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Preface

The Swedish Nuclear Fuel and Waste Management Company (SKB) is undertaking site characterisa-
tion at two different locations, the Forsmark and Laxemar-Simpevarp areas, with the objective of
siting a deep geological repository for spent nuclear fuel. An integrated component in the characteri-
sation work is the development of a site descriptive model (SDM) that constitutes a description of the
site and its regional setting. The model addresses the current state of the geosphere and the biosphere
as well as the ongoing natural processes that affect their long-term evolution.

The site descriptive model concluding the surface-based investigations at Laxemar, SDM-Site
Laxemar, is compiled in the present report. Prior to the SDM-Site report, three full versions of a site
descriptive model have been completed for the Laxemar-Simpevarp area. A preceding Version 0
established the state of knowledge prior to the start of the site investigation programme in 2002.
Version Simpevarp 1.1, which was essentially a training exercise, was completed during 2004,
version Simpevarp 1.2 and version Laxemar 1.2 completed in April 2005 and April 2006, respec-
tively. Version Laxemar 1.2 of the SDM, a preliminary site description, concluded the initial site
investigation work.

Two analytical and modelling stages have been carried out during the complete site investigation
work in Laxemar. An important component of each of these stages has been to address and continu-
ously try to resolve uncertainties of importance for repository engineering and safety assessment.
Stage 2.1 aimed to provide feedback from the modelling group to the site investigation team to
enable completion of the site investigation work. Model version SDM-Site Laxemar, based on data
freeze Laxemar 2.3, has established the different discipline-specific models, which are combined
into the framework of the integrated site descriptive model, SDM-Site. A synthesis of the SDM-Site
report that focuses on model integration and the current understanding of the site is presented in
Chapter 11. In essence, this chapter serves as an executive summary.

The overall objective of the site descriptive modelling work at Laxemar is to develop and document
an integrated description of the site, based on data from the complete site investigation work, as a
basis for a site-adapted design of the final repository (Layout D2) and for assessment of the reposi-
tory’s long-term radiological safety (SR-Site).

The site descriptive modelling work performed within the Swedish site characterisation programme
is conducted by multi-disciplinary project groups and associated discipline-specific working
groups (Net groups). All individuals and expert groups contributing to the projects are gratefully
acknowledged, and especially the Laxemar multi-disciplinary project group, for making this report
possible. Specifically, the following individuals and expert groups contributed to this final report:

* Anders Winberg — project leader, editor, primary data compilation and site synthesis.
» Bjorn Soderbéck — site evolutionary aspects.

* Bjorn Soderbéack and other members of the SurfaceNet group — abiotic and biotic properties
of the surface system, interfacing between surface and deep bedrock systems.

» Carl-Henric Wahlgren (rock domain modelling), Philip Curtis (deformation zone modelling)
and Aaron Fox (discrete fracture network modelling) — geology (deterministic modelling and
integrated model), site synthesis and contributions to Appendix 6.

» Jan Sundberg and John Wrafter — thermal properties.
» Eva Hakami — rock mechanics.

* Ingvar Rhén and Lee Hartley — hydrogeology, interfacing between surface and deep bedrock
systems, site synthesis and contributions to Appendix 6.

» Marcus Laaksoharju, John Smellie, Eva-Lena Tullborg and Bill Wallin — hydrogeochemistry.
» James Crawford — transport properties.

* Fredrik Hartz and Anders Lindblom — production of maps and figures.



The members of the multi-disciplinary project group completed Appendices 2 and 3.

Johan Andersson is specifically acknowledged for his ambitious and devoted efforts as a driving
force for the confidence assessment work and as editor of the report documenting its outcome
(SKB R-08-101).

The report has been formally reviewed by the following members of SKB’s international site
investigation expert review group (Sierg): Per-Eric Ahlstrém (Chairman), Jordi Bruno (Amphos),
John Hudson (Rock Engineering Consultants), Ivars Neretnieks (Royal Institute of Technology),
Lars Soderberg (SKB), Michael C Thorne (Mike Thorne and Associates Ltd), Roland Pusch
(GeoDevelopment AB), Thomas W Doe (Golder Associates Inc.), John Cosgrove (Imperial College)
and Alan Hooper (Alan Hooper Consulting Ltd). The Sierg group provided many valuable comments
and suggestions for this work. However, the group is not to be held responsible for any remaining
shortcomings of the work or its presentation.

Please observe that the work presented in this report was completed April 2009, i.e. well in advance
of the site selection made by SKB in June 2009 and as such constituted one of the important com-
ponents that enabled this selection. The issuing date of the presented report is, however, December
2009 reflecting that fact that minor adjustments have been made to the report, mainly structural and
lingual. It is emphasised that no changes to the principal content of the April 2009 version of report
has been made as part of this processing.

Anders Strom
Site Investigations — Site Modelling



Summary

The Swedish Nuclear Fuel and Waste Management Company (SKB) has undertaken site characterisa-
tion in two different areas, Forsmark and Laxemar-Simpevarp, in order to identify a suitable location
for a geological repository of spent nuclear fuel according to the KBS-3 method. The site investigations
have been conducted in campaigns, punctuated by data freezes. After each data freeze, the site data have
been analysed and modelling has been carried out with the overall purpose to develop a site descriptive
model (SDM). The site descriptive model is used by repository engineering to design the underground
facility and to develop a repository layout adapted to the site. It is also essential for safety assessment,
since the SDM is the only source for site-specific input. Another important use of the site descriptive
model is in the environmental impact assessment. An SDM is an integrated model of geology, thermal
properties, rock mechanics, hydrogeology, hydrogeochemistry, bedrock transport properties and a
description of the surface system. The site descriptive model compiled in the current report, SDM-Site
Laxemar, presents an integrated understanding of the Laxemar-Simpevarp area (with special emphasis on
the Laxemar subarea) at the completion of the surface-based investigations, which were conducted during
the period 2002 to 2007. A summary is also provided of the abundant underlying data and the discipline-
specific models that support the site understanding. The description relies heavily on background reports
that address, in particular, details of the data analyses and modelling of the different disciplines.

The Laxemar-Simpevarp area is located in the province of Sméland within the municipality of
Oskarshamn, about 230 km south of Stockholm. The candidate area for site investigation is located
along the shoreline of the strait of Kalmarsund, within a 1.8 billion year old suite of well preserved
bedrock belonging to the Transscandinavian Igneous Belt formed during the waning stages of the
Svecokarelian orogeny. The candidate area is circular-shaped with an area of 54 km?, and hosts the
Laxemar subarea in its eastern part. The south-western part of the Laxemar subarea was selected as
the focused area for the complete site investigation work, following the initial investigations at the site.

Prior to the presentation of the SDM-Site report, three versions of a site descriptive model have been
completed for the Laxemar-Simpevarp area and subjected to peer review. The last version, referred
to as version Laxemar 1.2, constituted a preliminary site description that concluded the initial site
investigation work and was presented in 2006. This preliminary site description formed the basis
for a preliminary safety evaluation (PSE) of the Laxemar subarea, a preliminary repository layout
(step D1), and the first evaluation of the long-term safety of this layout for a KBS-3 repository in the
context of the SR-Can project.

The final site descriptive model, SDM-Site Laxemar, builds on a coordinated geological model in
3D, into which other discipline-specific models have been integrated without any major conflicting
interpretations. In particular, the bedrock thermal and strength properties of the bedrock at the site

have been coupled to lithology and identified rock domains in the geological model and an integrated
description has been devised that links the hydrogeology and the chemistry of the groundwater to
hydraulic conductor domains (deformation zones) and hydraulic rock domains (and underlying fracture
domains) and their division in depth zones. These mutually consistent results demonstrate that a
fundamental understanding of the current state, properties and processes in Laxemar, from the surface
down to potential repository depth, has been achieved. In addition, the properties of the area can be
explained in the context of an understanding of its past evolution, throughout a long period of geological
history. This integrated understanding of the area is presented in Chapter 11 of this report and this
chapter effectively serves as an executive summary of the modelling work.

A systematic assessment of the confidence in the developed models, including treatment of uncertainties
and evaluation of alternative interpretations, has been carried out. This assessment has taken into account
the feedback obtained from the work on the preliminary repository layout step D1 and from the safety
assessment SR-Can, as well as the feedback obtained on earlier versions of the site description. The
overall outcome of this assessment is that most properties of importance for both repository constructabil-
ity and long-term safety are bounded sufficiently, and that data collected underground now bears the
prime potential to further reduce uncertainties in the focused volume. However, complementary studies
to reduce some of these uncertainties are also currently in progress. Uncertainties outside the focused
volume are higher, but are judged to be of less importance for the constructability and long-term safety
of a repository.
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1 Introduction

1.1 Background

Radioactive waste from the Swedish nuclear power plants is managed by the Swedish Nuclear Fuel
and Waste Management Co (SKB). The Swedish programme for geological disposal of spent nuclear
fuel is approaching major milestones in the form of permit applications for an encapsulation plant
and a deep geologic repository. For siting of the geological repository, SKB has undertaken site
characterisation at two different locations, Laxemar-Simpevarp and Forsmark (Figure 1-1). The site
investigations have been conducted in campaigns, with well-defined data freezes distributed in time.
After each data freeze, the site data have been analysed and modelling has been carried out with
the overall purpose to develop a site descriptive model (SDM). A SDM is an integrated model for
geology, thermal properties, rock mechanics, hydrogeology, hydrogeochemistry, bedrock transport
properties and a description of the surface system.

Airborne investigations in the Laxemar-Simpevarp area commenced in 2002, followed by the

start of surface-based investigations in the Simpevarp subarea the same year. Site investigations in

the Laxemar subarea in started in 2004, cf. Figure 1-2. The site descriptive model concluding the
surface-based investigations in Laxemar, SDM-Site Laxemar, is compiled in the present report.
Prior to this SDM-Site site descriptive model, three versions of site descriptive models have been
completed preceded by version 0 /SKB 2002/ which established the state of knowledge prior to the
start of the site investigation programme. Version Simpevarp 1.1 /SKB 2004a/, which was essentially
a training exercise, was completed during 2004, followed by versions Simpevarp 1.2 in 2005 /SKB
2005a/ and Laxemar 1.2 in 2006 /SKB 2006a/. Version Laxemar 1.2 of the SDM, a preliminary site
description, concluded the initial site investigation work (ISI). The model version accounted for in
this report is denoted SDM-Site Laxemar. Each of these model versions are based on a well defined
database of site characterisation data (data freeze) defined at a specified point in time, cf. Table 1-1.

Forsmark

municipality

0 100 200 300 400 km

Figure 1-1. Map of Sweden showing the location of the Forsmark and Laxemar-Simpevarp sites.
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C} Candidate area Swedish Nuclear Fuel & Waste Management Co
) ) © Lantméterist
D Laxemar-Simpevarp regional model area 2008-11-25, 10:25, htfh

w Laxemar and Simpevarp subareas
b Focused area

Figure 1-2. Overview of the Laxemar-Simpevarp regional model area and identification of the Simpevarp
and Laxemar subareas.
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Table 1-1. Summary of model versions and model steps employed in the site-descriptive
modelling performed in the Laxemar-Simpevarp area and associated data freezes.

Model Data freeze Reference
Version Simpevarp 1.1 July 1, 2003 /SKB 2004a/
Version Simpevarp 1.2 April 1, 2004 /SKB 2005a/
Version Laxemar 1.2 November 1, 2004 /SKB 2006a/
Stage Laxemar 2.1 June 30, 2005 /SKB 2006¢/
Version SDM-Site Laxemar ~ August 31, 2007(Laxemar 2.3) This report

December 31, 2006 (Laxemar 2.2)

In conjunction with finalisation of model version Laxemar 1.2 /SKB 2006a/ and the associated
preliminary safety evaluation (PSE) /SKB 2006b/, SKB decided to proceed and complete the
complete site investigation (CSI) in the Laxemar subarea /SKB 2007a/, thereby discontinuing

any further detailed in investigations in the Simpevarp subarea, cf. Figure 1-2. During the work

on model version Laxemar 1.2, a need to further decrease the size of the investigated volume in

the Laxemar subarea to cover the area considered suitable for a repository was identified. This
resulted in the definition in December 2005 of a “focused area/volume” in the central, southern

and southwestern parts of Laxemar /SKB 2005b/, cf. Figure 1-2. The boundaries of the focused area
are to be regarded as indicative, and are not strictly geological.

Two descriptive modelling stages have been carried out at Laxemar during the complete CSI work,
Laxemar 2.1 and SDM-Site Laxemar, cf. Table 1-1. An important component of each of these two
stages was to address and continuously try to resolve uncertainties in the modelling of importance
for repository engineering and safety assessment. Model stage 2.1 /SKB 2006¢/ included important
updates in the geological and hydrogeological models of Laxemar and also provided a feedback
from the modelling team to the site investigation team to enable an optimised completion of the

site investigation work. Only one model stage, encompassing the two data freezes Laxemar 2.2 and
Laxemar 2.3, has established the different discipline-specific models which are synthesised into the
current integrated site descriptive model SDM-Site Laxemar. The current SDM concludes the assess-
ment of Laxemar based on surface-based site investigations and also constitutes the basic delivery to
repository engineering (Design D2) and safety assessment (SR-Site).

1.2 Scope and role of the site description in the
application process

Site characterisation should provide all data required for an integrated evaluation of the suitability
of the investigated site for the construction of a deep geological repository. An important component
in the characterisation work is the development of a site descriptive model.

Quality-assured data from site investigations, stored in the SKB database Sicada and the SKB
geographic information system (GIS), are the input to site descriptive modelling that produces the site
descriptive model. The site descriptive model is used by repository engineering to design the under-
ground facility and to develop a repository layout adapted to the site. The site descriptive model also
provides input to the safety assessment. Another important use of the site descriptive model is in the
environmental impact assessment.

In order to ensure that all data and information needed for repository design and safety assessment
are captured in the site characterisation work, there has been a mutual exchange of information
between the various technical activities (Figure 1-3). Based on the preliminary site description
(SDM Laxemar version 1.2), compiled from data collected during the initial site investigation
phase (ISI), a preliminary repository layout (Laxemar step D1) /Jansson et al. 2006/ was established
and a preliminary safety evaluation (PSE) /SKB 2006b/ as well as a safety assessment (SR-Can)
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Figure 1-3. Mutual exchange of information between technical activities that provide data to site modelling
or make use of the site description. Deliveries from (red arrows) and feedback to (blue arrows) site model-
ling are highlighted together with the final product from site modelling and the products of other technical
activities that rely on this input.

/SKB 2006d/ were conducted (thin red arrows in Figure 1-3). In the course of the work on the reposi-
tory engineering and the safety assessment, requests for new data and/or data with greater precision
were made. This feedback (blue arrows in Figure 1-3) was included in the final programme for the
completion of the site investigation phase. In addition to this formal feedback via the site modelling
report from Laxemar stage 2.1 /SKB 2006¢/, there has been another, less formalised feedback
process continuously ongoing from site modelling to the site investigation programme (dashed blue
arrows in Figure 1-3). Repository engineering and safety assessment will now update their work
based on the final site description, SDM-Site Laxemar, which concludes the surface-based charac-
terisation work (thick red arrows in Figure 1-3). The products within repository engineering that rely
on an input from the site description are: the site engineering report (SER), the layout report and the
rock production report. The corresponding reports in the safety assessment work are: the data report
and the geosphere process report.

In the SKB programme, a site description is a description of the site covering the current state of

the geosphere and the biosphere as well as descriptions of on-going natural processes that can affect
their long-term evolution. However, it is not the task of the site description to present any predictions
of the future evolution of site conditions. This is completed within the safety assessment based on
the understanding of the current conditions and of the past evolution as compiled in the site descrip-
tion. Furthermore, it is not the task of the site descriptive modelling to evaluate the impact on current
site conditions on the excavation or the operation of a repository at the site. This is carried out
within the framework of repository engineering and as part of the environmental impact assessment,
but again based on input from the site description.
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1.3  Objectives and strategy

The overall objective of the Laxemar site descriptive modelling work is to develop and document an
integrated description of the site, based on data from the complete site investigation work, to form a
basis for a site-adapted layout of the final repository (Layout D2) and for assessment of the reposi-
tory’s long-term radiological safety (SR-Site). The description has to be based on a fundamental
understanding of the bedrock and surface systems, which is achieved by analysing the reliability and
assessing the reasonableness of the assumptions made with respect to the current state of Laxemar and
naturally ongoing processes there. Furthermore, the work is required to make use of all knowledge
and understanding embedded in previous model versions and also of the feedback obtained from the
safety assessment SR-Can as well as of other types of feedback received on earlier versions of the
site description.

The specific objectives of the work are to:

 analyse the primary data available from all surface and borehole investigations, including data
from data freezes Laxemar 1.2, Laxemar 2.2 and Laxemar 2.3,

» describe evolutionary aspects at the site from the time the bedrock formed to the present day,
* develop a full three-dimensional integrated site descriptive model covering all disciplines,

» perform an overall confidence assessment including systematic treatment of uncertainties
and evaluation of alternative interpretations, and

+ perform modelling activities in close interaction with safety analysis and repository engineering.

The site modelling for SDM-Site Laxemar is based on data freeze Laxemar 2.3 (August 31, 2007)
in its entirety. This decision was taken to safeguard inclusion of important information from south-
western Laxemar, primarily detailed ground geophysical measurements from an enlarged area, and
information from cored boreholes KLX15A and KLX16A. An additional cored borehole, KLX27A,
was commissioned during the fall of 2007. Geometrical and tentative geological information from this
borehole, although available subsequent to data freeze Laxemar 2.3, has been used in the geological
modelling. Other additional data have also emerged from this borehole after data freeze Laxemar 2.3.
As far as possible, these “late data” have been included in the modelling.

The strategy outlined above, see also Section 1.6, implies that all discipline-specific and inter-
disciplinary modelling was completed on the basis of data available at data freeze Laxemar 2.3,
with select added data from borehole KLX27A. This also implies that each discipline has produced
one individual background report. For further details on reporting structure and reports produced in
support of SDM-Site, see Section 1.7.

1.4 Feedback from reviews and assessments of previous
model versions

Feedback on previous model versions has been received by downstream users of the models and
from reviews of the previous model reports by SKB’s own international expert group Sierg, and also
by expert groups set up by the authorities (the Insite and Oversite groups). In addition, the authori-
ties’ expert groups have continuously followed the progress of the work and the Insite group has
regularly provided lists of issues of their concern to be handled in the modelling work. The handling
of the issues raised has been documented by SKB as formal responses to Insite and SKI.
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All feedback issues related to the Laxemar site descriptive modelling have been compiled and
remaining issues have been addressed in the modelling work. A main task of the Laxemar stage 2.1
work /SKB 2006¢/ was to identify and compile remaining important issues and uncertainties and
suggest how these should be handled in the concluding site investigation and modelling work. The
input to the compilation of issues was uncertainties in the preliminary site description of Laxemar
/SKB 20064/, the results of analyses conducted during Laxemar stage 2.1 /SKB 2006¢/, the experi-
ences from the work with repository layout D1 /Jansson et al. 2006/ and the preliminary safety
evaluation (PSE) for Laxemar /SKB 2006b/. In the SR-Can safety assessment /SKB 2006d/, which
is based on the preliminary site description of Laxemar /SKB 2006a/, remaining site characterisation
issues of importance for assessing repository safety were identified and provided as feedback to the
site investigation and site modelling teams. These issues have been addressed in the final stages of
site descriptive modelling and the results were evaluated as part of the assessment of confidence and
uncertainties in the site descriptive model at the conclusion of the surface-based site investigation
work /SKB 2009/ and a summary is provided in Section 11.9.

