west.

Repository operation

The final disposal facility is to be designed, constructed and operated in such a manner that
it fulfils the requirements set by the regulations and stipulations. According to the safety
analysis of Rossi et ah (1999) the current design of the encapsulation plant fulfils the safety
regulations. The site properties do not have a significant effect on the safety of the facility
during the operational stage, and the operational safety is determined by the technical
decisions associated with the design and construction of the surface and underground
components of the facility. The safety regulations also stipulate that the release of
radioactive substances should be insignificant at any proposed site, regardless of the
distribution of the population and the other characteristics of the associated municipality.

Saline groundwater at depth is considered to be a special factor that requires additional
attention because of its corrosive nature. A disposal facility constructed at Olkiluoto and
Hastholmen would, therefore, have to be constructed using corrosion-resistant materials.

According to the results of the waste transport assessment (Jakonen et al. 1998) and the
associated safety analysis (Suolanen et al. 1999) the spent fuel can be transported safely
between the temporary storage facilities at Olkiluoto and Hastholmen and any of the
proposed disposal sites. There is no requirement to construct totally new transport routes,
although some routes could require some upgrading or strengthening of bridges.

The four candidate sites have different rankings with respect to the transport of spent fuel.
If final disposal were to be at Olkiluoto, the transport would be largely restricted to within
the current nuclear power plant, as the majority of the spent fuel is already at Olkiluoto.
Waste transport between Olkiluoto and Hastholmen is feasible using the most suitable
methods of sea, road or rail transport, or a combination of these. A disposal facility at
Hastholmen would require more transport of spent fuel compared with the situation at
Olkiluoto.

Transport of spent fuel would not subject the population to a significant radiation risk. In
theory, risks are least in the case of sea transport because of the lower exposure to the
population. The largest population to be affected would occur during transport by road. An
accident in which the seals of transport canisters were damaged are considered very unlikely
and the health hazard in such a situation is considered slight because of the safety systems
which have been set up. Health hazards associated with accidents during sea transport have
less effect, because any release of radioactive substances would be diluted by the sea.

Spent fuel has been transported safely for dozens of years in various countries around the
world and in Finland for over ten years. Although technical and safety assessments have
demonstrated that this form of transport is relatively safe, a substantial proportion of the
population still believe that the transport of spent fuel poses an increased risk to their health.



185

The population of Kuhmo (where the Romuvaara site is located) and Aanekoski (the
Kivetty site) believe that spent fuel could be subjected to sabotage during transport,
mistakes could occur and road accidents would be possible, in particular because of the long
distances involved. The population of Loviisa (Hastholmen site) and Eurajoki (Olkiluoto
site) consider the transport of spent fuel transport to be relatively safe. Since any spent fuel
transport will not begin before 2020 it is difficult to assess how attitudes in this area might
change.

Social impact

The environmental effects of the disposal facility on society are generally similar at all of
the candidate sites. At the local level the disposal facility will have an effect on employment,
which is likely to benefit the local economy and will also increase the monetary resources
of the local authority. Assessments of these effects vary depending on which criteria have
been used in the assessment (Posiva 1999). The effect on employment would be greatest in
Kuhmo (the Romuvaara site) and less noticeable in Eurajoki, where Olkiluoto is located.
The way in which the labour market and other factors respond to these direct and indirect
influences would depend on decisions made by the local authorities or business community
at the time, and are difficult to predict because these effects are so far in the future.

It is apparent on the basis of the investigations and assessments that the municipalities of
Eurajoki, Loviisa and Aanekoski would obtain significant benefits from the project (Posiva
1999). Changes in population and in the levels of employment would be less noticeable in
the two municipalities of Eurajoki and Loviisa with nuclear power plants. Special arrange-
ments or changes in current legislation would be required if the local economy of Kuhmo
were to benefit noticeably, since the economy of this community is heavily dependent on
State subsidies. On the other hand the effect on employment and an expansion of the
population would be considerable, particularly in Kuhmo.

Assessments so far have indicated that the operation of the disposal facility under normal
conditions would not effect the overall perception of the area and, as a consequence, the
demand for local products or the level of tourism in the region. Certain types of tourism (e.g.
hiking, hunting in Kuhmo) could, however, suffer from the presence of the facility. On the
other hand it is believed that the disposal facility would create a different type of tourism
related to the facility itself. Except for Kuhmo, none of the regions are regarded as tourist
areas or regions with specialised products marketed by appeal to their local image.