1.5 Setting

Laxemar, which is part of the Laxemar-Simpevarp area, is located in the province of Smaland,
some 230 km south of Stockholm, within the municipality of Oskarshamn (County of Kalmar), and
immediately west of the Oskarshamn nuclear power plant and the Central interim storage facility
for spent fuel (Clab), cf. Figure 1-2 and Appendix 1. The Laxemar-Simpevarp area (including the
Simpevarp and Laxemar subareas) is located close to the shoreline of the Baltic Sea, cf. Figure 1-4.
The easternmost part (Simpevarp subarea) includes the Simpevarp peninsula which hosts the power
plants and the Clab facility (cf. Figure 1-2) and the islands H&l6 and Avrd. The island of Aspo,
below which the Aspd Hard Rock Laboratory (Aspd HRL) is located, is found some three kilometres
northeast of the central parts of Laxemar. The Laxemar subarea covers some 12.5 km?, compared
with the Simevarp subarea which is approximately 6.6 km?. In the following, the term Laxemar local
model area/volume (cf. Section 2.9) is used as the geographical reference in most instances while it
covers the Laxemar subarea in its entirety.

The Laxemar-Simpevarp area is dominated by a 1.80 Ga suite of well preserved granitic, granodi-
oritic, monzodioritic and gabbroic rocks belonging to the 1.86—1.65 Ga Transscandinavian Igneous
Belt /SKB 2006a/. Dolerite dykes are also present but constitute a very subordinate lithological
component in the bedrock /Wahlgren et al. 2008/. A non-uniformly distributed faint to weak foliation
occurs, but the most prominent ductile structures are some low-grade, ductile high-strain zones of
mesoscopic to regional character. Brittle deformation has given rise to small-scale fracturing as well
as large-scale deformation zones, cf. Figure 1-5 . The bedrock of interest for a planned repository is
geologically relatively homogeneous and dominated by a rock with low quartz content, associated
with fairly low thermal conductivity and moderate uniaxial compressive strength (UCS). The area

of interest for a planned repository is bounded by subvertical deformation zones. No major gently
dipping deformation zones are found. The intensity of conductive fractures in the rock between the
interpreted deformation zones shows a clear decrease with depth, and is in the order of 0.06-0.22 m™'
at approximate respository depth in the focused volume. However, below c. 650 m depth a
significant additional decrease in the intensity of water conductive fractures occurs. Rock stresses
are compatible with the situation at Aspé HRL with the greatest horizontal stress in a northwest-
southeast direction (coinciding with the most transmissive vertical fracture set) with a magnitude

of some 20-30 MPa at about 500 metre depth.
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Figure 1-4. Air photographs showing the flat topography, low gradient near shore situation in the
Laxemar-Simpevarp area with shallow bays, a) view from the southeast, Clab facility in the foreground,
b) view from the west, drill site KLX05/KLX12A in the centre of the photograph. Both photographs show
the outline of the focused area in Laxemar in red, cf. Figure 1-2.
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Figure 1-5. Schematic illustration of the geological situation at Laxemar (excerpt from Figure 1-4 in
/Wahlgren et al. 2008/).

The Laxemar-Simpevarp area is part of the sub-Cambrian unconformity (peneplain) and is relatively
flat with a gentle dip towards the east. The Laxemar-Simpevarp area is characterised by a mildly
uneven topography at a relatively low altitude, but with marked both short and longer valleys/
topographical depressions (Figure 1-6). The most elevated areas are located at ¢. 50 metres above
the current sea level. The whole area is located below the highest coastline associated with the

latest glaciation, and the area has emerged from the Baltic Sea during the last 11,000 years. The still
ongoing shoreline displacement of c. 1 mm per year does not influence Laxemar, but will influence
today’s landscape closer to the shoreline of the Baltic Sea (Figure 1-7). Sea bottoms are continuously
transformed to new terrestrial areas or freshwater lakes, and lakes and wetlands will successively be
covered by peat.
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Figure 1-6. Typical valley with steep sides. The valleys are partly filled with gyttja and peat (valley of
River Laxemardn, southeastern Laxemar, 1549660 E, 6365710 N,).

Figure 1-7. An inlet with gyttja deposition in progress in the eastern part of the Laxemar-Simpevarp
area (northeastern part of the island of Aspé, view to the west, 1551800E, 6368300N).
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1.6 Methodology and organisation of work
1.6.1 Methodology

The site descriptive modelling project is multi-disciplinary, in that it covers all potential properties
of the site that are of importance for the overall understanding of the site, for the design of the deep
repository, for safety assessment and for the environmental impact assessment. The overall strategy
applied in the work (Figure 1-8) has been to develop discipline-specific models by interpretation
and analyses of the quality-assured primary data stored in the SKB databases Sicada and GIS, and to
integrate these discipline-specific models into a unified site description. The quantitative, discipline-
specific models are stored in the SKB model database Simon, from which quality-assured versions
of the models can be accessed by the downstream users of the site description. Quality assurance
aspects of the modelling procedure are further described in Section 1.6.4.

The site descriptive modelling comprises the iterative steps of evaluation of primary data, conceptual
descriptive and quantitative modelling in 3D, and subsequent evaluation of the confidence in the
resulting models. Data are first evaluated within each discipline and then the evaluations are cross-
referenced/cross-checked between the disciplines. Three-dimensional modelling, with the purpose of
estimating the distribution of parameter values in space, as well as their uncertainties, follows. In this
context, the geological models provide the geometrical framework for all discipline-specific model-
ling. The three-dimensional description presents the parameters with their spatial variability over a
relevant and specified scale, with the uncertainty included in this description. If required, different
alternative descriptions should be provided.

Investigations

Database
Primary data (measured data, calculated values and conceptual assumptions)

Interpretation of geometries and properties

ooy v vy

Site descriptive model

Geology <> <«—>»  Hydrogeology

Rock / Hydrogeo-

mechanics / l \ chemistry

Thermal Transport
properties Ecosystem properties

A ¢ ¢ ¢ ¢ ¢ \

Figure 1-8. From site investigations to site description. Primary data from site investigations are collected
in databases. Data are interpreted and presented in a site descriptive model, which consists of a description
of the geometry of different features in the model and the corresponding properties of those features and of
the site as a whole (modified after Figure 1-1 in /SKB 2002)).

Geometry
(Structural geology)
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Based on experience from earlier SKB projects, e.g. the Aspé HRL /Rhén et al. 1997abc, Stanfors
et al. 1997/ and the Laxemar /Andersson et al. 2002¢/ modelling projects, methodologies for
constructing site descriptive models were developed and documented in discipline-specific strategy
reports. The work conducted during the development of the preliminary site description /SKB 2006a/
followed the guide lines in these reports, which are:

* Geological site descriptive modelling /Munier et al. 2003/.

* Thermal site descriptive modelling /Sundberg 2003a/.

* Rock mechanics site descriptive modelling /Andersson et al. 2002a/.

» Hydrogeological site descriptive modelling /Rhén et al. 2003/.

* Hydrogeochemical site descriptive modelling /Smellie et al. 2002/.

» Transport properties site descriptive modelling /Berglund and Selroos 2004/.
* Ecosystem site descriptive modelling /Lofgren and Lindborg 2003/.

In addition, a strategy for achieving sufficient integration between disciplines in producing
site descriptive models is documented in a separate strategy report for integrated evaluation
/Andersson 2003/.

During the course of the iterative process of site descriptive modelling, considerable new experience
on methodology issues has been gained. This has been worked into the methodologies applied

and also, in some cases, resulted in updates or amendments to the strategy reports. The products
expected from the geological discrete fracture network (DFN) modelling have been clarified and
presented in detail in an updated version /Munier 2004/ of an appendix to the strategy document for
geological site descriptive modelling /Munier et al. 2003/. The methodology applied for modelling
of thermal properties has been considerably revised as compared with the methodology initially
used. The updated strategy is based on stochastic simulations of lithologies and thermal conductivity
as described in /Back and Sundberg 2007/. Finally, the strategy for hydrogeological modelling
during the CSI stage has been updated to provide more focus on assessing and demonstrating the
understanding of the hydrogeology and on describing the hydrogeological properties of potential
repository volumes.

According to the strategy report for integrated evaluation /Andersson 2003/, the overall confidence
evaluation should be based on the results from the individual discipline modelling and, thus, involve
the different modelling teams. The confidence is assessed by carrying out checks concerning, for
example, the status of primary data and their use, uncertainties in derived models, and various con-
sistency checks. Procedures for this assessment have been progressively refined during the course
of the site descriptive modelling at the two investigated sites, and applied to all previous versions of
site-descriptive models of the Laxemar-Simpevarp area. Since the surface-based site investigations
are now concluded and the current site descriptive model (SDM-Site Laxemar) is compiled with the
purpose of supporting a license application to start construction of a repository for spent nuclear fuel,
the approach has been further developed in order to address more specifically the confidence in the
site description.

1.6.2 Interfaces between disciplines

For several of the disciplines involved in the SDM work, e.g. geology, hydrogeology and hydrogeo-
chemistry, a distinction is made between the surface system and the bedrock system. The reasons for
this distinction are both practical (large amounts of data, different objectives and different users of
results) and historical, as the SKB work traditionally has been focused on the (deep) bedrock system.
The delimitation between the surface and bedrock systems is, of course, artificial and somewhat
arbitrary, but roughly speaking the surface system starts where the uppermost part of the bedrock ends.

Central to the description of the bedrock is the geological model which provides the geometrical
context and the characteristics of deformation zones and the rock mass between the zones (see
Section 1.6.5 for definitions). Using the geometric components of the bedrock geological models
as a basis, descriptive models for other geoscientific disciplines (thermal properties, rock mechanics,
hydrogeology, hydrogeochemistry and transport properties) are developed for the bedrock system.
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Development of these models has in turn highlighted issues of potential importance for the bedrock
geological model. Hydrogeology, geometry of deformation zones, hydraulic properties of the rock
mass and applicable initial and boundary conditions over time largely govern the distribution of
hydrogeochemical elements.The interface between hydrogeology and hydrogeochemistry has been
handled, for example, by regional palacohydrogeological simulations of variable-density groundwater
flow from 8000 BC to present time.

The interface between the surface and bedrock systems has been considered in the evaluation of
shallow and deep groundwater movement, as well as in the groundwater chemistry description. The
present conceptualisation of the hydraulic properties of the Quaternary deposits is implemented into
the near-surface hydrogeological modelling in the bedrock and also into modelling and evaluation of
the impact of infiltration on the present groundwater composition. The shallow groundwater system
is modelled so as to include the uppermost part of the bedrock with flow conditions that are consist-
ent with the bedrock hydrogeological model (see Figure 1-9).

The handling of the interfaces between disciplines is described in more detail in Chapter 4 (surface
system) and Chapters 5 through 10 (bedrock system).

1.6.3 Organisation of work

The work has been conducted by a project group with representatives of the disciplines geology,
thermal properties, rock mechanics, hydrogeology, hydrogeochemistry, transport properties and
surface systems. In addition, some group members (or affiliated experts to the group) have specific
qualifications of importance in this type of project, e.g. expertise in RVS (Rock Visualisation System)
modelling, GIS modelling and in statistical data analysis.

Each discipline representative in the project group has the responsibility for assessment and evalu-
ation of primary data and for the modelling work concerning his/her specific discipline. This task was
then carried out either by the representatives themselves, or together with other experts or groups
of experts outside the project group. In this context, discipline-specific groups, set up by SKB, play
an important role. These groups are the same for both the Forsmark and Laxemar site-modelling
projects and they are essentially run by the discipline responsible, as assigned by SKB. The purpose
of these groups is to carry out site modelling tasks and to provide technical links between the site
organisations, the site modelling teams and the principal clients (repository engineering, safety
assessment and environmental impact assessment). The discipline-specific, so-called Net-groups
actively involved in the site modelling work are identified in Table 1-2.
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Figure 1-9. Generic cartoon showing how the modelling of the hydrologic cycle is divided into a surface-
based system and a bedrock-based system. The former is modelled with the MIKE SHE code and the latter
with the ConnectFlow code. Reproduced from /Follin et al. 2007c/.
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Table 1-2. Discipline-specific analysis groups involved in site descriptive modelling and their
mandate/objective.

Discipline Net-group Mandate

Geology GeoNet Provides a forum for the coordination of geological modelling tasks in both the
Forsmark and Laxemar-Simpevarp site-modelling projects.

Rock mechanics and  MekNet Coordination of modelling tasks for rock mechanics and thermal properties at

thermal properties both sites. Resource for development and maintenance of method descriptions.

Hydrogeology HydroNet Execution of the hydrogeological modelling; constitutes a forum for all modellers

within hydrogeology (needs of site modelling and safety assessment and
repository engineering).

Hydrogeochemistry ChemNet Models the groundwater data from the sites and produces site descriptive
hydrogeochemical models. Integrates the description with other disciplines
and makes recommendations for further site investigations.

Bedrock transport RetNet Execution of the transport properties modelling; constitutes a forum for all
properties transport related modellers within site modelling and safety assessment.
Surface system SurfaceNet Models and describes the surface system by description of subdisciplines

(biotic and abiotic), models the properties in a distributed way (maps and
3D), models the interdisciplinary processes (over space and time), describes
the different ecosystems (conceptually and in site-specific terms), describes
and models the flow of matter in the landscape, defines and connects the
biosphere objects, and produces site descriptions to support environmental
impact assessment (EIA).

In addition to traditional project work, the project group has had several workshops together with
representatives of the Laxemar site investigation team addressing uncertainties and overall confi-
dence in the data collected and in the models produced. The objectives and scope of the uncertainty
and confidence assessment have been modified during the course of the site descriptive modelling,
reflecting the state of progress in the modelling work. During the initial site investigation stage,
focus was on identifying important uncertainties in model versions Simpevarp 1.2 /SKB 2005a/ and
Laxemar 1.2 /SKB 2006a/, and in data supporting these models, in order to guide further data collec-
tion and modelling activities. Similarly, the primary objective of the work conducted during Laxemar
stage 2.1 /SKB 2006¢/ was to provide feedback to the site investigations, in order to ensure that suf-
ficient and relevant information was obtained during the remainder of the complete site investigation
stage. The focus of the assessment of the final models included in SDM-Site Laxemar has been on
addressing confidence in the models and on providing arguments for the confidence statements.

1.6.4 Quality assurance aspects

In order to ensure that the site descriptive model builds on qualified data and that the model and sub-
models derived on these qualified data are correct and are actually the very models that are delivered
to, and used by, the downstream users, a number of quality assurance procedures and instructions
in the SKB quality assurance system have been followed. The process to progress from collection
of primary data to models available to downstream users, as defined by the quality assurance
procedures and routines and applied in the site modelling, is summarised briefly below.

All primary data collected in the field, from drill cores and from laboratory measurements are stored
in the SKB databases Sicada and GIS. Before delivery to the database operator, the data are reviewed
and approved by the person responsible for the field activity providing the data (activity leader). The
database operator transfers the data to the database and then makes an internal order of the same
data from the database. The data export from the database is then checked by the database operator
and the activity leader to ensure that no mistakes have been made in the transfer of the data to the
database. When everything is correct, the data are approved by the activity leader by signing the
data. The execution of this process is specified in a SKB internal quality assurance document.

Only primary data collected at the site and stored in the databases Sicadea and GIS are used in the

site descriptive modelling. Information regarding the procedures for data collection and circumstances
of importance for the interpretation of data are given in the documentation (P-reports) of the data
collection activity, but the hard data have to be ordered from the databases. Only data that are
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approved (signed) are allowed for delivery to users. All orders and deliveries of data from the data-
bases are registered, which means that it is possible to trace back all data deliveries. The execution
of the process of order and delivery of data from the databases is specified in a SKB internal quality
assurance document.

Errors in data identified during the subsequent analytical and modelling work are reported by the
modeller who discovered the error. The errors are compiled in a list that is published on SKB’s
internal web site. It is also possible to subscribe to these error lists. It is the responsibility of the
users of the data to report all errors found and to be updated on the data errors reported. For all
errors reported, the type of error is identified and corrective actions are taken. The actions taken are
documented in the data error list and corrected data are transferred to the databases according to the
procedure described above. The procedures for handling non-conformance and errors in primary data
are specified in internal SKB quality assurance documents.

The discipline-specific models developed within site modelling, using quality-assured data accord-
ing to the procedures listed above, are stored in the SKB model database Simon. In this context, the
term “models” refers to, for example, 3D models of the geometry of deformation zones, 2D models
of surface objects, parameters for discrete fracture network models. Before the models are officially
released to downstream users, they are approved by the person who is responsible for a specific
discipline at SKB. The only models that are allowed for further use by e.g. repository engineering
and safety assessment are the approved versions downloaded from the model database. The model
database is also used for internal deliveries within the site modelling project. All downloads of
models in the database are registered, which means that it is possible to trace when and by whom,
any particular model was downloaded. Instructions for the use of the model database are compiled
in a SKB internal quality assurance document.

1.6.5 Nomenclature

Some definitions are provided in Table 1-3 of terms that are of basic importance for the Laxemar
site descriptive modelling and description. Most of these are geological terms that are related to the
geometrical framework of the modelling and are, as a consequence, common to all disciplines. The
definitions of geological terms are based on Section 2.4 in /Wahlgren et al. 2008/. Definitions of
additional terms are provided in Appendix 2. Definitions of employed modelling areas/volumes are
provided in Section 2.9 of the current report.

1.7  This report and supporting documents

This report presents the integrated understanding of Laxemar at the completion of the surface-based
investigations and provides a summary of the models and the underlying data supporting the site
understanding. The report is intended to describe the properties and conditions at the site and to give
the necessary information essential for demonstrating understanding, but relies heavily on back-
ground reports concerning details of data analyses and disciplinary modelling. These background
reports and their hierarchy in the SDM-Site reporting are illustrated in Figure 1-10 and are further
described below.

Chapter 2 in this description summarises available primary data from Laxemar and provides an over-
view of previous model versions and other prerequisites for the modelling. In Chapter 3, the current
understanding of the historical development of the geosphere and the surface system is described.
Chapter 4 summarises the modelling of the surface system, with focus on aspects of importance

for the bedrock system. The integrated description of the surface system is provided in one of the
background reports (see Figure 1-10 and text below). Chapters 5 through 10 provide summaries of the
modelling of the geology, thermal properties, mechanical properties, hydrogeology, hydrogeochemistry
and transport properties of the bedrock, respectively. In Chapter 11, the integrated current understand-
ing of Laxemar is provided, and Chapter 12 provides the overall conclusions from the work.
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Table 1-3. Basic definitions applicable to the Laxemar site descriptive modelling and description,
cf. Appendix 2 for additional definitions.

Laxemar-Simpevarp area A general term for the Laxemar/Simpevarp region without a specified outer boundary.
Essentially equating to the regional model area (see below) but also allowing for
diffuse boundaries applied by the ecosystems modelling by SurfaceNET (partially
adapting to groundwater divides). Note that for e.g. hydrogeochemistry purposes the
entities “Oskarshamn” and KOV01 may be incorporated in the realm of this definition.
The term “Laxemar-Simpevarp area” substitutes the previously used “Simpevarp
area”, with the same meaning/definition.