The presence of the disposal facility may be associated with a negative image and may
introduce conflicts and anxieties that are considered to affect the general well-being of the
local population and, thereby, possibly their health. An assessment of these social effects
and attitudes in the population local to these four sites, did not, however, allow Posiva to
predict the importance of these factors in the future (Posiva 1999). It is not known how
attitudes will change in the future as the concept of spent fuel disposal becomes more
familiar and commonplace. It is the intention that the project would also be carried out with
as much co-operation as possible with the local population. In this way it would be possible
to take into account the negative impacts at the outset and, as a consequence, it might be
possible to prevent them becoming prominent or at least to mitigate their impact.
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According to the assessment of Posiva (1999) a disposal facility in the municipality may
reduce the attractiveness of that area as a place of residence. The effect of developing such
a facility could be a fluctuation in the population with some people moving away, with the
possibility of their being replaced by people who did not have a strong view on this matter.

Studies have shown that the attitudes of people in the municipalities of Eurajoki and
Loviisa, where the nuclear power plants are located, are more positive towards nuclear
power in general and, in particular, towards the development of a disposal facility than is
the case for people in the municipalities of Kuhmo and Aanekoski. According to a
questionnaire from Posiva (1999), the majority of people in Eurajoki and Loviisa are willing
to accept a disposal facility. The populations of these municipalities seem to have become
used to the idea of nuclear power, and their general level of knowledge of nuclear power and
spent fuel disposal is better here than elsewhere. The indirect effects of potentially negative
factors are, therefore, less likely to arise in Eurajoki and Loviisa. Eurajoki has also indicated
in its own development strategy that nuclear power is part of its future and the town of
Loviisa has begun to develop projects that are based on nuclear power know-how. The
results of the questionnaire suggest, however, that the population of Loviisa may be more
polarised in their attitude towards the disposal facility than in Eurajoki. This polarisation
seems to be correlated with the division of the population into Finnish-speaking and
Swedish-speaking groups with the Swedish-speakers being more opposed to the develop-
ment of a facility (Posiva 1999).

Land usage and environmental burden

Olkiluoto and Hastholmen are sites with nuclear power plants and they have, therefore, the
relevant approval regarding the use of land for this purpose. During its construction and
operational stages a disposal facility would, therefore, not require any change in use of the
land in this regard.

Kivetty and Romuvaara are forestry areas and the National Board of Forestry has identified
a small part of the possible construction area at Kivetty as a recreational forest. Construction
of the final disposal facility in these areas would change the current land use, and therefore,
new land use plans would be required for this purpose.

The planned disposal facility would not impose major restrictions on the use of the
surrounding land. Olkiluoto and Hastholmen already have restrictions on land usage, as
these areas already contain nuclear power plants and a disposal facility would not result in
any additional restrictions.

During the operational phase and the closure of the repository there will be a requirement
to impose restrictions on some activities at the disposal site itself and in its immediate
surroundings. These kinds of restriction would be related, for example, to any removal of
large quantities of rock material and the drilling of deep boreholes. These restrictions will
be recorded in the relevant land registry files.

The surface structures of the disposal facility will cover an area of approximately 15 ha and
at Kivetty and Romuvaara new access roads would require an additional 10 ha. The potential
areas for construction and the development of new roads at any of the sites would not affect
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regionally or nationally important nature reserves, Natura 2000 areas or nationally endan-
gered species.

The majority of plants do not acquire their moisture from the groundwater and the reduced
groundwater levels anticipated during the construction of the repository should, therefore,
not affect them. Specific areas whose flora and fauna are dependent on a high groundwater
are so far from potential areas of construction table that they should also not be affected.
There are no similar features at Olkiluoto that are affected by the elevation of the
groundwater table.

At Kivetty the surface structures would not be visible as they would be surrounded by trees
though, from site Sarkka ridge at Romuvaara it would be possible to see the top of the
chimney of the heating plant. At Hastholmen and Olkiluoto the buildings would be visible
from the sea if they were located on the shore without a stand of sheltering trees. At these
sites the landscapes are already dominated by the existing power plants and, if the surface
structures were located among the fully grown trees, only the top of the chimneys would be
visible from the sea.

During the construction stage, vibration, dust and noise from the excavations for the surface
facilities would last for about a year. Dust and vibration would be noticeable over a radius
of 200-300 m. Some of the existing buildings in Olkiluoto and Hastholmen would remain
and be so close to the proposed new buildings of the disposal facility that vibration surveys
would need to be carried out. The noise from the blasting would travel about one kilometre
on land and about two kilometres over the sea. The noise could disturb nesting birds over
a radius of 100-300 m inland and one kilometre over the sea. No blasting and excavation
would take place at night.

Every other year it is proposed that the blasted rock would be crushed for a one month period
during the day time. It is also proposed that the crushing plant, which would produce
considerable duct and noise, should be located so that there are no buildings or nesting birds
in the vicinity. At Romuvaara there would be no need to take account of noise in relation
to existing buildings as they are so far away.