Candidate area The candidate area refers to the area at the ground surface that was recognised as suit-
able for a site investigation, following the feasibility study work /SKB 2000/. Its extension
at depth is referred to as the candidate volume.

Focused area/volume The focused area in Laxemar refers to a part of the Laxemar subarea, primarily located
in the southern part of the subarea, that was selected during the site investigation proc-
ess as most suitable for hosting a final repository for spent nuclear fuel. Its extension at
depth is referred to as the focused volume

Rock unit A rock unit is defined in the single-hole geological interpenetration on the basis of
the composition, grain size and inferred relative age of the dominant rock type. Other
geological features including the degree of bedrock homogeneity, and the degree and
style of ductile deformation also help to define and distinguish some rock units. N.B.
Defined rock units differ between boreholes.

Rock domain A rock domain refers to a rock volume in which rock units that show specifically similar
composition, grain size, degree of bedrock homogeneity, and degree and style of
ductile deformation have been combined and distinguished from each other. The term
rock domain is used in the 3D geometric modelling work and different rock domains in
Laxemar are referred to as RSMxxx.

Deformation zone Employed as a general notation of an essentially 2D structure characterised by ductile
or brittle deformation, or a combination of the two. Those deformation zones which are
possible to correlate between the surface (lineament with a length > 1,000 m) and an
interpreted borehole intercept, or alternatively between one or more borehole intercepts,
or exhibit an interpreted true thickness >10 m are modelled deterministically, and are
thus explicitly accounted for in the 3D RVS model. Deformation zones in Laxemar are
denoted ZSM followed by two to eight letters or digits. An indication of the orientation of
the zone is included in the identification code.

Fracture domain A fracture domain is a rock volume outside deformation zones in which rock units show
similar fracture intensity characteristics. Fracture domains in Laxemar are denoted
FSMxx.

Repository depth Normative depth and depth interval employed to sort and subvide data in the analysis

and modelling. Repository depth at Laxemar is tentatively set to —500 m, with an
interval of —-400 to =700 m.

The designated repository depth for Laxemar is subsequently set by Repository
Engineering as part of their design D2.

The primary downstream user of bedrock geology, bedrock thermal properties, bedrock mechanical
properties and hydrogeological properties, outside the site descriptive modelling team, is repository
engineering for developing the underground repository design.

In addition to the discipline-specific background reports, there are two main background reports
(level IT) that provide important input to the site description. The procedure for, and results of, the
confidence assessment of the site descriptive model are compiled in one of these reports. The other
report is compiled jointly with the Forsmark site modelling project and describes the long-term
geological evolution, the palaeoclimate, and the post-glacial development of ecosystems and the
human population at the two sites.

Bedrock hydrogeology, in terms of hydraulic properties of fractures and deformation zones, is

also essential input to the design of the underground parts of a repository. Therefore, the results of
analyses and modelling to conceptualise the site, hydraulically parameterise deformation zones and
the rock in between have been reported in a separate Level 111 report /Rhén et al. 2008/. Furthermore,
the development of a conceptual flow model and the results of numerical implementation and testing
of the developed hydraulic parameterisation of the bedrock using the developed regional scale flow
model is reported in a Level III report by /Rhén et al. 2008a/ A summary and synthesis of the hydro-
geological work are compiled in the main hydrogeology background report (level II), see below.
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As a complement to Figure 1-10, the background reports (level II reports) providing direct
information to the site description SDM-Site Laxemar are:

* Geology Laxemar, /Wahlgren et al. 2008/.

* Thermal properties Laxemar, /Sundberg et al. 2008a/.

¢ Rock mechanics Laxemar, /Hakami et al. 2008/.

* Bedrock hydrogeology Laxemar, /Rhén and Hartley 2009/.

* Bedrock hydrogeochemistry Laxemar, /Laaksoharju et al. 2009/.

* Bedrock transport properties Laxemar, /Crawford and Sidborn 2009/.
* Surface systems Laxemar, /Soderback and Lindborg 2009/.

¢ Confidence assessment Laxemar, /SKB 2009/.

* Geological evolution, palacoclimate and historical development of the Forsmark and Laxemar-
Simpevarp areas, Site descriptive modelling, SDM-Site /Soderbéack 2008/.

Main references (level 1)

Other references (level I11)

Figure 1-10. SDM-Site Laxemar main report and background reports on different levels produced during
modelling version SDM-Site Laxemar.
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2 Investigations, available data and other
prerequisites for the modelling

Since the start of the site investigations in the Laxemar-Simpevarp area in mid 2002, successively
more data have been added to the databases used in the site descriptive modelling. The modelling
has now reached the final integrated model version — SDM-Site Laxemar. This chapter provides an
overview of the investigations behind the databases used for modelling.

A short overview of all investigations carried out in Laxemar is presented in Section 2.1. The
detailed comments on the different investigations in Sections 2.2 through 2.4 are limited to the
investigations performed after the first comprehensive modelling, which was undertaken during
2005—2006 based the investigation stage completed at data freeze Laxemar 1.2, i.e. this chapter
primarily addresses the investigations carried out during the period November 1st 2004 to August
31th 2007, cf. Table 1-1 Some investigations occurred at a late stage and results could not be
delivered in time for data freeze Laxemar 2.3. As a consequence, special efforts were made to include
all relevant and indispensable data in the final models or, if excluded, to assess their implications for
the final model version. This point is further commented on in Sections 2.2 and 2.3. Geographical
data and other data sources for the modelling work are presented in Sections 2.5 and 2.6, respectively.
Earlier site investigations in the Laxemar-Simpevarp area are described in more detail in /SKB 2006a/.

All reports presenting site characterisation activities and primary data (the P-reports) are listed in
Appendix 3. The P-reports display data or references to data in the SKB Sicada and GIS databases
and also present descriptions of the execution of these investigations and other relevant features.

In this chapter, references are given to actual data sources (see Section 2.7 and Appendix 3), but
data per se are provided in only a few instances and the reader is referred to Chapters 4 to 10 and
/Soderbéck 2008/ for more details. Finally, a short summary of the model versions elaborated prior
to model version SDM-Site Laxemar is presented in Section 2.8 and the locations of the areas and
volumes employed in the modelling work are defined in Section 2.9. Where minor nonconformities
in relation to the programme for drilling and borehole investigations are concerned, the reader is
referred to the respective P-reports listed in Appendix 3.

2.1 Overview of investigations

This section presents a summary of the investigations forming the base for model version Laxemar 1.2,
the preliminary site description, and also details the added contents of the last data freeze for the
current SDM-Site Laxemar, cf. Table 1-1. As explained in Section 1.1 this last stage of modelling
has also been preceded by a definite shift in focus and interest towards the southwestern parts of
Laxemar. This has, for instance, involved expansion of the detailed ground surface geophysical grid
to cover the quartz monzodiorite in the south, as well as the completion of boreholes KLX15A and
KLX16A, and the further addition of borehole KLX27A, cf. Figure 2-5. The latter borehole, drilled
with the aim of resolving very specific important objectives, was in fact started up at the time of data
freeze Laxemar 2.3. This circumstance placed the last phase of modelling into some degree of disad-
vantage, and special efforts have been made to include all relevant and indispensible data in a timely
fashion for the final model version or, if excluded, assess their implications for the final model
version. The Laxemar 2.3 data freeze has therefore, to some extent, been adjusted in time discipline-
wise, to ensure that no important data were left out of the modelling. “Late data”, that could not be
used in the final model for a particular activity, but which have only been used, as appropriate, for
verification or complementary analyse, are identified and presented separately below.

211 Investigations and primary data acquired up to data freeze Laxemar 1.2

Besides “older” data already included in model version 0, the data from Laxemar used in model
version Laxemar 1.2 /SKB 2006a/ were acquired from the start of the site investigations in Laxemar
from the beginning of 2004 until November 1 2004, but also included data related to modelling

of the Simpevarp subarea /SKB 2004a, 2005a/, at the associated data freezes, cf. Table 1-1.
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The data acquisition comprised three main categories of investigations, and this investigation
structure was also applied for the succeeding data freezes. The three investigation categories were:

1) Geoscientific and ecological investigations of the surface. These included the compilation
of bedrock and Quaternary geological maps.

2) Borehole investigations comprising:

a. Drilling of long, so-called telescopic boreholes (the upper c. 100 metres are percussion drilled
whereas the remainder is core drilled), conventionally drilled cored boreholes, percussion
boreholes and shallow boreholes through the Quaternary deposits.

b. Measurements carried out during drilling, investigations of drill cores and drill cuttings, and
various types of down-hole borehole investigations. One example of these investigations is
the geological mapping of drill cores using the Boremap system.

c. Sampling of intact rock material for several types of laboratory investigations.

3) Monitoring of geoscientific parameters and ecological objects. Monitoring has expanded succes-
sively during the entire site investigation period. The previous monitoring activities as well as
the planned future monitoring after completion of the site investigations are presented in /SKB
2008b/.

The extent and character of data acquisition up to data freeze Laxemar 1.2 are described in detail in
/SKB 2006a/ and associated P-reports.

21.2 Data freezes 2.1, 2.2 and 2.3 — investigations performed and
data acquired

The investigations associated with data collection during the period between data freezes

Laxemar 1.2 and Laxemar 2.3 comprised the three main categories of investigations mentioned in
the previous section. Summaries of investigations made are presented in Sections 2.2 through 2.4.
These summaries also include data that became available after data freeze Laxemar 2.3, here referred
to as “late data”. In accordance with the earlier investigations, the data acquired during CSI were
logistically and administratively subdivided into data freezes, cf. Table 1-1. Following each of these
data freezes, analytical and modelling work was completed. Although the final round of SDM-Site
Laxemar modelling commenced based on data freeze Laxemar 2.2, in particular the geological
modelling, the major modelling activities were based on data freeze Laxemar 2.3, also incorporating
“late data” for model verification, and for complementary analysis work.

Several of the field investigations (chemical monitoring) and associated laboratory analytical
programmes (chemistry, retention properties of geological materials) had rather long execution
periods, sometimes overlapping the indicated data freeze dates, and for some field investigations the
time spent for data analyses and evaluations and delivery of P-reports exceeded the data freeze time
limit. For this reason, and since all data have been used in one single step in the final modelling work
for Laxemar, no subdivision into the three respective data freezes is made in the presentation below,
with the exception of “late data”.

The major part of the site investigations performed after data freeze Laxemar 1.2 has been performed
in compliance with the programme report for completion of the site investigations at Laxemar /SKB
2006b/. However, that report only provides a general framework for the activities. The detailed
strategy regarding, for example, localisation of new boreholes, prediction of lithology, deformation
zones and fracturing characteristics, selection of borehole sections for groundwater sampling, layout
design for ground geophysical measurements etc was, to a large extent, designed through an iterative
process, where previous results guided subsequent decisions concerning continued investigations.
Important decisions regarding investigation strategy, primarily regarding new boreholes, have
always been substantiated in so-called decision documents, which are registered in SKB's internal
documentation database “SKBdoc”. For late deep boreholes (KLX11 and onwards), the decision
document has also been accompanied by a prediction of lithology, fracturing and the existence and
geometry of deformation zones.
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In conclusion, data from 46 cored boreholes in Laxemar (of which 19 reach depths below —500 m)
and 43 percussion boreholes have been used in the modelling, cf. Appendix 4. Data from the cored
borehole KLX27A (with the exception of basic geological data required for the modelling of rock
domains and deformation zones) constitute “late data” used for verification purposes (in some cases
preceded by prediction).

In order to maximise the available data for the SDM-Site modelling, select decisions were made
to extend the data freeze in relation to the stipulated one. These were:

* Extended data freeze for bedrock hydrogeochemistry — November 30, 2007.

» Extended data freeze for monitoring of meteorology, surface water levels and -discharges,
groundwater levels in the Quaternary deposits, and point-water heads in superficial rock —
December 31, 2007.

2.2 Surface Investigations

The surface investigations performed in the Laxemar-Simpevarp local model area (and its
surroundings) carried out between data freezes Laxemar 1.2 and Laxemar 2.3, cf. Table 1-1,
involved the following disciplines:

1. Bedrock geology and ground geophysics.

Quaternary geology.

Meteorology, hydrology and hydrogeology.

Hydrogeochemistry (including surface waters and shallow boreholes in overburden).

nok v

Surface ecology (including marine and lacustrine investigations).

In the following sections, the investigations that have generated the new data sets are presented
in greater detail according to discipline. Because of their close interrelation, bedrock geology and
geophysical information are treated as one group.

221 Bedrock geology and ground geophysics
Investigations performed between data freezes L1.2 and L2.3

Following the bedrock mapping campaign performed during the site investigations up to data freeze
Laxemar 1.2, the investigations at Laxemar have focused on providing improved insight in brittle
structures through geophysical measurements, lineament interpretation, characterisation of the
bedrock in dug trenches and studies of the character and kinematics of deformation zones, the latter
both at the surface and in boreholes. Furthermore, a dedicated effort has been made to identify and
characterise local minor deformation zones, both on the surface and in boreholes. Other investiga-
tions, including complementary geochronological studies, have also been completed.

No further bedrock mapping at Laxemar has been performed beyond that presented by /Wahlgren

et al. 2005/. Minor complementary bedrock mapping campaigns have been conducted in conjunction
with e.g. mapping of excavations, trenches and cleared outcrops in conjunction with drill sites, see
below.

Detailed fracture mapping has been conducted at two surface excavations (drill sites for KLX09
and KLX11A/KLX20A) and along a total of 600 m dug/cleared trenches (divided into 10 segments)
located in two different rock domains (cf. Section 5.4) and with variable orientations. The mapping
of fractures along these trenches has been made in a 1 m wide corridor with a truncation length of
1 m. The trenches have also been subject to high resolution photography at 3 m altitude enabling
rectified photo mosaics to be made along the studied trenches. The structural data from these
trenches serve as complements to the information collected from the otherwise essentially vertical/
subvertical boreholes.
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A number of investigations have been conducted to serve as a basis for lineament characterisation
and targeted investigations of minor local deformation zones (MDZ). These include Aigh resolution
ground magnetic measurements and resistivity profiling and soundings. These measurements origi-
nally only covered the northern and central parts of Laxemar, excluding areas south of the valley
hosting the Laxemaran river and the interpreted deformation zone ZSMNWO042A (cf. Figure 5-25).
However, following the decision to enlarge the area of interest to include the quartz monzodiorite in
its entirety, the detailed magnetic measurements were extended to the south. In addition, a number
of magnetic profiles were extended further to the south, to cover a potential near east-west trending
deformation zone south of the southern contact between quartz monzodiorite and Avrd granite. To
this information, low altitude aerial photographs and measurements by airborne laser scanning tech-
nique (Lidar) used to obtain a detailed high-resolution digital elevation model (DEM) of Laxemar,
should also be added. Refraction seismic measurements have also been carried out along profiles
that cover a large part of the Laxemar subarea, targeting primarily lineaments related to potential
deformation zones. The geological and geophysical investigations were crowned by investigating
selected lineaments by drilling (cf. Section 2.3).

A major study of predominantly brittle structures has been performed in three stages with the
purpose of documenting the detailed character and kinematics of brittle deformation zones identified
in the geological single-hole interpretation. Structural data were obtained from 19 cored boreholes
covering some 65 deformation zones. In addition, structural data have also been obtained from
outcrops in the Laxemar-Simpevarp area.

Geochronological studies comprising isotopic dating of minerals separated from whole-rock samples
and specific minerals separated from fracture fillings have also been conducted.

The investigations described above, together with the previously performed surface mapping and
other investigations (including reflection seismic surveys) have resulted in a bedrock geological data
set of high quality and with a good density in data coverage.

Data available after data freeze L2.3

No additional data were used.

2.2.2 Quaternary geology
Investigations performed between data freeze 1.2 and 2.3

Investigations of Quaternary deposits were initiated in 2003 and continued during 2004. After

data freeze Laxemar 1.2 most efforts have been directed towards stratigraphical studies, including
determinations of physical and chemical properties. Most of these investigations were aimed at
determining the depth and stratigraphy of the overburden in the valleys. These studies include results
from both drillings and studies in machine-excavated trenches. A large number of observation points
associated with geophysical activities have provided data on overburden depths in the terrestrial parts
of the model area. All data concerning overburden depths and stratigraphy are presented in /Nyman
et al. 2008/.

The most common Quaternary deposits in the regional model area were analysed for chemical,
mineralogical and physical properties, and these data are compiled in /Sohlenius and Hedenstrom
2008/. Some of the data available at data freeze Laxemar 1.2 have been reinterpreted. The former
soil type map was reinterpreted to be in accordance with the map of the Quaternary deposits. In

the marine area, the map showing the distribution of Quaternary deposits was partly reinterpreted.
A new map was constructed, which shows the interpreted distribution of Quaternary deposits in
lakes and marine areas not included during the mapping programmes /Sohlenius and Hedenstrom
2008/. Physical properties of Quaternary deposits have been determined, in some cases with support
from the literature.

Data available after data freeze L2.3

No additional data were used.
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2.2.3 Meteorology, hydrology and hydrogeology
Investigations performed between data freezes L1.2 and L2.3

The time period of 34 months between the Laxemar 1.2 /Werner et al. 2006/ and Laxemar 2.3 data
freezes implies that a substantially larger monitoring time series data set were made available for
the SDM-Site Laxemar modelling, including meteorological data from the Asp and Plittorp stations,
lake- and sea-water levels and discharges in streams (Figure 2-1). Groundwater level data are also
available from additional groundwater monitoring wells, including wells installed below Lake
Frisksjon and in wetlands and bays of the Baltic Sea (Figure 2-2). In all 92 groundwater monitoring
wells have been completed in the Laxemar-Simpevarp area, of which 50 have been completed during
the period between the two data freezes. At the time of the Laxemar 2.3 data freeze, there were
groundwater level monitoring data from a total of 76 wells, instrumented with automatic pressure
transducers/loggers. Monitoring data from 58 wells were added during the period between the two
data freezes. It should be noted that wells included in the monitoring programme and the associated
monitoring periods have varied.

The Laxemar 2.3 data set also includes further hydrogeological property data, primarily for till in the
Laxemar local model area. Whereas the Laxemar 1.2 data set contained data from slug tests in a total
of 27 groundwater monitoring wells, by the Laxemar 2.3 data freeze, a total of 71 slug tests were
performed. Further PSD (particle-size distribution) curves and data from so-called permeameter
tests are also available for estimation of the hydraulic conductivity (including anisotropy) of the
Quaternary deposits.
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Figure 2-1. Overview map showing the locations of the Aspo and Plittorp meteorological stations and
stations for monitoring of surface-water levels and -discharges.
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Figure 2-2. Overview maps showing the locations of groundwater monitoring wells installed up to the
L2.3 data freeeze. Groundwater monitoring well SSM000035 (not shown) is installed at the shore of Lake
Jamsen, west of the area, cf. Appendix 1.

Between the two data freezes, single-hole and interference tests have also been performed in
groundwater monitoring wells as a complement to the slug tests, including interference tests between
percussion boreholes and groundwater monitoring wells. The latter type of test provides important
information on Quaternary deposits and bedrock hydraulic interactions, in particular when combined
with joint interpretations of undisturbed groundwater levels in the Quaternary deposits and point-
water heads in the bedrock.