The traffic caused by the facility would increase the width, of the zone of noise pollution
around the roads. In Eurajoki, on the road to Olkiluoto, and in Loviisa, on the road to
Saaristotie, this increase would be by 10 m (from 40 m to 50 m). In Aanekoski, on the road
to Murontie, and in Kuhmo, on the road to Riihivaarantie, the equivalent increase would be
by about 20 m (from 10 m to 30 m). Traffic on the new sections of road could disturb nesting
birds to a distance of 100-200 m in Aanekoski and Kuhmo.

Infrastructure

There is sufficient space to position the encapsulation plant with its auxiliary and related
facilities at all the sites. At the nuclear power plant sites in Olkiluoto and Hastholmen the
encapsulation plant could possibility be built in conjunction with the temporary store for
spent nuclear fuel. This would enable the spent fuel to be transferred directly from the store
to the encapsulation plant.
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At Olkiluoto and Hastholmen the disposal facility could rely on the existing road network
and local infrastructure that has already been developed for the power plants. At Romuvaara
the facility would be totally independent and all the facilities would have to be purpose built.
At Kivetty there is the possibility of relying on some local infrastructure.

Costs

The estimated cost of developing a disposal facility, which is required as part of the Decision
in Principle, does not differ significantly between the sites when all the uncertainties have
been taken into account. The most significant uncertainty is associated with the cost of the
underground repository, for example, a decision is required on how long the central tunnels
of the repository need to be. At Olkiluoto and Hastholmen there are some savings to be had
because the disposal facility could rely on the existing infrastructure. On the other hand the
saline groundwater present could introduce additional costs when compared to the other
sites, because the presence of a more corrosive environment may require more expensive
materials to be used in the construction.

10.1 Conclusions of the assessment and site selection
programmes

The extensive site selection programme and the associated site investigations and research
work has produced a substantial amount of new knowledge concerning the Finnish bedrock
and its suitability for hosting a disposal facility. The investigations have shown that the
differences between the sites are relatively slight. When assessing safety, it would appear
that the variation within a single site could be more significant than the differences between
the four sites.

The relatively small differences in the bedrock conditions between the sites do not allow this
factor to be of overriding significance in selecting a preferred site for repository develop-
ment. The site investigations and the safety analyses indicate that the disposal facility could
be located at any of the sites and that it is not possible to rank the sites in terms of their post-
closure safety.

The assessment of the environmental impact due to the development of a disposal facility
are generally of minor significance. The disposal facility will bring economic benefits to the
local authority and the local population, although any changes due to the development of
the facility would be less noticeable in the Eurajoki and Loviisa municipalities, where
nuclear power is already an integral part of the local economy.

In Kuhmo and Aanekoski the development of a disposal facility would have a greater effect.
Aanekoski is already an industrial area and a disposal facility would not differ substantially
from the existing industry. In Kuhmo however, there is virtually no industrial development.

In Kuhmo and also, to some extent in Aanekoski, conflicts caused by the disposal facility
could divide the population into those in favour and those against its development. It is
likely that if the facility were to operate normally with no noticeable ill effects, people would
become used to the idea of its existence and the situation would slowly resolve itself. The
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population of Eurajoki and Loviisa are generally in favour of the development of a disposal
facility. In these municipalities differences in views regarding nuclear power and spent fuel
disposal have decreased over the years because of the operation of the nuclear power plants
and the development and use of the repositories for low and medium activity wastes.

On the basis of the above, it can be construed that the most suitable site is one where the local
population is likely to accept the disposal facility and where the potential social and
economic advantages of the facility, outweigh the disadvantages. With this in mind, it is
apparent that the development of a disposal facility would be difficult, given current public
opinion, at either Romuvaara, in Kuhmo, or Kivetty, in Aanekoski. The Eurajoki and
Loviisa municipalities offer significantly greater potential in this regard.

More spent fuel is stored at Olkiluoto than at Loviisa and, in addition, more spent fuel will
be produced at Olkiluoto given the current operating situation of the two power plants. The
development of a disposal facility at Olkiluoto would result in less spent fuel being
transported than would be the case for any of the other proposed sites.

Attitudinal surveys in the municipality of Eurajoki on the development of a disposal facility
at Olkiluoto demonstrated that there is a broad acceptance of this possibility and there has
been similar support from the local municipality council. The acceptance in Loviisa,
however, shows signs of polarisation between the population groups. The positive attitude
of Eurajoki offers the prospect for the successful development of a disposal facility at
Olkiluoto.

In the application for the Decision in Principle by the Council of State, Posiva subsequently
nominated only Olkiluoto for consideration as the site for the development of a disposal
facility.
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11 REGULATORY REVIEW

11.1 STUK's review

The regulatory body, STUK, carried out a review of Posiva's application for the Decision
in Principle and gave its statement accompanied by a preliminary safety appraisal. In this
review STUK stated that no significant differences appeared to exist from the point of view
of long-term safety between the four sites investigated and that the investigations to date
suggested that Olkiluoto is a suitable disposal site. STUK did draw attention, however, to
the fact that the geotechnical properties of the rock mass and the increase in salinity of the
groundwater with depth were likely to place some limitations on the maximum depth for
disposal (STUK 1999b).