Data available after data freeze L2.3

Monitoring of meteorology, surface water levels and discharges, groundwater levels in the
Quaternary deposits, and point-water head in the bedrock, continued after the Laxemar 2.3 data
freeze. In the SDM-Site Laxemar modelling of hydrology and near-surface hydrogeology, an
“extended” data freeze is adopted by using monitoring data available in the Sicada database for the
period up to Dec. 31, 2007. By doing so, the conceptual and quantitative water flow modelling is
based on data including the whole calendar year 2007.

2.2.4 Hydrogeochemistry
Investigations performed between data freezes L1.2 and L2.3

Hydrochemical samples from three different object types in the surface system in Laxemar-Simpevarp
have been collected and analysed for a large number of hydrochemical parameters. The object types are:

» Surface waters — precipitation, lake, stream and sea water (Figure 2-3).

* Private wells and springs — drilled or dug wells and natural springs either representing
shallow groundwater in the overburden or groundwater in the bedrock (Figure 2-4).

* Soil tubes — groundwater monitoring wells drilled in the overburden, usually not extending to
more than 10 metres depth. The representative sampling depth corresponds to the location of the
intake screen, usually the last metre of the soil tube (Figure 2-4).
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Figure 2-4. Sampling sites for hydrochemical samples of shallow groundwater in the Laxemar-Simpevarp
area (soil tubes and private wells).
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A detailed account of sampling frequencies and analysed parameters in the different sampling
campaigns is given in /Tréjbom and Soderbiack 2006/ and /Tr6jbom et al. 2008/.

Data available after data freeze L2.3

Monitoring of the hydrogeochemistry in the area continues after the Laxemar 2.3 data freeze.
In SDM-Site Laxemar, some of the recent monitoring data from the soil tubes in Lake Frisksjon
(PSMO002065) and the sea basin Granholmsfjarden (PSM002064) have been used to verify
conclusions drawn concerning discharge of deep groundwater.

Soil samples taken after data freeze Laxemar 2.3 from three different valleys in the Laxemar-
Simpevarp area have been characterised for a number of parameters important for geochemical
sorption. The analyses included chemical soil analysis, element analysis, mineralogical analysis
and BET-surface analysis (BET is a method for measuring the specific surface area of a solid mate-
rial by use of gas adsorption, see /Lundin et al. 2007/ for details). Analyses and resulting data are
presented in /Lundin et al. 2007/.

2.2.5 Surface ecology
Investigations performed between data freezes L1.2 and L2.3

A variety of surface ecological investigations completed during the period from autumn 2004 to
autumn 2007 are briefly described below. A more comprehensive description of the investigations
and the resulting data is given in /Soderback and Lindborg 2009/.

Characterisation of the aquatic systems has been an essential part of the ecological investigations
and included e.g. extensive inventories of phytoplankton, benthic vegetation, bacterioplankton
and benthic bacteria, zooplankton, benthic macrofauna, and fish in the coastal area as well as in
lakes. Furthermore, measurements of biomass and primary production, respiration and distribution
of submerged vegetation have been conducted in both the marine and the limnic systems. These
investigations are described in /Nordén et al. 2008/ for lakes and in /Wijnbladh et al. 2008/ for the
marine system.

Investigations were carried out to estimate soil respiration and primary production of the field layer
for four terrestrial vegetation types situated within the Laxemar-Simpevarp area. These investiga-
tions are described in /Lofgren 2008/.

Chemical characterisation of deposits and biota (213 samples) was carried out /Engdahl et al. 2006/.
The samples from deposits consisted of sediment, peat and soil, and the biota samples were collected
from terrestrial and aquatic environments. Besides the contents of the macro-nutrients carbon, nitro-
gen and phosphate, all samples were analysed for 51 chemical elements. The non-deposit samples
were furthermore analysed for 10 additional elements (eight metals, P and Si), whereas for the deposit
samples except peat the contents of the corresponding 10 oxides (i.e. of the same eight metals, P and
Si) were determined.

In three machine-cut trenches /Sohlenius and Hedenstrom 2008, cf. Figure 2-6 therein/, determina-
tions of ground vegetation, surface organic layer and stoniness conditions were made over the
trenches. Further studies involved determining of rooting depth, soil-profile development, soil physical
conditions of the overburden including chemical properties including soil acidity through pH measure-
ments, as well as C, N and P contents and concentrations of alkaline earth cations. Data from these
investigations are presented in /Lundin et al. 2005, 2006, 2007, Sohlenius et al. 2006/.

The distributions of live and dead fine roots and live/dead root ratios were analysed for trees and field
layer species at three forest stands representing three different vegetation types within the Laxemar-
Simpevarp regional model area. Data and results from the investigation are presented in /Persson and
Stadenberg 2007/.
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An investigation was made that provided estimates of annual inputs of above-ground litter from
trees (dry mass and amounts of C and N), /itter decomposition and changes in organic and inorganic
components in litter during decomposition. Data were collected from three different sampling sites
within the regional model area. The data and results from the investigation are presented in /Mjo6fors
et al. 2007/

The process of material displacement, so called bioturbation, by earthworms and ants was investi-
gated in five sampling sites in the eastern part of the regional model area. Data and results from the
investigation are presented in /Persson et al. 2006/.

Environmental samples (N=19) were collected within the regional model area and were analysed for
several artificial and naturally occurring radioisotopes. The samples included soil and sediment,
as well as plant and animal species, from terrestrial, limnic and marine environments. The data are
presented in /Roos et al. 2007/.

Finally, a selection of terrestrial mammals was surveyed with snow tracking along line transects,
aerial survey and faecal counts within and close to the Laxemar-Simpevarp investigation area and
in the control area Blankaholm, north-west of Laxemar-Simpevarp. Rodents were surveyed through
trapping. The investigations provided density data for fourteen wild species within the investigated
areas. A compilation of all data relating to terrestrial mammals is given in /Lofgren 2008/.

Data available after data freeze L2.3

No additional data were used.

2.3 Borehole investigations

The performance and technical design of different types of boreholes drilled during the site inves-
tigation at Laxemar, telescopic boreholes, core drilled boreholes of standard type (non-telescopic),
percussion-drilled boreholes in bedrock and shallow boreholes investigating Quaternary deposits
(also designated soil boreholes, the majority of which are supplied with groundwater stand-pipes
enabling groundwater level monitoring and groundwater sampling), are briefly described in /SKB
2006a/. Furthermore, detailed descriptions of each individual borehole are provided in associated
P-reports.

The locations of all telescopic, conventionally core drilled and percussion drilled boreholes produced
during the site investigation, i.e. up to data freeze Laxemar 2.3, are presented in Figure 2-5. The locali-
sation of all soil boreholes supplied with groundwater stand-pipes is shown in Figure 2-2, where the
drilling progress from data freeze Laxemar 1.2 to data freeze Laxemar 2.3 is also illustrated. Selected
geometrical borehole characteristics of the telescopic and conventionally core-drilled boreholes and
percussion-drilled holes in the Laxemar-Simpevarp area are presented in Appendix 4.

A major quality revision was undertaken between autumn 2006 and autumn 2007 regarding the
orientation of geological structures (e.g. fractures, rock contacts, foliations) in boreholes for both
Laxemar and Forsmark /Ddse et al. 2008, Munier and Stigsson 2007/. These structures are identified
during borehole logging with the so called Borehole Imaging Processing System (BIPS), a down-
hole imaging system which, together with inspection of the drill core or, for percussion boreholes,
drill cuttings, is used to support the so-called Boremap mapping. During the processing of the bore-
hole imagery, the orientation of identified geological structures is calculated on the basis of borehole
geometry and measured geometry relative to the borehole axis. The revision made was initiated due
to a technical problem identified in conjunction with performance of the BIPS logging procedure.
This problem caused the uncertainty of the orientation determinations of geological structures in
some borehole sections to be unacceptably high. The quality revision comprised a re-check of all
previously performed BIPS loggings and the correction of errors revealed.

37



S—

Hxo2'® — : Ay ! ¢
' J - HAV1Z,

GHxos é
i HLX04 -
g HLX43 KLX13A ® HLX0S "‘*‘”Sémwz KAV03
s ) HAVOS

HLX34 KLX09-G HLX01 LX01 ? @ HAVD4 H"“m
{ s 8 2 AN Ho7 AL HAVOT HAVIA o
5H|.x41 & ixaa . Grixos HAVOB HAVO0B_ .,  HAVO1

H HLX W

KLX17A Hu.m)""""13 4 Do Loz 7 - AR, oKAVM

£ KLX22A  KLX228 oy HLx08 ""\“,m HAvit

£ x KLX18.A HLX Hali

i 11A-FuKLX24A -'Kuu

i =
gl il = o~ Hsmﬁl HBHDG
i f 2 HG B
Slmpu'arp Kﬁ1 J i
HSHOZ KSHD2 S
L ﬁ‘

¥, -
HSHO5 $ .

I:] SDM-Site Laxemar local model area o 00 1000 1500 M N

*  Core borehole
SKB

© Lantmateriverket
2008-04-15, 09:30, hifh

=  Percussion borehole

“~—— Projected surface trace of borehole

Figure 2-5. All telescopic, conventionally core-drilled and percussion-drilled boreholes produced during
the site investigation at Laxemar and Simpevarp at data freeze Laxemar 2.3. The projected surface trace of
inclined boreholes is also illustrated.

The accuracy in the orientation determinations is also dependent on the accuracy of the measurement
of borehole geometry (or deviation) along its extent. Furthermore, precise borehole deviation meas-
urements are crucial for reconciling data from different surveys of borehole logging into consistent
interpretations based on correct positions in space. High quality borehole orientation data are also
imperative for the modelling of rock domains (geometry of defined contacts) and, in particular, for
deformation zones and fracture orientations used in the geological DFN modelling (see Section 5.6).

All cored and percussion drilled boreholes deviate more or less from the initial inclination and
bearing at the top of the casing (the borehole collar). For this reason, the borehole location can not be
described only by extrapolation of inclination and bearing at the borehole collar, but down-hole devia-
tion measurements have to be conducted. Since full-scale in situ calibration of the deviation logging
equipment is seldom possible (basically an intercept of a borehole by an underground opening is
required), the only available quality measure is repeatability in performance, i.e. comparison of sev-
eral deviation loggings conducted in the same borehole. A new strategy for deviation measurements
was introduced which permits a combination and joint assessment of several deviation measure-
ments. A quality revision of borehole deviation data was subsequently conducted for all boreholes,
and new deviation data based on the new strategy were determined /Stenberg and Hékansson 2007/.

In combination, the quality revision of the BIPS loggings and deviation measurements resulted in a
significant improvement, both regarding orientation data for geological structures and for borehole
deviation data. Another important result of the revision was the introduction of uncertainty estimates
for all relevant parameters. Two measures of the uncertainty of borehole geometry — elevation
uncertainty and radius uncertainty — are tabulated in Appendix 4 for one or two levels in each bore-
hole. For reasons of completeness, all cored and percussion boreholes in the Laxemar-Simpevarp
area are included. Figure 2-6 illustrates the principles of computation of borehole deviation, i.e. the
borehole geometry, from several measurements, and also displays the concept of radius uncertainty.
The complete results of the revision of borehole geometry and orientation of rock structures were not
available until late in the site investigation, i.e. after data freeze Laxemar 2.3. However, all relevant
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Figure 2-6. The figure to the left is an illustration of the principles for calculating the borehole geometry
from several deviation measurements. The two other figures illustrate one of the uncertainty measurements
introduced in connection with the SKB revision of borehole orientations. In the middle figure, “R” denotes
“Radial uncertainty” given in Table 2-2 and Table 2-3. The figure to the right is a block diagram imaging
four boreholes deviating in different ways and with radius uncertainty illustrated as blue cones (modified
after /Munier and Stigsson 2007/).

analyses where orientation of geological structures plays an important role; discrete fracture modelling
(DFN), rock domain modelling and deformation zone modelling, were able to include the corrected
data and associated uncertainty measures.

2.3.1 Drilling activities
Investigations performed between data freezes Laxemar 1.2 and 2.3

Investigation data from cored boreholes for model version Laxemar 1.2 was largely provided from four
cored boreholes (KLX01-KLX04, with KLX01 and KLX02 pre-existing in the area prior to the site
investigations). A brief summary of all the data collection carried out from data freeze Laxemar 1.2
until data freeze Laxemar 2.3 is presented below for each type of borehole, and in approximate
chronological order.

Additional information from the following boreholes in Laxemar has been collected during this period:

* 17 long (of which 15 extend below —500 m) telescopic cored boreholes for investigating
conditions at depth and for verification of major local deformation zones : KLX05-KLXO06,
KLX07A-13A, KLX15A-KLX20A, KLX21B and KLX27A.

+ 25 short to intermediate depth, conventionally cored boreholes (generally <150 m long, non-
telescopic) primarily used to assess superficial fracture sets and to investigate local fracture
zones: KLX07B, KLX09B-KLX09G, KLX10B-KLX10C, KLX11B-KLX11F, KLX14A,
KLX22A, KLX22B, KLX23A, KLX23B, KLX24A-KLX26A, KLX26B and KLX28A—
KLX29A.

* 14 percussion drilled boreholes: HLX30-HLX43.

Consequently, information for model version SDM-Site Laxemar is available from a total of

46 cored boreholes in Laxemar, including KLX01-KLX06 that were drilled at the time of the data
freeze for Laxemar 1.2, of which 19 reach depths below —500 m. It should be noted that only 27 of
these boreholes have a drill core and only 25 have detailed hydraulic test results from the upper

100 m of bedrock. Furthermore, a total of 43 percussion drilled boreholes exist in Laxemar. A total
of 189 geotechnical drillings through the overburden are available, of which 85 were conducted during
the period between the Laxemar 1.2 and Laxemar 2.3 data freezes.
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Data available after data freeze Laxemar 2.3

All boreholes, with the exception of KLX27A, were drilled before data freeze Laxemar 2.3.
P-reports from the following activities were not available until after data freeze Laxemar 2.3:

» Single-hole interpretation of cored borehole KLX27A.

2.3.2 Measurements performed during and after drilling of boreholes
Investigations performed between data freezes Laxemar 1.2 and 2.3

During and after drilling, the different categories of boreholes completed were subjected to standard-
ised investigation programmes using geological, geophysical, hydrogeological and hydrogeochemi-
cal methods. In addition to different SKB method descriptions, these programmes are described in
detail in /SKB 2006a/, and are not repeated here.

In the following, a summary is provided of the investigations performed from data freeze Laxemar 1.2
and onwards. The investigations are presented and grouped according to geoscientific discipline and,
within each discipline, roughly in chronological order, although investigations to some extent have
been conducted simultaneously. Data not available until after data freeze Laxemar 2.3 are presented
separately. Comments on nonconformities in relation to original programmes and plans are given in
the last part of this section.

The results from standard geological and geophysical investigations and single-hole interpretations
became successively available from the new cored and percussion drilled boreholes as they were
completed; cf. the account of the drilling succession in the previous section. However, the only
investigations carried out in the shallow cored boreholes KLX09B-F and KLX11B-F were BIPS
logging, Boremap mapping, PFL-f flow logging, deviation measurements and single-hole interpreta-
tion. N.B. Fracturing data from KLX27A have not been used in the geological DFN modelling.
Instead the data from this borehole have been used for comparing the developed geological DFN
model with measured data.

Results of density logs from KLX01-KLX10C, KLX12A-KLX13A, KLX17A-KLX18A,
KLX21B and KLX28A-KLX29A were used to subdivide the Avrd granite in its two varieties Avrd
granodiorite and Avrd quartz monzodiorite. Subsequently, results from KLX05, KLX07, KLXO08,
KLX10-KLX13A, KLX15A-KLX19A and KLX21B were used for modelling the spatial correlation
structure of thermal conductivity by variogram analysis.

Overcoring rock stress measurements were conducted successively during the drilling of KLX12A.
Furthermore, hydraulic fracturing (HF) and hydraulic tests on pre-existing fractures (HTPF) were
carried out in this borehole.

A study of borehole breakouts based on acoustical televiewer data from KAV04A (on Avro), KLX03,
KLX04, KLX10, KLX11A, KLX12A, KLX15A, KLX17A, KLX18A and KLX21B was carried out
in support of the stress modelling.

The new single-hole hydraulic tests comprised both flow logging (PFL-f, PFL-s) in KLX05A—
KLX29A and double-packer injection tests (PSS) in KLX05-10B, 11A-13A, 15A-24A, 26A-28A.
All new percussion drilled boreholes were tested with the HTHB-equipment and some of the
boreholes were flow logged. NB. Hydraulic test data from KLX27A4 have not been used in the
hydrogeological DFN modelling.

A number of multiple-hole interference tests were performed with different purposes. The two principal
tests were pumping tests in HLX28A and HLX33A. The aim was to further increase the understanding of
the hydraulic conditions in the area and to enable a large-scale, multiple-hole tracer test to be carried out.

Hydrogeochemical characterisation (Complete Chemical Characterisation, CCC) as well as
microbial investigations were conducted in the telescopic boreholes KLX08A, KLX13A, KLX15A
and KLX17A. Furthermore, groundwater chemical monitoring in packed-off borehole sections was
carried out in boreholes KLX02, 04-06, 7A, 10, 11A—-13A, 15A, 17A-19A. Also, chemical data
were collected in conjunction with hydraulic tests (PSS) and single-hole tracer tests (SWIW) in
KLX06, KLX11A and KLX19A.
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In percussion drilled holes, chemical characterisation is carried out mainly by monitoring, i.e. recur-
rent sampling and analysis, in those boreholes which are supplied with monitoring equipment, see
Section 2.4. However, groundwater sampling has also been carried out on other occasions, mainly
during HTHB-logging, interference tests (in the pumping borehole) or sampling from boreholes
serving as flushing water wells.

In situ formation factor logging was performed in boreholes KLX05, KLX06, KLX07A, KLXO0S,
KLX10 and KLX12A and the results were compared with formation factors obtained in the labora-
tory by electrical methods.

In situ groundwater flow measurements using a dilution technique were carried out in KL.X03,
KLX11A, KLX18A and KLX21B. The objectives of these activities were to obtain information
about groundwater flow under in situ (i.e. undisturbed) hydraulic gradients. Results from SWIW-tests
were obtained from KLX03, KLX11A and KLX18A. In the case of the SWIW tests, the objective
was to determine transport properties of groundwater flow paths in fractures/fracture zones.

Data available after data freeze Laxemar 2.3

Results from standard geological and geophysical investigations and single-hole interpretations
from KLX27A were not available until after data freeze Laxemar 2.3.

The final results from the major revision of borehole orientation measurements and orientation
measurements of geological structures, undertaken by SKB 2006-2007, became available during the
later part of 2007 and during the spring 2008. In addition to inclusion of data in Sicada, the revision
resulted in three P-reports and one R-report /Munier and Stigsson 2008/.

Hydrogeological investigations

Borehole KLX27A was PFL-logged and tested with the PSS method /Pdlldnen et al. 2008,
Enachescu et al. 2008/. The data were not used for the SDM modelling but have been used for
comparison with the SDM-Site Laxemar hydrogeological DFN model results.

Groundwater flow measurements were performed in 2007 and 2008, cf. /Thur 2008, Harrstrom and
Thur 2009/, as part of the monitoring programme and is planned to be made repeatedly once every
year. The natural groundwater flow has also been measured in monitored sections as part of the sorbing
tracer experiments, see below. Groundwater flow measurements with the dilution probe, have been
made in eight borehole sections during late 2007 and are reported in /Thur and Gustafsson 2007/.