STUK's international review group also came to similar conclusions (see Appendices to
STUK 1999b). The group gave some consideration as to whether Olkiluoto is the best of
the four sites and whether it is a workable site. Differences in geochemical evolution
excepted, the review group found it difficult to distinguish between the sites based solely
on geological or hydrogeological characteristics because:
• the characteristics of the four sites are closely similar, especially if the spatial variability

of the geological and hydrogeological properties within the sites was considered, and
• the low-permeability buffer around the waste canister effectively decouples the per-

formance of the engineered barrier system (EBS) from the hydrogeology of a site.

The review group also noted that there are no clear criteria for preferring saline or non-saline
sites, and that glacial cycling between saline and fresh water at repository depths at the
coastal sites leads to further complexities. However, the costs and non-nuclear environmen-
tal impacts of transporting spent fuel clearly favour the coastal sites of Olkiluoto and
Hastholmen.
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12 JUSTIFICATION FOR GOING UNDERGROUND AT
OLKILUOTO

12.1 Introduction

Having selected a site for the development of a disposal facility, and having had this
decision approved, there is a need to acquire additional information on the site. This
information is necessary for the design of the repository and to assess the long-term and the
operational safety of the disposal facility.

It has always been part of Posiva's plans (Aikas & Laine 1982, Aikas 1985b) to continue
with the investigations at the site selected to host the repository by "going underground" and
continuing the characterisation of the site using an Underground Rock Characterisation
Facility (URCF)7. This will entail constructing an underground access by means of a shaft
or a spiral ramp or tunnel and developing a series of tunnels and galleries in which further
investigations and experiments can be performed. It has been understood for a considerable
period of time that there are limitations inherent in conducting investigations from the
surface and that, at some point in the investigation programme at a site, there is a definite
need to continue these investigations underground.

T VO and later Posiva, concluded many years ago that the presence of suitable generic URLs
in Sweden at Stripa and Aspo, which were located in similar rocks to those being considered
in Finland for deep disposal, precluded the need to develop their own generic URL. Posiva
does, however, operate a small underground test facility (known as the Research Tunnel)
at the VLJ repository for low- and medium-level waste at Olkiluoto.

There is general agreement within the radioactive waste community as to the usefulness of
an underground testing programme for increasing the confidence in the ability to dispose
of long-lived radioactive waste safely. A wide range of objectives has been assigned to
existing and proposed underground testing facilities. There is a requirement, therefore, to
provide a rationale for any additional work, and the question that needs to be asked in this
context is, "what is the role of URCF at Olkiluoto?" A recent workshop held at Haikko,
Finland (Andersson & MeEwen 2000) covered this subject as part of the discussion on the
needs and priorities for future R&D in Posiva's programme.

7 Posiva refer to the underground stage of their characterisation programme at Olkiluoto as the URCF
(Underground Rock Characterisation Facility. A more generally used term for such an underground facility
is a URL (Underground Research Laboratory) and certain URLs have been given other names, such as the
Aspo HRL (Hard Rock Laboratory). A URL developed at a proposed disposal site is referred to, in general,
as a site specific URL and that at a site that will not be developed for disposal purposes, as a generic URL.
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12.2 Why going underground is required at Olkiluoto

Over the past 20 years Posiva has acquired extensive experience of carrying out site
investigations and has obtained large datasets on the geology, hydrogeology and geochem-
istry of the bedrock in Finland. Throughout this period TVO and later Posiva have also
participated in international projects in generic URLs at Stripa and at Aspo. All this
experience means that the emphasis in the future site investigations at Olkiluoto needs to
be less on the need to obtain basic data and more on the requirement to obtain detailed
characterisation data and to investigate safety-relevant issues associated with the site-
specific repository design. These investigations will need to take place both on the surface
and underground, with the greater emphasis being placed on the work in the URCF.

Over the past almost twenty years Posiva has also developed their concept for the disposal
of spent fuel in hard crystalline rock8. Posiva's disposal concept is based primarily on the
existence of air- and water-tight copper canisters that will preserve their isolating capacity
over very long periods of time in the conditions expected to prevail at great depth. In this
disposal concept the role of the bedrock is to maintain a stable and predictable geological
environment which can ensure the maximum longevity of the canisters and the other
engineered barriers. A secondary role of the bedrock is to act as abarrier to any releases from
a repository.

The disposal concept is based on the assumption that the canisters are located in the disposal
tunnels in such a way that their good isolating properties are maintained for as long as
possible. This requires the near-field, that is the region of the repository in the immediate
vicinity of the deposition hole, to provide stable mechanical, geochemical and hydrogeo-
logical conditions.