A sorbing tracer test was performed in the southern part of the focused area in late April 2008 and
was finalised at the beginning of August 2008. The pumping well was HLX27, with nearby KLX15A
as the tracer injection borehole. Pressure observations were made in several other boreholes in addi-
tion to KLX15A. The purpose of the test was to verify transport parameters previously obtained using
other methods and to, at least partly, verify the hydrogeological model of the Laxemar local model
area /Lindquist et al. 2009 (in prep)/.

A long-term pumping and tracer test (LPT) was started in late January 2009 with borehole HLX28
as the pumping borehole, 6 boreholes sections in the southwestern part of the focused area were used
as tracer injection boreholes and a large number of borehole sections were used for pressure response
observations. The purpose of the test is to verify and shed light on the connectivity between a number
of deformation zones close to HLX28 and the transport properties of these zones.

Hydrogeochemical investigations

The data freeze for bedrock hydrogeochemistry was extended to November 30, 2007 in order to
enable inclusion of analysis data from KLX15A, and analysis data from the monitoring performed
in select packed-off sections of cored boreholes KLX02—-05, KLX07A, KLX08, KLX10, KLX12A,
KLX18A and KLX19A, performed during the summer of 2007. NB. Hydrogeochemical data from
the new borehole KLX27A are not part of the site-descriptive modelling. However, the results have
been used in a verification capacity in the site description and associated discussion where appropriate.
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2.3.3 Sampling and analysis of intact rock material in several types of
laboratory investigations

Drill core samples have been collected for different kinds of laboratory analyses throughout the
duration of the site investigation in the Laxemar-Simpevarp area. The number of samples for
rock mechanics and thermal analyses is especially abundant, but also sampling of drill cores has
been made for modal and geochemical analyses, matrix pore water chemistry, analyses of fracture
minerals, geochronological analyses and analyses of transport material properties (diffusivity and
sorption). The most important events related to sampling/analyses of intact rock (including fracture
surfaces) are presented below. These activities have provided large amounts of data and several
P-reports.

Investigations performed between data freeze 1.2 and 2.3

Sampling of drill cores for the determination of the modal and geochemical composition of unaltered
rock types has been carried from the following boreholes: KLX03, KLX04, KLX06, KLX07A,
KLX07B, KLX08, KLX10, KLX11A, KLX12A, KLX15A, KLX16A, KLX18A, KLX19A,
KLX20A and KLX21B.

Geochronological studies of rock forming and fracture minerals were carried out on drill core sam-
ples from KLX01, KLX02, KLX03, KLX06, KLX08 and KLX20A in Laxemar, KSHO1, KSHO3A
and KSHO3B in Simpevarp and KA1755A in the Aspo HRL as well as on samples from the access
tunnel to the Aspd HRL. The objective of the study was to provide reliable geochronological con-
straints on the exhumation of the bedrock in the Laxemar-Simpevarp area and the identified fracture
generations at Laxemar, cf. Section 9.5.6.

Sampling for testing of rock mechanical and thermal properties of both intact rock and fracture
samples was to a variable degree performed on drill core samples from KLX05-KLX07A,
KLX08-KLX09, KLX10-KLX13A, KLX15A-KLX20A and KLX21B. The microcrack volume
was determined and triaxial compression tests were performed on drill core samples from KLX17A.

Results from the investigations of fracture minerals in boreholes KLX06, KLX07A+B, KLX08,
KLX09B-G, KLX10, KLX11B-F, KLX13A, KLX14A, KLX15A, KLX17A, KLX19A, KLX20A,
KLX26A were made available and a detailed study was also made of alteration of rock adjacent
to fractures — red staining and saussuritisation — on material from KLX18A and KLX19A. The
study involved mineralogy, geochemistry, porosity and redox properties of the altered rock and a
comparison with fresh rock.

Special analyses to establish the redox front close to the ground surface included SEM + thin sec-
tion, XRD-+ICP (chemical analyses) + Uranium series analyses as well as analyses of stable O and
C isotopes carried out on calcite samples. These investigations were carried out on fracture coatings
from the shallow cored boreholes in the KLX09x and KLX11x arrays.

Results from rock matrix permeability measurements on core samples from borehole KLX03
became available.

Interconnected pore water was successfully extracted by laboratory out-diffusion methods from
60 samples from KLX03, KLX08 and KLX17A. The objective was to characterise these waters
chemically and isotopically. Furthermore, the method of extraction, together with measurements of
interconnected porosity, provided an opportunity to derive values of the in situ diffusion coefficient
for the data collected from KLX17A, to be compared with the corresponding values derived from
measurements on drill core samples in the laboratory.

Sampling of the drill cores from KLX06, KLX07A, KLX08, KLX10, KLX12A and KLX13A for
investigations of transport properties was also carried out.

Data and/or P-reports available after data freeze Laxemar 2.3

+ Batch sorption results related to complete drill core specimens and batch sorption data employing
an additional water composition were used in the modelling.
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2.4 Monitoring
241 Background

With a successively increasing number of instrumented surface and borehole installations, monitoring
of geoscientific parameters and ecological objects has successively intensified during the course of the
site investigation work. Monitoring is here defined as recurrent measurements of the same param-
eters/objects over time, such that time series are generated. The measured parameters and defined
objects are characterised by a certain degree of time-dependent and site-dependent variability. The
objectives of the monitoring are 1) to establish “undisturbed” conditions, the “baseline”, prior to a
possible future siting of a deep repository , and 2) to enhance the knowledge about underlying, often
complex processes that govern the time-dependent variations of the monitored parameters/objects.

The current monitoring programme in the Laxemar-Simpevarp area is briefly outlined in this section.
The programme will, with a few modifications, continue after completion of the site investigations.
The full extent of the programme from August 2007 onwards is described in detail /SKB 2008b/.

2.4.2 Monitoring programme

Monitoring of rock movements employing GPS techniques was initiated as a methodology study
in 2000, i.e. before the site investigation started. The study was completed in 2004. The monitoring
of seismic events is conducted within the framework of the Swedish National Seismic Network
/Bodvarsson 2008/. One station is located within the Laxemar subarea and monitoring at this station
continues after data freeze Laxemar 2.3.

Meteorological data have been acquired continuously from two weather stations, one in the western
part of Laxemar and one located on the Aspd island in the east, where data have been recorded (with
some interruptions) from October 2003 and July 2004, respectively. In addition, data have been
collected from a number of SMHI-stations in a larger region around the Laxemar-Simpevarp area.
Also snow depth and depth of frost in the ground, as well as ice coverage and ice break-up has been
monitored every winter since the start of the site investigations in December 2002. The monitoring
of these parameters continues after data freeze Laxemar 2.3.

During the site investigation work, water levels have been monitored at three locations in the Baltic
Sea, in three lakes and in one water reservoir. Monitoring continues after data freeze Laxemar 2.3.
Surface-water discharge is continuously measured, together with water temperature and electric
conductivity, at 9 gauging stations in streams in the central parts of the regional model area (of
which three are located on Avrd). Also the monitoring of hydrological data continues after data
freeze Laxemar 2.3.

The extent of monitoring of groundwater levels in boreholes in Laxemar has successively increased
during the site investigations. At the end of 2007, groundwater levels were monitored in a total of
45 boreholes (i.e. all core drilled boreholes except KLX27A), all 43 percussion drilled boreholes
and 70 groundwater observation wells in Quaternary deposits (variable in number over the duration
of site investigations, the number given is applicable to the situation at the time of the data freeze
Laxemar 2.3). The monitoring of groundwater levels continues after data freeze Laxemar 2.3,
including borehole KLX27A instrumented with a multi-packer system.

Hydrogeochemical monitoring at Laxemar-Simpevarp includes precipitation, surface water, near
surface groundwater (i.e. groundwater in Quaternary deposits), and deep groundwater (groundwater
in bedrock). After the baseline chemical characterisation programme, which started in 2002, the sam-
pling of precipitation, surface and near surface groundwater was changed to monitoring programmes
in 2005-2006. The precipitation monitoring programme involves weekly sampling at one station.
The hydrogeochemical monitoring programme of surface waters in 2007 involved monthly sampling
in one lake, two sea bays and five stream sampling sites. The monitoring programme of near surface
groundwater in overburden comprises 8 soil tubes sampled 4 times per year. The monitoring pro-
gramme of precipitation, surface water and near surface groundwater continues after the data freeze
Laxemar 2.3, with additional sampling sites in two streams.

43



Deeper groundwater (bedrock groundwater) baseline sampling was performed during and after
drilling of percussion boreholes and cored boreholes, however, focused on a number of the

cored boreholes (see Section 2.3.2). Boreholes were installed with multipacker systems to enable
groundwater pressure monitoring and hydrogeochemical monitoring in selected sections. In order to
enable sampling, these sections (typically one or two in the selected telescopic cored boreholes and
one section in the selected percussion boreholes) were connected to the surface by means of a special
tubing system. The monitoring programme in these respective cored and percussion boreholes was
started upon completion of multipacker installation, i.e. at different times for individual holes. The
hydrogeochemical monitoring involves sampling on two occasions every year. In 2007, the hydrogeo-
chemical monitoring programme of deep groundwater comprised some 30 isolated borehole sections
in 15 cored and 8 percussion boreholes. The monitoring/sampling activities during 2007 (and spring
2008) were modified in order to assist a complementary hydrogeochemical sampling campaign with
focused objectives in the southern part of Laxemar.

There is also a programme for groundwater flow monitoring in boreholes. The flow is measured
by means of the tracer dilution technique, cf. Section 10.7. This programme is closely linked to the
programme for hydrogeochemical monitoring in cored and percussion boreholes. The two monitor-
ing programmes make use of the same instrumented borehole sections, and in part also the same
sampling equipment. Since 2005, one measurement campaign has been performed every year. The
number of boreholes (mostly cored) and sections included in the programme has increased each year.
From 2008, and onwards, the groundwater flow monitoring programme involves c. 11 packed off
sections, distributed amongst c. 4 percussion boreholes and c. 5 cored boreholes.

Finally, the bird life and physiological status of the moose population (average age, weight and
fecundity of the harvested moose in the area) have been monitored from the start of the site
investigation programme, and will be continued.

2.5 Geographical data

The geographical data used for version Laxemar 1.2 coordinate system is the national 2.5 gon

W 0:-15 RT90 system with X (easting) and Y (northing), the so-called RAK system. The elevation
system used is the Swedish national system RH70/RHB70. The added notation RHB70 implies an
increased local accuracy achieved through a local denser gridding. Identity should be assumed to
exist between the RH70 and RHB70 systems if larger surfaces are considered. For individual refer-
ence points the difference may be in the order of a millimetre or two.

The Z coordinate in the RH70/RHB70 system is here expressed as an elevation in “metres above sea
level” (m.a.s.l.) or (m). The latter implies that all data (whether surface or subsurface) are normalised
to one common datum (the mean sea level). This facilitates comparison and discussion of variability
in properties with depth irrespective of how the data points (boreholes) are distributed over the
studied area. In consequence, the majority of subsurface data are associated with a negative number;
either indicated as “— XXX mas/l” or “— XXX m”.

In the text the more casual “at a depth of XXX m” or “vertical depth” are used, implying that the
given depth (or depth interval) is to be interpreted as being the corresponding elevation, omitting the
minus sign. In this context a clear distinction is made between borehole length (m), i.e. a coordinate
along the borehole axis, and elevation as defined above.

Various surveyed objects are related to different requirements on accuracy in the geodetic measure-

ments. For example, boreholes (collar coordinates) have X,Y, Z coordinates measured within

+ 0.010 m. Other objects, either hard to define or with less demand on precision, e.g. dug pits and
rock specimens collected in outcrop, have X,Y, Z coordinates measured with GPS with an accuracy
of within + 1-2 m. Quality assurance aspects related to borehole orientation data are discussed in
Section 2.3.

In order to represent terrain relief, a digital elevation model (DEM) is an efficient tool. Such a model
is a representation of a continuous variable over a two-dimensional surface by a regular array of
Z-values referenced to a common datum. A DEM is required as input data for many types of surface
models such as hydrological models, geomorphological models efc.
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Two alternative DEMs were produced for the Laxemar-Simpevarp area; one version describes land
surface, sediment level at lake bottoms, and the sea bottom, the other version describes land surface,
lake water surface, and sea bottom. Ordinary Kriging in ArcGis 9 Geostatistical Analysis extension
was chosen as the interpolation method /Davis 1986, Isaaks and Srivastava 1989/ for the DEMs. In
the version that displays lake and surface water levels, the cells representing lake beds were replaced
by cells representing lake water surface elevation using the Spatial Analyst extension in ArcGis 9.

Input data for the interpolation have many different sources, such as existing DEMs, high resolution
Lidar imagery, elevation lines from digital topographical maps, paper nautical charts, digital nautical
charts, and depth soundings in both lakes and the sea. All data were converted to point values using
different techniques. The Kriging interpolation was performed in the ArcGis 8 Geostatistical Analysis
extension. Both DEMs were produced on a 20x20 m grid. For more detailed descriptions of the

data from which the DEMs have been derived, see /Stromgren and Brydsten 2008, Soderbédck and
Lindborg 2009/.

The Lidar imagery data, which produced a high-resolution DEM on a 0.25 m grid, was also used
in the geological lineament interpretation, cf. Section 2.2.1.

2.6 Other data sources

One obvious near proximity source of data is the database associated with the already performed
investigations in the Simpevarp subarea, cf. Figure 1-3. This also includes old surface and borehole
information from investigations performed on the islands of Avrd and Hal before the onset of site
investigations. These databases have been used for establishing the current geological models and
associated descriptions (rock domains and deformation zones) outside the local model area for SDM-
Site Laxemar, cf. Figure 2-4. The associated databases are detailed in /SKB 2004a/ and /SKB 2005a/.

Another extensive source of information is associated with the characterisation and associated
descriptive models available from the Aspd HRL. The position taken by the site descriptive model-
ling project is to make use of selective information important for filling voids in the data needs of
the current modelling process. The aim is not to integrate the vast Aspd HRL database in its entirety.
Examples of data of interest are various generations of geological data, models and descriptions of
deformation zones and compilations of hydraulic test data, used when developing the geological and
hydrogeological site-descriptive models. In the context of calibrating the parameterisation of large-
scale site descriptive flow models, the drawdown caused by the successive development of the Aspd
HRL is of importance. /Hartley et al. 2007/ showed that the effects of development of Aspd HRL
on conditions in south/central Laxemar are minor, see also Section 8.6. Furthermore, compilations
of transport properties (and associated data on geology/mineralogy) and conceptual microstructural
models of rock fractures relevant to Aspd conditions have been used in the development the bedrock
transport models, cf. Section 10.3.

Old data are also available from the construction of the three nuclear power reactors on the
Simpevarp peninsula (and associated tunnels and storage caverns). Yet another source of old data
originates from the site characterisation and construction of the central storage facility for spent
nuclear fuel (Clab I and Clab II). The latter data were mainly used for reference.

2.7 Databases

The basis for the modelling work is quality-assured data acquired during the site investigations that
are extracted from the two SKB databases Sicada and GIS. All available data are listed in tables
provided in Appendix 3. The purpose of these tables is to give reference to and accounts of all the
data that were available for consideration in the modelling work. Data per se are not given, but a
specification and a reference to the associated P-report where the data and data collecting activity are
described is provided. The use of these data in the modelling work, discipline by discipline, is also
addressed in the tables in Appendix 3.

Quality assurance aspects related to the handling of data in the modelling work are described in
Section 1.6.4.
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2.8 Model versions prior to SDM-Site Laxemar

Prior to the current site descriptive model SDM-Site Laxemar, one complete and integrated site
descriptive model for Laxemar has been produced (Laxemar 1.2), preceded by two complete
integrated site descriptive models for Simpevarp (Simpevarp 1.1 and 1.2), cf. Table 1-1. The preced-
ing Version 0 /SKB 2002/ was developed on the basis of the information available at the start of the
surface-based site investigation programme. This information was mainly 2D in nature and general
and regional, rather than site-specific in content.

Model versions 1.1 and 1.2 focused on the Simpevarp subarea, were developed based on data from
the initial site investigation stage (ISI). Version Simpevarp 1.1 /SKB 2004a/, which was a training
exercise, was built on a rather extensive set of data from the surface, whereas the data sets from
boreholes were limited to two new c¢. 1,000 m deep cored boreholes and three new c. 150-200 m
deep percussion drilled boreholes. Version Simpevarp 1.2 /SKB 2005a/ was based on data from

4 new deep cored boreholes and six new percussion drilled boreholes.

Model version Laxemar 1.2 /SKB 2006a/ constituted a transition in focus from Simpevarp to Laxemar,
but retained a local model area which also included the Simepvarp subarea. A very modest amount
of borehole data from Laxemar existed at the time, only some 10 months after SKB acquired access
to the Laxemar subarea, largely providing information related to the northern part of the subarea.
Still, and despite the lack of confirmatory drilling, the rock domains and major deformation zones
were outlined with reasonable accuracy. Also, the investigations established the basic understanding
of the importance of the mineralogical composition of the rock for the distribution of thermal proper-
ties and the mechanical strength. However, and in strong contrast, the information for assessing the
distribution of hydraulic material properties and the distribution of hydrogeochemistry was limited.
In the description of the surface system, some first steps were taken towards a unified description of
the carbon cycle of the terrestrial, limnic and marine ecosystems.

Model stage Laxemar 2.1 did not constitute a complete model version. The objective of this step was
to help define how to finalise the complete site investigations. At the time of the formal data freeze
(June 30, 2005) new borehole data were available from KLX05-KLX07 and partly from KLX08 and
KLX09, cf. Figure 2-5. To elevate the description and feedback to the site investigations further, and

in particular regarding the hydraulic conditions in the southern parts of Laxemar, hydraulic data from
KLX08, KLX10, KLX11A and KLX12A (obtained after the formal data freeze) were also analysed.
A noted bimodal distribution of thermal properties in the Avrd granite pointed to a need to subdivide
the Avrd granite based on mineralogical content. The results of the modelling were found to confirm
the overall results of the Laxemar 1.2 modelling, the exception being the hydraulic analysis, which
indicated more favourable hydraulic conditions in the southern parts of Laxemar as established on
the basis of 100 m WLP hydraulic tests /SKB 2006¢/. Furthermore, the identified list of site-specific
critical issues was found to be largely covered by the complete site investigation programme to be
launched /SKB 2006b/. The investigations proposed discipline-wise were expected to answer the
remaining issues and uncertainties.