It is virtually impossible to characterise the near-field adequately from the surface using
borehole investigations. The best way to investigate the rock mass to the required level at
the selected site is to identify volumes of rock suitable for locating disposal tunnels, using
surface-based investigations, and to aim at characterising such volumes directly under-
ground. Having got underground, the main task is to build confidence in the feasibility of
selecting suitable locations for the disposal tunnels and the most appropriate locations for
deposition holes within such tunnels. The geological environment of the near-field is
required to ensure that the turnover of groundwater is low in the vicinity of the canister and
buffer material and that the chemical conditions are not only reducing but also such that the
longevity of the canister is maximised and the performance of the compacted bentonite
buffer is ensured for considerable periods of time. It is, therefore, necessary to be able to
define volumes of the rock mass where such conditions are likely to exist and remain for
considerable periods of time in the future.

1 It is based on the KBS-3 disposal concept developed by SKB, and is virtually indential to it.



195

The constructability of the crystalline bedrock and long-term safety considerations are
closely related. A high level of constructability results in an increased likelihood that the
conditions in the rock mass can be largely those assumed in the safety assessment. The
requirement is to find volumes of rock in which excavated runnels are mechanically stable
and where groundwater ingress to these tunnels is low, and in suitable rock the need for rock
support will also be minimised. This relationship between constructability and long-term
safety can only be assessed by going underground for characterisation and testing.

In order to develop a site-specific disposal concept and a design for the deep repository at
Olkiluoto the underground investigations are required to:

• confirm the earlier results of investigation - mainly the structural information in the
main area of interest for repository development - and, in particular, to define the most
appropriate volumes of the rock mass for disposal purposes,

• collect data that cannot be obtained from boreholes and
• test interactions between the rock and the EBS under the conditions pertaining at

Olkiluoto for the purposes of repository design and to define operational constrains.

Posiva will be involved with the R&D programme at the Aspo HRL in parallel with this
detailed characterisation programme at Olkiluoto, with the work at Aspo concentrating on
research into the natural processes of interest for repository safety and the technological
developments necessary for disposal.

12.3 The elements of a programme to acquire additional site
characterisation data

There are some issues related to the development of a repository at Olkiluoto that need to
be examined. The one of these, the presence of saline groundwater at depth, has been raised
because of its relevance both to long-term safety, but also to the operational safety and
construction of the repository. Another issue of interest is the development of alternative
groundwater flow models at the site-scale, though these are also linked to the presence of
the saline groundwater via its influence on the magnitude of the driving force for
groundwater flow.

Saline groundwater at depth

The subject of saline groundwater at depth has been examined from various standpoints
since its significance was raised by STUK' s review group in 1999 (see Appendices to STUK
1999b).

The TILA-99 safety assessment (Vieno & Nordman 1999) concluded that, from the point
of view of post-closure safety, all four candidate sites are suitable to host a repository for
spent fuel. The results of the safety assessment did not provide reasons to allow rejection
of any of them, neither did release and transport analyses of radionuclides provide firm
grounds for ranking the sites with reference to their long-term safety. It was, however, noted
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that there are differences between the sites, the most obvious being the coastal location and
the saline groundwater at depth at Hastholmen and Olkiluoto. At Olkiluoto, the salinity of
groundwater at a depth of 500 m is 10 - 25 g 1 of TDS, and at depths greater than 800 m,
highly saline groundwaters with TDS values up to 75 g 1 have been found. One of the
recommendations of the TILA-99 assessment was that due to the adverse effects of very
saline groundwater on the performance of buffer and backfill, a KBS-3 type repository
should not be located at greater depths than about 700 m at Olkiluoto and about 800 m at
Hastholmen.

Since the publication of TILA-99, and especially since the decision was taken by Posiva to
recommend only the Olkiluoto site for repository development, studies have continued on
examining the distribution of saline groundwater at Olkiluoto, its future evolution and its
potential effects on the performance of the engineered barrier system. In November 1999
Posiva organised a Crystalline Group workshop on the implications of high groundwater
salinity to safety and technical implementation of high-level waste disposal, which was
attended by representatives of nuclear waste management organisations in Canada, Japan,
Sweden and Switzerland. As a result of this meeting a summary report was drafted (Dixon
2000). Posiva is currently preparing a programme of research, development and under-
ground characterisation for the period 2001-2010. The effects of groundwater salinity at
Olkiluoto will be one of the key areas of further research.

A report by Vieno (2000) on the subject of saline groundwater presented an overview of the
status of salinity-related studies and focused on the occurrence of saline groundwaters at
Olkiluoto and elsewhere in crystalline bedrock and their potential effects on the engineered
barriers in a KBS-3 type repository for spent fuel.

The report examined the following aspects of saline groundwater:

• The issue of salinity with reference to the disposal of spent fuel and the significance of
selecting a coastal disposal site,

• The distribution of groundwater salinity at Olkiluoto - on the basis of the compilation
by Ruotsalainen et ah (2000) and its origin based on the geochemical evolution of
Pitkanen ef«/. (1999),

• The future evolution of groundwater flow and salinity on the basis of the groundwater
flow modelling of Lofman (2000) and previous groundwater flow simulations,

• The effects of high groundwater salinity on the engineered barriers of the reference
KBS-3 repository design and alternative arrangements of the barrier system,

and presented conclusions and recommendations for further research and development.

The conclusions and recommendations from this report were presented with reference to
three areas of concern:

• the design basis salinity,
• backfill studies and
• site characterisation, supporting research and performance assessment.
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Design basis salinity

It was suggested that a design basis TDS value for a repository excavated at the depth of
about 500 m at Olkiluoto could be 35 g 1 , as all the repository systems and engineered
barriers are expected to perform at groundwater salinities ranging from fresh water to 35 g
1 . Today the salinity at a depth of 500 m varies from 15 to 25g 1 and a design basis value
of 35 g 1 would allow for the intrusion of groundwaters presently lying 100 to 200 m below
the 500 m level. As 35 g 1 is the salinity of ocean water, this value would also take into
account the maximum possible salinity of water infiltrating from the surface.

If the repository were planned to be constructed at greater depth, the design basis salinity
value would need to be increased. For example, if the repository were located at a depth of
700 m, the possible intrusion of highly saline brine (TDS nearing or exceeding 100 g 1 ) into
the repository would need to be taken into account.

Backfill studies

It was concluded that the most significant open issue related to saline groundwater is the
performance of the tunnel backfill. A salinity of 35 g 1 may significantly impair the
performance of the KBS-3 reference backfill, which consists of a mixture of crushed rock
and 10-30% bentonite. It was felt, therefore, that it was important to continue the studies and
large-scale experiments on the performance of bentonite, as well as alternative backfill and
buffer materials. Such studies and experiments are underway and planned in projects to be
launched in the 5th Framework Programme of the European Commission and in the
Prototype Repository at Aspo. The most promising alternative backfill option would appear
to consist of Friedland clay and a crushed rock backfill, combined with additional sealing
of transmissive structures. Other current backfill options may be complemented by
additional plug structures.

Site characterisation, supporting research, performance assessment

The geochemistry and salinity of groundwater will be a key area in the further character-
isation of Olkiluoto, in supporting research as well as in performance assessment. Concern-
ing future evolution of the repository, the priority topics are related to the effects of the
upconing of saline groundwater during construction and operation of the repository, heat
generation of spent fuel and uplift up until the next glacial advance. The data for modelling
these processes and the information required for the calibration and verification of these
models will be obtained from the URCF. The longer-term effects of climate and sea level
changes, permafrost development and glaciation also need to be taken into consideration.
Such longer-term effects are, however, more speculative in nature and are not necessarily
specific to Olkiluoto. It may be better if they were included within the list of topics for
international co-operation programmes at Aspo and possibly elsewhere.

The present conditions at Olkiluoto are, of course, the starting point for the studies on barrier
performance and for obtaining the necessary data for performance assessment. It is intended
that, in the future, Posiva's programme will place more weight on examining the effects of
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saline groundwater. Within the next 10,000 years, however, due to continuing uplift
Olkiluoto is likely to become an inland site with brackish or fresh groundwater at the
repository level. In future performance assessments, time-dependent modelling of the
effects of groundwater salinity and its evolution could reduce some of the implicit
conservatism of the TILA-99 safety assessment. A high flow of saline groundwater through
the repository into the biosphere, for example, could only be a transient, and not a steady-
state condition, as was assumed in some of the most conservative scenarios in TILA-99.

Groundwater flow modelling

Recent modelling has been performed at Olkiluoto at the site scale (Lofman 2000) to
examine four factors:

• the influence of the flow porosity,
• an alternative conceptual model for solute transport,
• the presence and absence of fracture zones and
• alternative assumptions regarding the initial conditions for the model

on the form of the salinity field. This modelling follows on from the earlier modelling that
was discussed in Section 7.4.1.

The results of the modelling demonstrated that the salinity field and the driving force are
sensitive to the flow porosity and the conceptual model for solute transport. A ten-fold
increase in flow porosity and a more realistic dual-porosity approach to solute transport
result in the retardation of solutes in the bedrock, resulting in brackish groundwater
conditions at repository depth at 10,000 years AP (see Fig. 12-1) (in the previous modelling
exercise (Lofman 1999a) the groundwater in the repository turned fresh). The higher
driving forces can be attributed to the higher concentration gradients resulting from the
opposing effects of uplift, which results in fresh water being forced to greater and greater
depths, and the higher flow porosity and the dual-porosity model, which retard the transport
of solutes.