2.9 Model volumes and model areas

The site descriptive modelling is developed using two different model volumes of different scales,
the regional and the local scale model volumes. Generally, the local model is required to cover the
volume within which the repository is expected to be positioned, including accesses and their imme-
diate environments. In addition to the description on the local scale, a description is also devised for
a much larger volume, the regional model volume, in order to place the local model in a larger context
and to allow for sensitivity analyses of, in particular, hydrogeological boundary conditions. The differ-
ence between the regional and local model volumes is the resolution of the modelled objects, which has
been chosen to balance modelling efforts relative to the needs of the downstream user of the model.
This comes as a natural consequence of ensuring a homogeneous resolution throughout all parts of
the model volumes.
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2.9.1 Regional model area and volume

The regional model area employed for model version SDM-Site Laxemar is shown in Figure 2-7.
This model area, and associated volume, is the same as the one used in model version Laxemar 1.2
/SKB 20064/, as well in model version 0 /SKB 2002/. The arguments for selecting this area/volume
remain the same:

» It includes the prioritised area for site investigations in the Simpevarp area /SKB 2001/ with an
approximate surface area of 273 (21x13) km?;

» It captures the extensive regional deformation zones that strike in northeasterly and near
east-west directions, and surround the prioritised area for site investigations. Any expansion
of the regional model area to the east or west would not provide any significant changes in the
incorporated regional geological picture;

+ It adequately covers the variations in rock type in the candidate area and its immediate
surroundings;

It captures the main features in the region interpreted to be of hydrogeological importance as
the east-west boundaries are judged to be sufficiently well separated in space not to influence
the groundwater flow in the region. Furthermore, the western boundary lies on the western side
of a local topographic divide, while the boundary to the east lies in the strait of Kalmar Sund
(between the mainland and the island of Oland). The area includes potential discharge areas for
groundwater resulting from future shoreline displacement. The proper locations of the boundaries
in the regional hydrogeological model — as well as the proper boundary conditions — are assessed
through a series of sensitivity analyses in the hydrogeological modelling for Simpevarp 1.2 /SKB
2005a/. The latter modelling is supported by pre-modelling results presented by /Holmén 2008/;

» A vertical model thickness of 2.2 km (of which 100 m is above sea level) is considered to provide
a reasonable context for the local description. Furthermore, this depth is considered the maximum
down to which any meaningful extrapolations of deformation zones can be made.

The coordinates outlining the surface area of the regional model for Laxemar 1.2, cf. Figure 2-7,
are (in metres):

RT90 (RAK) system; (Easting, Northing) :
(1539000, 6373000), (1560000, 6373000), (1539000, 6360000), (1560000, 6360000).

RHB 70; elevation: +100 m.a.s.l. —2,100 m.a.s.1.

2.9.2 Local model volume

The local model volume employed for model versions Simpevarp 1.2 and Laxemar 1.2 included both
the Simpevarp subarea and the Laxemar subarea, cf. Figure 2-7. By including the two subareas in
one local model volume, satisfactory coverage was also provided for alternative access tunnel and/or
tunnel connection from a shaft access to either of the two subareas.

Following the decision to select Laxemar as a designated area for the conclusion of the site inves-
tigations, cf. Section 1.1, the local model area for model stage Laxemar 2.1 was reduced to focus

entirely on the Laxemar subarea. For the current model version SDM-Site Laxemar, this area was
somewhat extended to the south to include the quartz monzodiorite in its entirety, cf. Chapter 5.
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Figure 2-7. Regional and local model areas used for model version SDM-Site Laxemar. The area coverage
of the regional model is the same as that employed in previous model versions, whereas the local model
area is significantly reduced compared to model version Laxemar 1.2.

Basic arguments for the local model volume are given in /SKB 2006a/. The modified argumentation,
given the expressed focus on Laxemar, is presented below:

+ It provides a volume that includes the Laxemar subarea and the area for potential surface facili-
ties, including current layouts for access ramps and tunnels;

* The north boundary is positioned along an interpreted deformation zone (ZSMEWO002A, the
Mederhult zone), cf. Figure 5-30. The south boundary is positioned such that the designated local
model area encompasses the quartz monzodiorite in its entirety. The north-south boundaries of
the model are not associated with any particular geographical feature;

* A depth of the model volume of 1,100 m below sea level allows inclusion of all information
from the deep boreholes that have been completed at the site;

» The local scale model area covers approximately 16 (4x4) km? (see Figure 2-7).

The coordinates defining the local scale model volume for model version SDM-Site Laxemar are
(in metres):

RT90 (RAK system: (Easting, Northing) : (1546150, 6368200), (1550390, 6368200), (1550390,
6364250), (1546150, 6364250).

RHB 70: elevation: +100 m.a.s.l. —1,100 m.a.s.1.

48



3 Evolutionary aspects of the Laxemar-
Simpevarp area

This chapter constitutes a summary of the background report /S6derback 2008/, which provides
a comprehensive account of the geological evolution, palacoclimate and historical development
of both the Forsmark and Laxemar-Simpevarp areas. A detailed reference list is given in the
background report and here only a few, key references are included in the text.

3.1 Bedrock evolution during Proterozoic and Phanerozoic

The Laxemar-Simpevarp area is situated in the south-western part of one of the Earth’s ancient con-
tinental nuclei, referred to as the Fennoscandian Shield /Koistinen et al. 2001/. This part of the shield
belongs predominantly to the geological unit referred to as the Svecokarelian (or Svecofennian)
orogen (Figure 3-1). The bedrock inside an orogen was affected by major tectonic activity at a par-
ticular time interval during the Earth’s long geological evolution and the actual geological process
is referred to as orogeny. Tectonic activity refers to regional deformation and metamorphism of the
crust in combination with active volcanism and the intrusion of magmas at depth, i.e. major igneous
activity. In essence, the branch of geology referred to as “tectonics” addresses the broad architecture
of the outer part of the Earth. The bedrock in the Svecokarelian orogen is dominated by Proterozoic
igneous rocks that were affected by complex ductile strain and metamorphism at predominantly
mid-crustal levels, prior to later exhumation to the present level of erosion.

In order to provide the necessary boundary conditions for understanding the bedrock geological
evolution of both the Forsmark and Laxemar-Simpevarp areas /Soderbédck 2008/, these areas were
viewed in a broader geological perspective. For this purpose, attention has been focused on an area
in the southern and eastern part of Sweden, referred to as the geological reference area (Figure 3-1).

3.1.1 Bedrock geological evolution in south-eastern Sweden

The bedrock geology at the current level of erosion in the geological reference area in south-eastern
Sweden (Figure 3-1), can be divided into several major tectonic domains. These domains trend
WNW more or less parallel to an older, Archaean continental nucleus to the north-east (Figure 3-1).
The predominantly igneous bedrock in all these domains had largely been formed between 1.91 and
1.75 billion years ago (1.91—1.75 Ga). This bedrock was also affected by a variable degree of
deformation in a hot, ductile regime and the various domains amalgamated, more or less into their
current geometric configuration, during the same time interval. A remarkably thick continental
crust throughout most of the Fennoscandian Shield (up to c. 60 km) is a heritage from the dramatic
tectonic evolution, predominantly during the later part of the Palacoproterozoic era. The geological
time scale that has been used for assessing the bedrock evolution is shown in Figure 3-2.

Although the bedrock in south-eastern Sweden had already started to stabilise by 1.75 Ga, tectonic
activity that involved continued crustal growth and crustal reworking continued during the remainder
of the Proterozoic to the west and south (Gothian, Hallandian and Sveconorwegian orogenies). By
¢. 900 Ma, the bedrock in the northern part of Europe had collided with other continental segments
to form the supercontinent Rodinia. Break-up of Rodinia, drift of the newly-formed continent Baltica
from cold latitudes in the southern hemisphere over the equator to northerly latitudes, and amal-
gamation of the new supercontinent Pangaea occurred between c. 600 and 300 Ma. Rifting of the
continental crust, and opening and spreading of the North Atlantic Ocean dominated the subsequent
geological evolution to the south and west of the geological reference area. This long period of
extensional tectonic activity was interrupted during the Late Cretaceous and early Palaeogene by a
more compressive tectonic regime, which can be related to the collision of Eurasia and Africa.
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Figure 3-1. Map showing the major tectonic units in the northern part of Europe at the current level of

erosion (modified after /Koistinen et al. 2001/). The area referred to in Section 3.1.1 and used to provide
a regional geological perspective for both the Forsmark and Laxemar-Simpevarp areas is outlined by the
rectangle. This area is referred to as the geological reference area /Séderbdck 2008/.

50



Geological time units
MILLION
YEARS EON ERA PERIOD AGE
: PLEISTOCENE / HOLOCENE
2 E IN QUATERNARY 1.635 or
2 7 it Q [PALAEOGENE /NEOGENE | older
L IN TERTIARY
65
100 [3) CRETACEOUS
g 144
o o JURASSIC
2001 © @ 206
S = TRIASSIC
T 248
g PERMIAN
300 - = 290
o @ CARBONIFEROUS
5 360
N DEVONIAN
400 + 2 417
S SILURIAN
< 443
ORDOVICIAN
500 490
CAMBRIAN
543 543
VENDIAN
o NEO 650
o = LATE
1000 - S o 1000
T T MIDDLE
Z | £ | MEso g 1400
x| 2 EARLY
1600 { @ | o 1600
= PALAEO
2500 { O 2500
Tz
3000 1 % |
<
a5
3500 - g
<
4000 4000

Figure 3-2. Geological time scale based on the compilation used in /Koistinen et al. 2001/. Age is given in
million years (Ma). 1 Ga = 1,000 Ma.

An overview of the effects of these different, far-field tectonic events in the near-field realm repre-
sented in south-eastern Sweden is described in /Soderbéck 2008/. These effects gave rise to local
igneous activity during the Proterozoic, burial and denudation of sedimentary cover rocks during the
Proterozoic and Phanerozoic, and predominantly brittle deformation in the bedrock at different times
throughout this long time interval. At least two episodes of pre-Quaternary exhumation of the ancient
crystalline bedrock can be inferred, one prior to the Cambrian and the other after the Cretaceous,
probably during the Neogene. The current ground surface corresponds to the sub-Cambrian uncon-
formity that morphologically is referred to as the sub-Cambrian peneplain.

In conclusion, it appears that two fundamental types of geological processes have made a profound
impact on the geological evolution of the geological reference area in south-eastern Sweden
(Figure 3-3):

» Igneous activity and crustal deformation along an active continental margin at different time
intervals, mostly during Proterozoic time.

* Loading and unloading cycles in conjunction with the burial and denudation, respectively,
of sedimentary rocks, around and after c. 1.45 Ga.

As the effects of regional tectonic activity mostly waned in south-eastern Sweden and became
prominent solely in the far-field realm, the effects of loading and unloading related to the burial
and denudation of sedimentary rocks, respectively, increased in significance (Figure 3-3).
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Figure 3-3. Active tectonics (red) and oscillatory loading and unloading cycles (blue) during geological
time in the geological reference area (modified after /Stephens et al. 2007/). The detailed evolution during
the Quaternary period with several glaciations (loading) and deglaciations (unloading) is not shown. SvK
= Svecokarelian orogeny, G = Gothian orogeny, H = Hallandian orogeny, SvN = Sveconorwegian orogeny,
C = Caledonian orogeny.

3.1.2 Bedrock geological evolution in the Laxemar-Simpevarp area

The bedrock geological evolution in the Laxemar-Simpevarp areas has been evaluated with the help
of surface and borehole observational data as well as geochronological data /Soderbéack 2008/. The
geochronological data are summarised in Figure 3-4, and the corresponding data from Forsmark are
shown for comparison. The bedrock in Laxemar-Simpevarp formed after the complex geological
evolution to the north in the Svecokarelian orogen, and a c. 1.80 Ga suite of more or less well-
preserved intrusive rocks, which belongs to the Transscandinavian Igneous Belt, dominates the area.
The rocks in this suite show variable composition (granite to quartz monzodiorite to diorite-gabbro),
grain size and texture. They formed during the waning stages of the Svecokarelian orogeny, and have
been affected by magma-mingling and magma-mixing processes, which confirm a close temporal
and genetic relationship between the different rocks.

Although there is faint to weak, non-uniformly distributed and gently to moderately dipping foliation
in the rocks, steeply dipping ductile to brittle-ductile shear zones form the most prominent structures
in the area. This deformation affected the area during the time interval 1.81 to 1.76 Ga, i.e. during
the waning stages of the Svecokarelian orogeny. Based on documented sinistral displacement along
the NE-SW oriented most prominent ductile shear zones in the area, the development of the ductile
fabric is inferred to be related to a regional north-south directed crustal shortening during oblique
subduction of oceanic lithosphere. A northeast-southwest directed bulk crustal shortening has been
suggested by /Viola 2008/, based on the assumption that the NE-SW oriented steep shear zones
constitute second order structures to inclined E-W oriented master zones. However, in the lack of
reliable ductile, kinematic data along the E-W oriented deformation zones, the northward shortening
direction is the favoured interpretation. The latter is in accordance with palaeostress data reported
by /Lundberg and Sjostrom 2006/ for the Laxemar-Simpevarp area, and also with the direction of
bulk shortening suggested for corresponding ductile deformation in Forsmark /Stephens et al. 2007,
Soderback 2008/ and elsewhere in south-eastern and eastern Sweden /e.g. Beunk and Page 2001,
Persson and Sjostrom 2003/.
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Temperature (°C)

In sharp contrast to Forsmark, the Laxemar-Simpevarp area was affected by significant igneous
activity later in the Proterozoic. Granitic magmatism at 1.45 Ga, manifested by the G6temar and
Uthammar granites, is inferred to be a far-field effect of Hallandian orogenic activity further to the
west and south, and dolerites with an age of ¢ 900 Ma formed as a result of E-W crustal extension
during the later part of the Sveconorwegian orogeny. As indicated by especially disturbances of the
“Ar/*Ar isotope system in different minerals (Figure 3-4), both these younger episodes of igneous
activity had effects on the thermal evolution of the site. Furthermore, it is inferred that the intrusion
of the 1.45 Ga granites might have caused reactivation of structures in the near-by country rocks, but
only relatively minor structural effects in the Laxemar model area /Cruden 2008/.
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Figure 3-4. Summary of the geochronological data that constrain the bedrock geological evolution in the
Laxemar-Simpevarp area. Note that corresponding data from Forsmark are shown for comparison. Some
“ArP°Ar and (U-Th)/He data from depth in boreholes are not shown here. As expected, these data are

somewhat younger than the equivalent surface and near-surface data.
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The brittle deformational history in the Laxemar-Simpevarp area, which initiated some time
between 1.76 and 1.62 Ga, has been evaluated with the help of three lines of approach:

» The use of low-temperature geochronological data that shed light on the exhumation
and cooling history (Figure 3-4).

+ The relative time relationships and absolute ages of fracture minerals (Figure 3-4).

* A comparison of kinematic data from brittle structures along deformation zones, which were
evaluated during the geological modelling work at the site, with the tectonic evolution in a
regional perspective (Section 3.1.1).

Different generations of fracture minerals have been recognised in the Laxemar-Simpevarp area.
An early period of precipitation of a high-temperature mineral assemblage, which includes epidote,
was followed by a period of hydrothermal precipitation of different, lower temperature minerals,
including adularia (older generation), hematite, prehnite, and calcite. Epidote-bearing structures
formed prior to 1.45 Ga, and fracture-controlled greisen (quartz, muscovite, fluorite, pyrite and
topaz) and intense wall rock alteration developed in conjunction with the important thermal event at
1.45 Ga. However, thermal disturbance around 1.5 Ga, i.e. prior to the intrusion of the Gétemar and
Uthammar granites, is apparent (Figure 3-4). The effects of Sveconorwegian tectonothermal activity
on the evolution of fracture mineral assemblages are also evident in the Laxemar-Simpevarp area
(Figure 3-4). The integrated evaluation that makes use of the different lines of approach outlined
above suggests that the different sets and sub-sets of deformation zones in the Laxemar-Simpevarp
area had formed and were already reactivated during Proterozoic time, in connection with the late
Svecokarelian, and Sveconorwegian tectonic events, and possibly also in connection with the intru-
sion of the 1.45 Ga granites, at least partly as conduits for hydrothermal solutions.

Several lines of evidence indicate faulting after the establishment of the sub-Cambrian unconformity
in the Laxemar-Simpevarp area. Furthermore, precipitation of younger low-temperature minerals,
including sulphides, clay minerals and calcite, occurred during and probably after Palacozoic time.
Adularia (younger generation) formed during the Silurian or Early Devonian has been documented
(Figure 3-4), possibly as a far-field effect of the Caledonian orogenic event. Furthermore, migration
of fluids downwards from the sedimentary cover into the crystalline bedrock is manifested by the
occurrence of fractures filled with Cambrian sandstone. Brecciation of the sandstone in one of these
fractures and documentation of a fragment of Cambrian sandstone in a deformation zone along

the coast to the Baltic Sea is further evidence of Palacozoic brittle faulting. In addition, (U-Th)/He
apatite data indicate that the deformation zone along the coast has also been reactivated during or
after the Mesozoic. The youngest generation of calcite occurs in hydraulically conductive fractures
and zones and may have precipitated during a long period including the present.

On the basis of the (U-Th)/He apatite data from boreholes, some constraints on when different
segments of the bedrock at different crustal levels passed through the c. 70°C geotherm have been
obtained (Figure 3-4). These data indicate that a sedimentary cover was situated on top of the
crystalline basement rocks throughout much of the Phanerozoic. At Laxemar-Simpevarp, a change
to slower exhumation rate occurred during the Early Jurassic or the Late Jurassic to Cretaceous. It
is assumed that renewed exhumation of the sub-Cambrian unconformity, with complete denudation
of the sedimentary overburden, did not take place until some time during the Cenozoic.

3.2 Palaeoclimate and geological development during the
Quaternary period

The Quaternary climate is characterised by large and sometimes rapid changes in global temperature.
The present period has been preceded and will be followed by colder periods in which ice sheets
cover larger areas than at present. The Laxemar-Simpevarp area has consequently been covered
by glacier ice at least three times during the Quaternary period. However, the total number of
glaciations covering the model areas is not known. The cold glacial periods have been much longer
than the warmer interglacial periods, which are characterised by a climate similar to the present.
However, long ice-free periods have also occurred during the glacials. During these ice-free periods
the climate was colder than today and tundra conditions probably prevailed in large parts of Sweden.
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It can consequently be assumed that permafrost has prevailed in the model areas for long periods.
The latest glaciation (Weichselian) started c. 115,000 years ago, and there is geological evidence of
at least two periods within it when a large part of Sweden was free of ice. However, the exact timing
and duration of these ice-free periods are unknown. The onset of the latest glacial coverage in the
area is not known, whereas the timing of the latest deglaciation is rather well established along the
coast of the Baltic Sea.

The present interglacial, the Holocene, started with the deglaciation of Mid-Sweden when the ice
margin had not yet reached Forsmark. The climate during the deglaciation became successively
warmer, although some periods with colder climate did occur. In southern Sweden, the warmer
climate caused a gradual change from tundra vegetation to forest dominated by deciduous trees. The
Mid-Holocene climate was characterised by average temperatures a few degrees higher than today.
The forests in southern Sweden have subsequently been dominated by coniferous forest. The areas
covered by forest began to decrease ¢. 3 000 BC due to the introduction of agriculture.

The development of the Baltic Sea after the latest deglaciation has been characterised by ongoing
shoreline displacement. The interaction between isostatic rebound related to the removal of ice

and associated unloading, and eustatic sea level variations has caused variable depth in the straits
connecting the Baltic Sea with the Atlantic Ocean in the west. In turn, this has caused variable salinity
in the Baltic Sea throughout the Holocene. The development of the Baltic Sea since the latest deglacia-
tion can be divided into four main stages (Figure 3-5). Three of these stages; Yoldia, Ancylus and
Littorina, are named after molluscs which reflect the ambient salinity of the stages. The estimated
salinity variations in the open Baltic Sea during the last c. 9,000 years are shown in Figure 3-6.
During the period 4500-3000 BC, the salinity was almost twice as high as it is today.
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Figure 3-5. Four main stages characterise the development of the Baltic Sea since the latest deglacia-
tion: A) the Baltic Ice Lake (13,000-9500 BC), B) the Yoldia Sea (9500-8800 BC), C) the Ancylus Lake
(8800-7500 BC) and D) the Littorina Sea (7500 BC-present). Fresh water is symbolised by dark blue and
marine/brackish water by light blue, from /Fredén 2002/. “L” indicates the location of Laxemar-Simpevarp.
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Figure 3-6. Estimated range for the salinity of sea water in the open Baltic proper off Oskarshamn during
the past 10,000 years. Maximum and minimum estimates are derived from /Westman et al. 1999/ and
/Gustafsson 2004ab/. The present salinity in the area is shown by the horizontal reference line.

The Laxemar-Simpevarp regional model area is situated below the highest shoreline. During the
deglaciation at c. 12,000 BC, the area was, depending on the local topography, situated 50-100 m
below the sea level, and the first parts of the regional model area emerged from the sea around
9400 BC (Figure 3-7).

It is suggested that all known unconsolidated deposits in the Laxemar-Simpevarp area were depos-
ited during the last phase of the latest glaciation and after the subsequent deglaciation /S6derback
2008, cf. Chapter 4 therein/. However, the possibility of the occurrence of older deposits cannot be
excluded and there are indications of older deposits in adjacent areas outside the regional model
area.
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Figure 3-7. Shoreline displacement in the Laxemar-Simpevarp area after the latest deglaciation. The red
symbols show the results from dating of lake sediments in the region /Svensson 1989/. The blue curve was
calculated using a mathematical model /Pdsse 2001/.
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Till and glaciofluvial material were deposited directly by the ice sheet and by glacial meltwater,
respectively. During the deglaciation, glacial clay was deposited in the lowest topographical areas.
In the terrestrial valleys gyttja clay occurs, which was deposited when these areas were narrow bays.
The subsequent shoreline displacement had a major impact on the distribution and relocation of fine-
grained Quaternary deposits. The most exposed areas were affected by wave washing and bottom
currents. Sand and gravel were consequently eroded from older deposits, transported and deposited
at more sheltered locations. Periods of erosion also occurred at sheltered locations, which caused
erosion of fine-grained deposits such as glacial clay. Shoreline displacement is an ongoing process
and new areas are currently exposed to erosion, whereas sheltered bays, with conditions favourable
for deposition of clay gyttja, have formed elsewhere.

3.3 Seismicity during the Quaternary period

An earthquake is the result of a sudden release of energy through movement (faulting) along a
deformation zone, resulting in the emission of seismic waves. This movement is normally the result
of stresses that have accumulated over a certain time interval in a particular volume. Overviews of
palaecoseismic activity in Sweden during the latest part of and after the Weichselian glaciation, with
special focus on the Forsmark and Laxemar-Simpevarp areas, as well as of seismic activity in historical
time from 1375 up to 2005 AD, over the northern part of Europe, are presented in /Soderbéck 2008/.

Palacoseismic activity has been inferred directly by, for example, distinct displacements of the
surface that separates the crystalline bedrock from the Quaternary cover or indirectly by seismically
derived deformation on Quaternary sediments. The interpretation of aerial photographs provides

a tool for identifying morphologically conspicuous lineaments that are candidates for late- or post-
glacial faults. A significant number of late- or post-glacial, reverse fault scarps have been identified
in the northern part of Sweden and it has been inferred that the accompanying earthquakes reached
magnitudes of up to M8, or even larger, on the Richter magnitude scale. As yet, conclusive evidence
for such fault movements is lacking in the southern part of Sweden.

Detailed investigations have been carried out to evaluate the occurrence of palacoseismic activity in
and around the Laxemar-Simpevarp area within the context of the site investigation work, employing
a similar methodology to that used in the northern part of the country. None of the morphological
lineaments that have been recognised have been inferred to represent late- or post-glacial faults.
Furthermore, no deformational features in Quaternary sediments can be unambiguously related to
seismic activity. On the basis of these results, evidence for major (magnitude >M?7 on the Richter
scale) earthquakes in the Laxemar-Simpevarp area is lacking in the geological record.

Compared with other parts of the world, especially close to plate boundaries, there is generally a low
frequency of registered earthquakes throughout historical time in the northern part of Europe, and an
absence of earthquakes with a magnitude >M6 on the Richter scale (Figure 3-8). However, seismic
activity in Sweden throughout historical time is not evenly distributed across the country (Figure 3-8).
Areas of relatively high activity are conspicuously linearly aligned in the northern part of the country,
in a broader region in south-western Sweden and, less conspicuously, in the southernmost part of the
country (Skéne). By contrast, much of the geological reference area in south-eastern Sweden, including
the Laxemar-Simpevarp area, shows relatively little evidence of past seismic activity (Figure 3-8).

The relatively high level of seismicity along the coast of the Baltic Sea is not an artefact of seismic
station distribution or some other factor. The linear alignments of earthquakes, at least in the north-
ernmost part of the country and in adjacent areas in Finland and Norway, have been attributed to the
late- or post-glacial faults that have been identified as a result of palacoseismic studies. The linear
alignment along the Baltic Sea coast in the province of Norrland occurs where both land uplift related
to post-glacial isostatic rebound is greatest and where there is also a tendency to a decrease in crustal
thickness. A correlation between an increased frequency of seismic events and crustal thinning is
apparent in south-western and southernmost Sweden. The crustal thinning occurs in areas where Late
Palaecozoic and younger extensional tectonics has taken place. The crust in Sweden below c. 35 km is
seismically quiet and this changeover is most probably related to the more ductile character of the
crust beneath this depth. If this interpretation is correct, an average geothermal gradient of approxi-
mately 8 to 12° C/km is inferred at the current time.
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Figure 3-8. Epicentre and magnitude of earthquakes on the Richter scale (M) in the northern part of
Europe between 1375 and 2005 AD. There is no lower limit on the magnitude of the earthquakes shown in
the figure. However, since the ability to detect smaller events has gradually improved over time, no precise
level of completeness for such data can be provided. Note that earthquake data for the neighbouring
countries to the south of the Baltic Sea are also not complete. Modified after /Bodvarsson et al. 2006/.

Although strike-slip movement is the dominant focal mechanism, irrespective of where in Sweden
the seismic event occurred, reverse dip-slip or oblique-slip fault plane solutions are also present.
Since seismic events predominantly occur along geologically ancient fractures or planes of weakness
in the bedrock, the orientation of these structures also has an influence on the focal mechanism. It

is also important to keep in mind the fact that the fault plane solutions discussed above pertain to
crustal stress at depths affected by seismic activity. Considerable evidence points to a reverse sense
of movement in the uppermost part of the crust (c. 1,000 m) in large parts of Sweden, with a vertical
or subvertical minimum principal stress.

The maximum principal stress as inferred from the seismic data is oriented WNW-ESE. This
direction is in accordance with that expected from plate tectonics with ridge push forces from the
mid-Atlantic ridge. These considerations lend support for the hypothesis that ongoing plate tectonic
processes are important for understanding recent seismic activity. Palacoseismic activity has been
explained by release of stress accumulated during preceding glacial loading in association with long-
term tectonic plate motions. An alternative mechanism that involves release of high horizontal stresses
induced by flexure during loading, in combination with ambient plate tectonic stresses, has also been
discussed. The release of stress and fault instability occurred during unloading and the rapid removal
of the ice.
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3.4 Groundwater evolution during the Quaternary period

The groundwater evolution in the Laxemar-Simpevarp area has been strongly affected by climate
changes in the past. Investigations have shown that the groundwaters observed today have different
origins and ages, including glacial meltwater, meteoric water, and marine water, depending on the
prevailing conditions at the time of infiltration in the bedrock. Shoreline displacement plays an
important role in understanding the infiltration mechanism for these waters. It is specifically empha-
sised for the intrusion of the saline Littorina Sea water into the bedrock, as well as for the subsequent
flushing processes in the upper, more permeable bedrock horizons. It seems that the most recently
recharged water tends to flush older water types, especially in the upper permeable part of the
bedrock. However, hydraulic conditions vary over time, and remnants of earlier climatic fluctuations
can be preserved in localised areas of low hydraulic conductivity. Palacohydrogeochemistry thus
provides an important framework for understanding the bedrock hydrogeochemical evolution which
is crucial for the hydrogeochemical and hydrogeological understanding of the site.

Changes in hydrogeological development deduced from the geological and hydrogeochemical
records may be repeated during the lifespan of a repository (thousands to hundreds of thousands of
years). As a result, water types such as brine, glacial water, marine and meteoric waters will intrude
and be mixed in a complex manner at various levels in the bedrock.

The post-glacial development reveals that when the continental ice melted and retreated from the
Laxemar-Simpevarp area around 12,000 BC, glacial meltwater was hydraulically forced under
considerable pressure into the bedrock. This took place before the development of the Ancylus Lake
in the area. The exact penetration depth is unknown, but, according to hydrodynamic modelling, e.g.
/Jaquet and Siegel 2003, 2006/ depths exceeding several hundred metres are possible, see further
discussion in Chapters 9 and 8.

As described in Section 3.2, the post-glacial development of the area close to the Baltic Sea can

be divided into a number of non-saline and brackish lake/sea stages (see Figure 3-5). Two stages
with brackish water can be recognised; the Yoldia Sea (9500 to 8800 BC) and the Littorina Sea
(7500 BC to the present). Since the saline conditions during the Yoldia Sea stage prevailed for only
c. 200 years /Soderbéack 2008, cf. Section 3.3.5 therein/ and was later followed by the more saline
Littorina Sea stage, there are no discernable signs of water related to the Yoldia Sea in the bedrock
today. During the early part of the Littorina Sea stage, the salinity was considerably higher than at
the present day, reaching a maximum of about 15%o between 4500 and 3000 BC. Dense brackish
seawater from the Littorina Sea was able to penetrate the bedrock, resulting in a density-driven intru-
sion that affected the groundwater in the more conductive parts of the bedrock (see Chapter 9). The
density of the intruding seawater in relation to the density of the existing groundwater determined,
together with the hydraulic properties of the bedrock, the final penetration depth. As the Littorina
Sea stage provided the most saline groundwater, it is assumed to have had the deepest penetration
depth, eventually mixing with the groundwater mixtures already present in the bedrock, e.g. deep
saline water, old meteoric-glacial waters and Holocene glacial melt water, and later, during the proc-
ess of regressive shoreline displacement, also with more recent meteoric water.

As aresult of the late- and post-glacial development, five different water types can be identified

in the bedrock today. On the basis of the hydrogeochemical data, these water types are, in relative
chronological order: Deep saline water (oldest) > Mix of old meteoric-glacial waters (hypothetical)
> Glacial melt water from the last deglaciation > Littorina Sea water > Present-day meteoric water
(most recent). The mix of old meteoric-glacial waters is not observed as a dominant component of
the present-day groundwater, and the previous occurrences of this water type can only be hypoth-
esised. A detailed description of the different water types is given in Chapter 9 in this report.

In order to help understand the step-by-step evolution of groundwater in the Laxemar-Simpevarp
area during post-glacial time, i.e. during the Holocene, a conceptual model is presented in Figure 3-9.
The palaeohydrological conditions in the area have changed continuously over time and, as can be
seen, the major driving mechanism behind the flow lines is the shoreline displacement due to land
uplift. There remain some uncertainties with this conceptual model, and the uncertainties are greater
further back in time. Hence, the largest uncertainties are associated with the stage showing the flush-
ing by glacial melt water.
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a Deglaciation during the fresh water
Baltic Ice Lake stage at 12000 BC

Continental
Ice sheet

5180 = -22 to —20%

25 50 km

C Fresh water Ancylus Lake 8800-7500 BC

Water depth at Simpevarp c. 20 m
Simpevarp

500 m

25 50 km

@ Present day situation, the salinity has
remained the same for the last 2000 years
(outside Simpevarp Salinity = 7%.)

Simpevarp

5180 = —=10%

500 m

25 50 km

b Yoldia Sea period 9500-8800 BC
(Brackish water 9300-9100 BC)

Water depth at Simpevarp 30-10 m
Simpevarp

25 50 km

d Littorina Sea stage (7500 BC to present)
Salinity maximum around 4500-3000 BC
(Salinity = 10—15%o)

Water depth at Simpevarp 15-0 m,
above sea level since 2000 BC

Simpevarp
5180 = —10%o 5180 = —6%o

25 50 km

Figure 3-9. Conceptual model for groundwater evolution in the Laxemar-Simpevarp area.The sequence
of pictures illustrate the post-glacial development of the area a) the deglaciation during the Baltic Ice
Lake stage at about 12 000 BC, b) the Yoldia Sea period (9 500 — 8 800 BC), ¢) the freshwater Ancylus
Lake between 8800-7500 BC, d) showing the penetration due to density driven intrusion of Littorina sea
water between 7 500 BC to 0 AD, and e) the present-day situation. Blue arrows indicate flow pattern of

the groundwater.



3.5 Development of ecosystems during the late
Quaternary period

Long-term ecosystem development in near-coastal areas of Fennoscandia is driven mainly by two
different factors; climate change and shoreline displacement. In addition, human activities have also
strongly influenced the development of both terrestrial and aquatic ecosystems, especially during
the last millennia.

Shortly after the latest ice retreat, which started in southernmost Sweden c. 15,000 BC, the
landscape was free of vegetation and can be characterised as polar desert. Relatively soon after the
deglaciation, the ice-free areas were colonised and in southern Sweden the landscape was covered
by a sparse Birch forest. Thereafter, the climate has oscillated between colder and warmer periods.
During the cold period called the Younger Dryas (c. 11,000-9500 BC), large areas of the deglaciated
parts of Sweden were again affected by permafrost and much of the previously established flora and
fauna disappeared. From the onset of the Holocene (c. 9500 BC) and thereafter, southern Sweden has
been more or less covered by forests, although the species composition has varied due to climatic
changes. Most of the present mammal fauna was established in southern Sweden during the early
Holocene. During the last few thousand years, the composition of the vegetation has changed not
only to due to climatic changes, but also due to human activities which have decreased the areas
covered by forest. In southern Sweden, the introduction of agriculture and the subsequent opening
of the landscape started c. 3000 BC.

In coastal areas like Laxemar-Simpevarp, shoreline displacement has strongly affected ecosystem
development and still causes a continuing change in the abiotic environment. As a result of sea floor
uplift the sea (shoreline) is regressing and old sea floor is being transformed into new terrestrial
areas, or to freshwater lakes. The initial conditions for ecosystem succession from the original near-
shore sea floor are strongly dependent on the topographical conditions. In sheltered bays organic
and fine-grained inorganic material accumulate, whereas along more wave exposed shorelines with
a large fetch, the finer fractions are washed out. During the process of shoreline displacement, a sea
bay may either become isolated from the sea at an early stage and thereafter gradually transforms
into a lake as the water becomes fresh, or it may remain a bay until shoreline displacement turns it
into a wetland.

After isolation from the sea, the lake ecosystem gradually matures in an ontogenetic process which
includes subsequent sedimentation and deposition of substances originating from the surrounding
catchment, or produced within the lake. Hence, the long-term ultimate fate for all lakes is an inevi-
table fill-up and conversion to either a wetland or a more dry land area, the final result depending
on local hydrological and climatic conditions. A usual pattern for the lake ontogeny is the sequential
development of more and more eutrophic (nutrient-rich) conditions as the lake depth and volume
decreases. There are, however, examples of lake ontogeny that include a transition to more oligo-
trophic (nutrient-poor), as well as to more dystrophic (low pH, brown-water) conditions. All lakes in
the Laxemar-Simpevarp regional model area are characterised by more or less dystrophic conditions
(cf. Chapter 4), and this is typical for small forest lakes in large areas of Sweden. Dystrophic lakes
are characterised by high input of allochthonous carbon (i.e. transported from the surrounding catch-
ment area) and often by short water turnover time /Brunberg and Blomqvist 2000/.

Mires are formed basically through three different processes; terrestrialisation, paludification and
primary mire formation. Terrestrialisation is the filling-in of shallow lakes by sedimentation and
establishment of vegetation. Paludification, which is the dominant process of mire formation in
Sweden, is an ongoing water logging of more or less water-permeable soils, mainly by expanding
mires. Primary mire formation is when peat is developed directly on fresh soils after emergence from
water or ice. All three processes are likely to occur in the Laxemar-Simpevarp area, but peat land
filling in lakes (terrestrialisation) is probably the most common type of peat land development in the
investigation area. Historically, mires have often been drained for forestry or to gain new agricultural
areas, and in Sweden such activities peaked in the 1930s. In the Laxemar-Simpevarp area, a large
part of today’s agricultural land is characterised by a peat layer which was built up during a previous
wetland phase.
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3.6 Human population and land use

The coast of Sméland became ice-free around 12,000 BC. At the time of the deglaciation, the whole
Laxemar-Simpevarp region (an area which in this section refers to three parishes in the surroundings
of Oskarshamn that together constitute approximately 1,000 km? /cf. S6derbédck 2008/) was situated
beneath sea level. The oldest human remains in the region are found in the highest situated terrain,
which is located in the western parts of the region 25-40 metres above sea level (which corresponds
to emergence from the sea around 9400-8300 BC). There is a rich occurrence of prehistoric remains
in the region, some of them indicating that the area was already exploited during the Older Stone
Age (9000—4000 BC). Following the arrival of the first humans to the region, it has been character-
ised by its forest- and archipelago settlements. The main occupation since the colonisation of the
area has been a combination of agriculture, forestry and fishing activities /Lundqvist 2006/.

The settlement structure in the region during the medieval period (1100-1550 AD) was characterised
by single farms, in contrast to for example Forsmark, where settlements were organised in small
villages. The farms were subdivided into several smaller farms when the population increased. An
unusually large share of farms in the Laxemar-Simpevarp region belonged to the crown, and the
share of frecholders was correspondingly very small. The number of freehold farmers in the region
increased during the 18" century, both due to the partitioning of farms and to the fact that farmers
purchased farms previously belonging to the nobility.

Following a nationwide decline in the population during the middle of the medieval period, there
was a strong population expansion. The population in the region doubled or increased at an even
faster rate between the 1570s and the 1750s, and the strong population growth continued until the
late 19" century. At the turn of the century the increase ceased and during the latter part of the 20®
century the rural population decreased. The number of people involved in agriculture has decreased
during the 20" century, and instead, the number of people employed in industry and crafts has
increased.

Woodland was and is dominant in the Laxemar-Simpevarp region. The forests in the region have
been used for many different purposes; pastures, firewood, fencing material, subsistence needs,
burn-beating, as well as production of charcoal, tar and potash. In addition to sawmill activities, the
production of charcoal, tar and potash, were in many cases an important part of the economy of the
individual household. Trading in timber was advantageous since the timber was easily transported in
the coastal areas. In the Laxemar-Simpevarp region there was also a boat-building tradition, which
grew during the 19" century to a minor shipbuilding industry /Lundqvist 2006/. The areal extent of
arable land, and even more so of meadows, increased throughout the 18" and 19" centuries. Much
of the new agricultural land was gained from ditching of wetlands. Some of these areas are still
cultivated, whereas others are now deserted and, in some cases, have been turned into woodlands.
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4 The surface system and surface-bedrock
interactions

This chapter presents results from the work concerning the surface system, i.e. the geology of the
overburden including Quaternary deposits, hydrology, chemistry and biota, as well as ecosystem
models for the terrestrial-, limnic- and marine ecosystems.