The cases considered where fracture zones and post-glacial uplift are not present show that
they both affect the results and cannot be ignored in the coupled and transient groundwater
flow analyses. The salinity field and the driving force are also sensitive to the form of the
initial salinity field, especially during the first 500 years AP. This sensitivity will, however,
diminish as soon as fresh water dilutes brackish and saline water and decreases the
concentration gradients. The presence of fresh water results in a steady-state driving force
in the repository area.



199

Base case

t = present (initial stole)

AB6 AR4R5R6L R6 R29 RHJHY R17] R3 AK1 AB3

Case 1: ten-fold flow porosity
t = present (initial slate)

AIM AR4RSR6L R6 R » R20HY R17HY R16 R3 AR1

AH4RSR6L R6 R29 R20gY R17HY R16 R3 AH1

iUSL !U? E1S RISK! K2! H1C11!!

A J .

AK4R5R6L R6 H29 mOHV RI7HV R16 R3 AR1

C(TDS)

AS3 ^ T 70

50

30

20

10

3

1

0

K1XL R27 R18 RI1 Rl R21 RIOm repodiory

[ = 10000 yt-ara A J>.

AS6 AR4R5R6L R« B29 R20HY RI7HK R16 B3 AB1

R1SL R27 M S K11R1 RZ1 E1OSY R1XL H27 R1S Rl l Rl H21 R1OHY repodiary

Fig. 12-1. SW-NE cross section ofOlkiluoto in groundwater modelling by Lofrnan (2000). The
results on the left show the behaviour of the fresh-saline groundwater system under the current land
uplift rate. The results on the right show the results based on the use of ten-fold increase inflow
porosity compared to results on the left.

12.4 Aspects to consider when planning an underground facility

There are important aspects to consider before the development of a URCF at Olkiluoto can
take place, such as the extent to which disturbance to the geological environment can be
minimised during construction of the access shaft or tunnel, or ensuring that sufficient
relevant data have been obtained in advance of any construction commences.

The initial stages of planning a URCF programme need to consider the strategy that should
be followed in defining the work to be carried out. The three main areas of interest in
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defining such a strategy and in setting the bounds to the proposed programme of work are
listed in Table 12.4-1.

Table 12.4-1. The three main areas of interest that are of most relevance in planning a URCF
programme at Olkiluoto.

The requirement to demonstrate that baseline (in partic-
ular hydrogeological and geochemical) conditions have
been adequately defined in advance of construction.
The requirement to minimise disturbance to the geo-
sphere due to construction of the URCF and, in partic-
ular, the construction of the access shaft or tunnel.
The necessity of establishing a method for evaluating
the suitability of the site during the course of its con-
struction by comparison of the anticipated conditions
with those subsequently measured underground. This
may require the adoption of a design-as-you-go -strategy
for engineering construction.

Establishment of baseline conditions

The construction of a URCF will perturb the natural system of the site and, in particular, the
groundwater regime. It is necessary to have achieved a certain understanding of the natural
system in advance of any construction, because the changes due to construction will be
irreversible and also because the construction of the facility provides an opportunity to
develop and test models of the site over large volumes of the rock mass.

Baseline is the description which is generally applied to the conditions in a system, e.g. a
groundwater system, prior to some form of induced perturbation. The undisturbed condi-
tions incorporate the effects of natural features and processes which account for the spatial
and/or temporal variability in the system prior to construction of an underground facility.
Before construction, baseline conditions for parameters such as groundwater pressures and
hydrochemical conditions need to be established. Sufficient information needs to have been
acquired so that:

• the disturbance created by the facility can be measured and used to test and develop
models of the site and

• there is a sufficient database on undisturbed conditions that the properties of the rock
mass in the region of the proposed repository can be interpreted within the context of
the regional groundwater flow and hydrochemical models.
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Minimising disturbance to the geological environment

It will be important to minimise the damage to the geosphere due to the construction of the
URCF at Olkiluoto. Any type of access, if not adequately sealed, provides a potential fast
pathway with a cross-sectional area which may be considerably greater than that of a natural
structure or an exploration borehole. It is, therefore, preferable for any access to a URCF
to be incorporated into the repository. It is preferable and perhaps necessary to develop a
URCF at the same depth as that proposed for disposal, so that the data obtained are of
greatest relevance to the design of the repository.

It is unclear, however, whether it is preferable to develop a URCF within that part of the rock
mass proposed for disposal (and subsequently to try and incorporate the URCF within the
repository design), or to develop the URCF at some distance from the disposal zone. In the
first case, the potential impact on the rock mass is lessened, although the extent to which
this is significant is likely to be site-specific and is likely to depend on the available volume
of potentially suitable rock. Where suitable rock volumes are constrained, which may be
considered to be the situation at Olkiluoto, this could be an issue. In the second case, in
which the URCF is not developed in the same location, or at the same depth, as the eventual
repository, there is the problem that the data obtained will have to be extrapolated to the
volume of rock proposed for disposal. This subject was discussed at the recent Haikko
workshop (Andersson & McEwen 2000) and it was recommended that preference should
be given to the development of the URCF in the same location and at the same depth as the
repository.