The surface system starts where the upper part of the bedrock ends, except where the bedrock
reaches the surface in the form of outcrops and thereby becomes a part of the surface system. This
means that a number of different disciplines are represented in the descriptions of patterns and proc-
esses in the surface system at various spatial and temporal scales, and these descriptions are presented
in a large number of background reports. A summarising, integrated description of the surface system
in Laxemar-Simpevarp, based on these background reports, is presented in /Soderbick and Lindborg
2009/. This chapter constitutes a condensation of that description, and by necessity many details

are omitted or only described briefly. Hence, this chapter functions partly as a pointer to detailed
descriptions in the supporting background reports.

The integrated description of the surface systems at Laxemar /Soderbick and Lindborg 2009/
includes two main components:

+ awritten synthesis of information related to the site, summarising the state of knowledge, as well
as describing ongoing natural processes which affect the long-term development of the site, and

 asite descriptive model in which the collected information is interpreted and presented in a form
that can be used, or further synthesised, in numerical models for engineering, environmental
impact- and long-term safety assessments.

The overall objective of the site descriptive modelling work concerning the surface system has
been to develop and document an integrated description as a basis for a site-adapted layout of the
final repository, for assessment of the repository’s long-term radiological safety, and to support the
environmental impact assessment of the repository with site understanding and descriptions.

An important part of the work is the ecosystem modelling, which aims at describing mass balances
for different chemical elements in the terrestrial, limnic and marine environments. In this work,
much focus has been put on the calculation of ecosystem carbon budgets as a tool for estimating and
predicting flow and accumulation of organic matter and associated elements at a landscape scale,
in preparation for the safety assessment.

4.1 State of knowledge at the previous model version

Since the previous model version, Laxemar 1.2, the volume and variety of surface system data
have increased considerably. This has refined the surface descriptions and the models of the site.
Furthermore, the integration of the bedrock and the surface system has been considered and the
interface between the two systems has been characterised and described. This will facilitate the
description and handling of potential flow paths and radionuclide retention processes between the
bedrock- and surface systems in the radionuclide transport modelling.

The site description of the surface system has developed since the start of the modelling in 2002 to
a general understanding of how the site functions in terms of properties in different volumes, the
main functional units, processes and system descriptions from different scientific disciplines. The
conceptual model that was developed at the beginning of the work has been adjusted to observed
site-specific features, and site data have been used to describe stocks, flows and accumulations of
matter within and between different parts of the surface system in the Laxemar-Simpevarp area.
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4.2 Data evaluation and modelling

The investigations performed in the Laxemar-Simpevarp area are summarised in Section 2.2, and
the data supporting this model version are summarised in Tables A3-7 and A3-8 in Appendix 3. The
evaluation of these data is presented below.

421 Overburden and Quaternary geology

The overburden (or regolith) refers to the unconsolidated materials overlying the bedrock. Here

the term Quaternary deposits is often used since all known components of the overburden in the
Laxemar-Simpevarp area were formed during the Quaternary period. In the terrestrial area the upper
c. 0.5 metre of the overburden is referred to as the soil. For a detailed description of the spatial dis-
tribution and properties of the overburden in the Laxemar-Simpevarp area including evaluations of
the input data and methods used, the reader is referred to /Sohlenius and Hedenstrém 2008/, and to a
geometrical stratigraphic model /Nyman et al. 2008/, presented in Section 4.3.2. For the geological
and historical development of the site, see Chapter 3.

The description of the Quaternary deposits is focused on the spatial distribution of the different units,
together with a description of their physical and chemical properties. The physical properties of the
Quaternary deposits are used as input data for the hydrogeological modelling /Werner et al. 2008/,
whereas the information on the chemical properties contribute to the biological models of the upper
geosphere /Lofgren 2008, Nordén et al. 2008, Wijnbladh et al. 2008/ and to the hydrogeochemical
modelling /Tr6jbom et al. 2008/.

Spatial distribution of Quaternary deposits

The distribution of Quaternary deposits is mainly related to the local bedrock morphology. The
highest situated areas have been exposed to erosion from waves and currents, and the overburden is
thin. Fine-grained water-laid sediments are mostly restricted to the long and narrow valleys where
the overburden is considerably thicker. The geographical distribution of Quaternary deposits and
the modelled depths of the overburden in the model area are shown in Figure 4-1 and Figure 4-8,
respectively. Table 4-1 shows the proportional distribution of the overburden in the central part
of the Laxemar-Simpevarp area. In total, some 58% of the regional model area is covered by
Quaternary deposits and the remainder consists of bedrock outcrops. Till is the most common
Quaternary deposit and covers c. 34% of the regional model area.

The bedrock surface in the regional model area is often rough, indicating a low degree of glacial
erosion. After the deglaciation c. 12,000 BC, the water level in the Laxemar-Simpevarp area was
c¢. 100 m higher than at present and the area was consequently completely covered by water (see
Chapter 3). The stratigraphical investigations indicate that the overburden has been formed during
the end of, and after, the latest ice age. However, the existence of older parts of the overburden
cannot be excluded and /Lagerbick et al. 2006/ have suggested that some parts of the overburden
in this part of the County of Smaland may be older than the latest glacial phase.

The stratigraphical distribution of Quaternary deposits in the investigated area is rather uniform
(Table 4-2). Till is the oldest Quaternary deposit in the area and rest directly upon the bedrock
surface. The till in the valleys is often overlain by glacial clay, which, in turn, is often covered by a
layer of sand followed by clay gyttja and peat (Table 4-2). The main stratigraphical units are shown
in the depth and stratigraphy model of the overburden /Nyman et al. 2008/. The glaciofluvial depos-
its commonly rest directly upon the bedrock surface. Based on the stratigraphical and geographical
distribution of the Quaternary deposits, the area has been divided in three type areas which are
discussed below.
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Figure 4-1. The geographical distribution of Quaternary deposits in the Laxemar-Simpevarp area. The
map has been produced using data from several activities /see Sohlenius and Hedenstrém 2008/. The
numbers refers to the different type areas (extensions indicated by different patterns) shown in Table 4-1.
The topographically high areas with hummocky moraine are marked with H.

Table 4-1. The proportional distribution of Quaternary deposits in the central parts of the
Laxemar-Simpevarp regional model area. The extensions of the different type areas referred to in
the table are shown in Figure 4-1. Area 1 = Laxemar subarea, Area 2 = Simpevarp subarea, Area
3 = the drainage area of the Laxemaran river. Area 3 also includes areas 1 and 2. The terrestrial
area was mapped by /Rudmark et al. 2005/. Areas 4, 5 and 6 refer to different parts of the marine
area mapped by /Ingvarson et al. 2004/ and /Elhammer and Sandkvist 2005/.

Quaternary deposit Area 1 Area 2 Area 3 Area 4 Area 5 Area6 The
whole
Coverage (%) .
Peat 5.3 1.9 8.0 - - - 4.5
Clay gyttja 5.8 0.1 3.4 0 44.0 0.7 -
(postglacial clay)
Glacial clay 0.7 1.1 1.4 41.6 13.4 33.1 16.0**
Glaciofluvial sediments 0.1 0.0 3.0 0 0 0 1.2
Postglacial sand and gravel 4.8 5.8 4.3 3.3 21 0.3 1.8
Till 45.2 35.0 43.3 3.4 5.1 22.5 34.3
Precambrian bedrock* 38.2 38.2 34.5 51.6 35.4 43.4 41.9
Atrtificial fill 0 17.9 1.3 0.1 0 0 0.4

* Areas with bedrock outcrops. ** Glacial and postglacial clays.
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Table 4-2. The stratigraphical distribution of Quaternary deposits in the Laxemar-Simpevarp
area. Glaciofluvial sediments are not included in the table, but commonly rest directly upon the
bedrock surface.

Quaternary deposit Relative age
Bog peat Youngest
Fen peat 1

Gyttja clay/clay gyttja

Postglacial sand/gravel 1

Glacial clay

Till 1

Bedrock Oldest

The topographically high areas

The highest topographic areas are dominated by till and bedrock outcrops. In the terrestrial area this
environment is completely dominated by forest. The overburden in the topographical high areas
is generally less than one or a few metres thick. On land, there are numerous small peat-covered
wetlands incorporated in the till and bedrock dominated areas. The Quaternary deposits in these
wetlands are generally thinner than in the larger wetlands situated in the valleys. It is, however,
possible that small pockets of thicker Quaternary deposits occur also in these small wetlands. The
groundwater table in the small wetlands has most often not been artificially lowered.

The frequency of bedrock outcrops is high in the central and northern parts of the terrestrial areas.
Also the topographically elevated areas on most of the seafloor outside the archipelago are totally
dominated by till and bedrock outcrops. On land, lichen and mosses cover a large proportion of

the outcrop bedrock while some bedrock areas have somewhat richer vegetation and may partly be
covered by thin layers of Quaternary deposits. Till covers a larger proportion of the terrestrial areas
compared with the marine areas. It is possible that the till coverage in the terrestrial areas is slightly
overestimated. Observation at the sea floor shows that a thin boulder layer often covers the bedrock.
Such boulder-covered bedrock areas may have been erroneously interpreted as till in the terrestrial
areas where the bedrock is often covered by vegetation.

Areas with hummocky moraine (marked with H in Figure 4-1) and also with a low frequency of
bedrock exposures occur in the south-western part of the model area, but also in the central part of the
Laxemar subarea. The till in that environment is thicker than the till in other topographically high areas.

The valleys

In the terrestrial areas, clay gyttja, peat and postglacial sand/gravel dominate the floor of the valleys.
Glacial clay and till underlie these deposits, cf. Table 4-2. A large proportion of the peat and water-
laid deposits is used as arable land.

The peat areas consist both of wetlands where peat presently is accumulating, and of former
wetlands where the groundwater table has been artificially lowered for agricultural purposes, or
to improve the rate of forest growth. The lowered groundwater table causes the peat to be more
compact and to oxidise, and following the groundwater lowering the layer of peat is successively
becoming thinner. Some of the wetlands are former lakes, which have been covered by peat. Many
of the present and former wetlands have, however, not experienced a lake stage, and were instead
formed directly after the area rose above the sea level.

The valleys on the sea floor off the archipelago are at present exposed to the erosive forces of waves
and streams (e.g. Area 4 in Figure 4-1 and Table 4-1). Consequently, there is almost no accumulation
of fine-grained deposits in this area, and the valley floors are instead characterised by erosion and
transportation of sediment. The glacial clay, which is often found in the bottom layer of the valleys,
is therefore often covered by a layer of sand or gravel.
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The lakes and bays are sheltered from strong influence of waves and currents. Consequently, clay
gyttja and gyttja are accumulating in large parts of the floor of lakes and sheltered bays (e.g. Area
5 in Figure 4-1 and Table 4-1). The rate of sediment accumulation is similar in lakes and bays, and
several metres of gyttja sediments have been recorded in the deepest parts of the lakes and bays. Peat
is accumulating along the shores of the lakes, and the size of the lakes will successively decrease.

The total thickness of Quaternary deposits in the valleys is often several metres /Sohlenius et al.
2006, Morosini et al. 2007/. Results from drillings show a maximum overburden depth of more
than 30 metres, and results from geophysical measurements indicate overburden depths of up to
50 metres. Results from geophysical measurements and drillings indicate that the different strati-
graphical units are generally thicker in valleys located in the marine area compared with valleys in
the terrestrial area.

The valleys reflect lineaments in the bedrock which are rich in fractures and which in some cases
are associated with interpreted deformation zones, cf. Section 5.5. The bedrock underlying the
Quaternary deposits in the valleys is consequently of poor quality and it may sometimes be difficult
to define the interface between the bedrock and the deposits.

The glaciofluvial eskers

There are three small and one large (the Tuna esker) glaciofluvial deposits in the regional model
area (Figure 4-1). These deposits are well sorted with respect to grain size, and consist mainly of
sand and gravel. The glaciofluvial deposits are well drained and the vegetation is therefore adapted
to dry conditions. The few available data from glaciofluvial deposits in the model area indicate that
these rest directly upon the bedrock. During the latest deglaciation, the glaciofluvial sediments were
deposited in tunnels formed beneath the ice by melt water running from the north. It should be noted
that some of the eskers might have been formed during an older deglaciation than the latest /cf.
Lagerbéck et al. 2006/.

Chemical and physical properties of Quaternary deposits

The most common Quaternary deposits and soils have been analysed with respect to chemical and
physical properties and the results are compiled in /Sohlenius and Hedenstrom 2008/. All Quaternary
deposits except peat, the latter which is almost entirely built up by organic material, were analysed
with respect to grain size (Table 4-3). The quotient d60/d10 (based on diameter of sieved material,
cf. Table 4-3) has been calculated to demonstrate the degree of sorting. The deposit is considered
poorly sorted with respect to grain size if d60/d10 is above 15. Most of the till samples have a d60/
d10 well above 15.

Porosity and density has been calculated for some of the Quaternary deposits (Table 4-4). Some
data in Table 4-4 were taken from the literature since site-specific data are lacking. The till in the
area is characterised by a low content of fine material and high content of sand and gravel. In some
of the investigated valleys, the material underlying the clay was classified as till, but has a grain
size composition more similar to water-laid deposits. The latter, relatively well-sorted material is
therefore referred to as sand and gravel in Table 4-3. It is assumed that the postglacial and glacioflu-
vial sediments have similar properties. The properties of these deposits are therefore shown jointly
in Table 4-3. These deposits were both deposited in water and the material originates from till or
bedrock.

The chemical composition of the deposits is close to the Swedish average /e.g. Andersson and
Nilsson 1992/. The petrographic and mineralogical composition of the till reflects that of the local
bedrock /Bergman and Sohlenius 2007/, even though the till has been transported from the north.
However, since the till has been subjected to chemical weathering, the chemical composition of the
till differs slightly from that of the bedrock. The mineralogy of the clay is different from that of the
bedrock since the clay has a high content of clay minerals, which were formed after chemical altera-
tion of some of the primary bedrock minerals. Furthermore, the chemical composition of clay is also
affected by the environmental conditions prevailing during deposition.
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In all investigated lakes, total contents of organic carbon (C), nitrogen (N) and sulphur (S) in the
glacial clay are relatively low, but show an increasing trend from the glacial clay to the overlying
younger gyttja sediments (Table 4-5). High production of organic matter in the sheltered bays and
lakes probably caused the relatively high N and organic C contents preserved in the clay gyttja
deposited in these environments. The high S content in the clay gyttja is interpreted to be an effect
of iron sulphides present in the sediments.

There are no data describing the physical and chemical properties of the artificial fill. Most artificial
fill is material which originated from the construction of the nuclear power plants. That material has
probably a coarse-grained size composition, and a chemical and mineralogical composition similar
to that of the local bedrock.

Table 4-3. The average grain size distribution of material <20 mm in Quaternary deposits. The
ratio d60/d10 (where d60 is the particle diameter corresponding to 60% finer on the grain-size
curve, and d10 is the particle diameter corresponding to 10% finer on the grain-size curve) is
also called coefficient of uniformity. The smaller the coefficient of uniformity, the more uniform
the material. The values are presented as the percentage by dry weight values.

Quaternary deposit N Gravel (%) Sand (%) Silt content (%) Clay content (%) d60/d10
Average gravelly till 31 47.7x10.5 40.1£10.4  9.443.6 2.8+1.2 102+134
Average sandy till 16 27.749.20 46.5+11.8  21.5+14.3 4.3+2.5 69.7+59.7
Average till 48 40.1+14.7 41.9+11.3  14.3£11.6 3.7+3.1 133+170
Average clay gyttja 61  0.0£0.1 20.9+11.6  46.4+11.6 32.7+12.5 -
Average glacial clay 18 0.5%1.2 9.0+7.6 31.1£9.0 59.4+12.3 -
*Average sand 9 17.4x221 79.5¢22.0 2.3%+1.5 0.8+1.1 -

**Sand and gravel 9 55.6x15.4 41.9+14.2  2.6x2.0 0 16.7+5.4

* The sand samples are both of glacial and postglacial origin.

** Sand and gravel, which were classified as till in the field but have a grain size distribution equal to water-laid sedi-
ments. These well sorted “till” samples were obtained from drillings in the valleys.

Table 4-4. The average physical properties of the Quaternary deposits. The properties of till and
sand/gravel are taken from the literature and are not obtained from the site investigation. The
bulk density refers to the density of water-saturated material.

N Water content Porosity Bulk density (kg/m®) Reference
(% by weight) (% by volume)
Till 10-25 2,100-2,400 /Pusch 1974/
Glacial clay 11 51.9+8.3 73.5+6.6 1,430+105 /Nilsson 2004,
Sohlenius et al. 2006/
Clay gyttja 42 83.415.4 90.0+3.4 1,081+33 /Nilsson 2004/
Peat 18 92.6+3.0 1004£57* /Lundin et al. 2005/
Peat 2 91.5 92.0 1,005 /Nilsson 2004/
Top sediment 58 90.8+1.6 94.7+0.9 1,043+9 /Fredriksson 2004/
(clay gyttja)
Sand/gravel 15-50 1,800-2,300 /Pusch 1974/
Top sediment 22 24.8+14.7 43.4£17.3 1,914+293 /Fredriksson 2004/
(sand and
gravel)

* Dry bulk density.
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Table 4-5. The average contents of organic carbon (C), nitrogen (N) and sulphur (S) in clay gyttja,
peat and glacial clay /from Nilsson 2004, Sternbeck et al. 2006/. The N content of the glacial clay
was below the detection limit. The S content was not measured by /Sternbeck et al. 2006/.

N (C,N) N (S) Org. C (%) Tot. S (%) Tot N (%)

Peat 5 2 52.4+4.5 0.16 1.41£0.6
Clay gyttja in fens 13 13 15.348.1 1.5¢1.1 1.310.6
Clay gyttja in lakes 35 31 17.4+8.1 1.4%1.2 1.6+£0.6
Clay gyttja in bays 26 14 13.4+1.1 2.2+0.5 1.7+0.2
Clay gyttja (total) 74 58 15.616.7 1.7+1.1 1.6+£0.5
Glacial clay 8 8 0.5+0.3 0.5+0.5 -

4.2.2 Hydrology and near-surface hydrogeology
Site investigations and hydrological characteristics

The site investigations in Laxemar-Simpevarp included comprehensive investigations of hydrol-

ogy and near-surface hydrogeology. These investigations comprised monitoring of meteorology
(including “winter parameters” such as snow depth and ice freeze/breakup), surface-water levels in
lakes and bays of the Baltic Sea, stream discharges, and groundwater levels in Quaternary deposits.
Moreover, different types of field and laboratory tests were conducted for hydrogeological characterisa-
tion of Quaternary deposits and the interactions between groundwater in the Quaternary deposits and
groundwater in the rock. Descriptions of methods, evaluations of input data, and conceptual and quanti-
tative water flow modelling are presented in /Werner 2008, Werner et al. 2008, Bosson et al. 2008/.

As described above, the topography of the Laxemar-Simpevarp area is characterised by relatively
distinct valleys, surrounded by higher-altitude areas dominated by exposed or shallow rock. The
south-western and central parts of the Laxemar-Simpevarp regional model area are characterised
by hummocky moraine and thereby a smaller-scaled topography. Almost the whole area is located
below 50 metres above sea level (m.a.s.l.), and the entire area is located below the highest coastline.

The site-average annual precipitation and specific discharge are estimated to be on the order of

600 mm and 160170 mm, respectively. The precipitation demonstrates a near-coastal gradient, with
less precipitation at the coast compared with areas further inland; the difference in annual average
precipitation at the coastal Aspd station and the inland Plittorp station is c. 7% for the site investiga-
t