The location and underground geometry of access shafts or ramps to the URCF are also of
significance. Although their incorporation into the final repository access will minimise
their impact, it will be necessary to be able to model the impact of alternative access
locations and geometries in advance of their construction. This is so that the extent to which
they could allow preferential transport pathways to develop along their lengths, or allow
preferential hydraulic connection between fast pathways in the geosphere, which would
normally be unconnected, is minimised. Modelling will, therefore, be required of the long-
term efficacy of shaft seals. In order to be able to carry out this modelling it will be necessary
to understand sufficiently well the current groundwater flow system, and to consider
locating the access routes downstream of the potential disposal zone. Future climate change
and neotectonic effects may, however, produce significant changes in the directions of
groundwater flow or hydraulic gradients or may cause damage to the shaft seals, and these
factors may also need to be considered. A sufficient understanding of such future potential
changes to the repository environment will, therefore, be required and the Olkiluoto URCF
provides an opportunity to provide the required information.

This aspect of the Olkiluoto URCF has potentially important constraints on the planning of
a future site characterisation programme. The need to demonstrate that any access to the
URCF is well located will require that modelling the effects of future changes to the
groundwater flow system will need to have been carried before the access locations and the
forms of access are selected.
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Establishing a method for evaluating the site suitability

It is important to develop a formal approach to evaluate the suitability of the site during the
course of going underground. This approach is in practice based largely on a comparison
of the anticipated bedrock conditions, based on the development of structural, lithological
and geochemical models, with data that are subsequently collected underground. This
process of model validation has been discussed extensively and should have an important
influence on the design of any URCF programme. It can be described mainly in terms of
building confidence in the disposal concept.

A system is required that allows for models to be tested and progressively refined until there
is sufficient confidence in the ability of the model to represent adequately either the whole
system or some particular part of it. It will be necessary to develop procedures whereby
model predictions are produced in advance of the measurements being made underground.
The protocols for these procedures and the predictions from the models will need to be
published before construction of the URCF commences and should establish the extent to
which it is expected that the measurements should match the predictions. Such predictions
are frequently scale-dependent and it should not be expected, for example, for a regional-
scale model to be capable of predicting accurately the small-scale variability within the
system.

The establishment of a method for evaluating the suitability of a site can be considered as
a staged process, as indicated below:

1. the collection of preliminary surface/borehole-based characterisation data at Olkiluoto;
2. the anticipated conditions, based on a combination of site-specific characterisation data

and correlation functions developed as part of the activity at Aspo, of the behaviour to
be seen in a limited number of experiments in the Olkiluoto URCF;

3. the carrying out of limited experiments in the Olkiluoto URCF and their comparison
against predictions.

One of the most important factors to be considered when designing the programme for the
URCF is how to decide on the priorities for data collection and testing. The justification for
constructing and operating the URCF at Olkiluoto is that certain data cannot be sensibly
collected using only surface-based boreholes. The precise data that will need collecting will
depend on the geological environment and on the results of performance assessment
calculations that will indicate where the greatest uncertainties lie. The URCF programme
should be designed so as to try and reduce these uncertainties in the most efficient manner
possible. Such a programme needs to be tailored around the requirement for a stepwise
approach to repository development and so that there is sufficient confidence at each step
to proceed to the next.
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12.5 International co-operation in underground testing

The majority of countries have a very positive attitude towards co-operative projects, a
prime motive for this co-operation being the increased level of networking initiated, which
is believed to promote a better utilisation of joint resources, resulting in a good transfer of
knowledge between the various participants.

The importance of international collaboration is evident from the impressive list of
successful co-operative projects, many of which involved the use of URLs. Co-operation
between disposal programmes is believed to have produced benefits in several areas, not all
of which could be described as being directly technical or scientific.

URLs, in addition to providing invaluable test beds for practical methods and theoretical
models, are also extremely effective confidence building instruments for all those who can
observe their operation, and included in this category are not only researchers, but also
regulators, politicians and members of the public.

One of the most frequently cited developments that would help progress in waste disposal
is related to increased public acceptance, and the application of demonstration-scale
experiments in the Olkiluoto URCF and the parallel work at Aspo is likely to play a major
positive role in this area.



205

13 CLOSING REMARKS

Posiva submitted the application for a Government Decision in Principle in May, 1999.
After the handling and hearing process led by the Ministry of Trade and Industry, the
Government was able to make the DiP in December, 2000. The Government in arriving at
its decision found that Posiva's application was in accordance with the overall benefit to
society. This means that the Government accepts the proposed site of Olkiluoto in Eurajoki
for the construction of the disposal facility. This decision still needs to be ratified by the
Parliament, at which point Olkiluoto becomes the site for the deep repository.
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