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Preface

The Swedish Nuclear Fuel and Waste Management Company (SKB) has undertaken site characteri-
sation in the SFR area at Forsmark in order to identify a suitable location for a planned extension of
the existing final repository for short-lived radioactive waste (SFR). An integrated component of the
characterisation work is the development of a site descriptive model (SDM) constituting a descrip-
tion of the site. The model describes the current state of the geosphere and the ongoing natural
processes that influence its long-term evolution.

The site descriptive model concluding the site investigations for the extension of SFR, SDM-PSU, is
compiled in the present report. A synthesis of the SDM report, focusing on model integration and the
current model of the site, is presented in Chapter 9. This chapter serves as an executive summary.

The overall objective of the site descriptive modelling work at SFR is to develop and document an
integrated description of the site, based on data from the site investigation work, as a basis for a
site-adapted design of the extension and assessment of the repository’s long-term radiological safety
(SR-PSU).

The site descriptive modelling work performed within the site characterisation project was
conducted by a multi-disciplinary project group. All individuals contributing to the project are
gratefully acknowledged for making this report possible. Specifically, the following individuals
contributed to this final report:

Magnus Odén — SDM PSU project leader.

Sven Follin — editor and site synthesis.

Kiristina Skagius — co-editor.

Jakob Levén and Jesper Petersson — site investigation data.
Bjorn Soderbick — site evolutionary aspects.

Kent Werner — surface system and surface-bedrock interactions.
Philip Curtis and Jesper Petersson — geology.

Eva Hakami — rock mechanics.

Johan Ohman and Sven Follin — hydrogeology.

Ann-Chatrin Nilsson, John Smellie and Eva-Lena Tullborg — hydrogeochemistry.
Ulf Brising — production of maps and figures.

The report has been formally reviewed by the following members of the SFR extension project’s
own expert group SARG (SFR extension Application Review Group): Jordi Bruno (Chairman,
Amphos 21); Michael C. Thorne (Mike Thorne and Associates Ltd); Alan Geoffrey Milnes (GEA
consulting Rock Engineering); Derek Martin (University of Alberta); Russell Alexander (Bedrock
Geosciences); Tommy Olsson (I&T Olsson AB); Kastriot Spahiu (SKB).

In addition, the report has been reviewed by the following people outside of SKB: Michael Stephens
(SGU); Lee Hartely (Serco); Johan Holmén (Golder).

The reviewers provided many valuable comments and suggestions for this work. However, they are
not to be held responsible for any remaining shortcomings of the report.

Magnus Odén
Project leader SDM-PSU
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Summary

The Swedish Nuclear Fuel and Waste Management Company (SKB) has undertaken site characteri-
sation in the SFR area at Forsmark in order to identify a suitable location for a planned extension
of the existing final repository for short-lived radioactive waste (SFR). The site investigation has
been conducted mainly from the surface, and modelling has been carried out for the overall purpose
of developing a descriptive model (SDM). The site descriptive model forms a basis for repository
engineering aimed at designing the underground extension facility and developing a repository
layout adapted to the site. It is also essential for safety assessment, since the model is a vital source
of site-specific input. Another important use of the site descriptive model is in the environmental
impact assessment.

The site descriptive model (SDM) presented in this report is an integrated model for bedrock
geology, rock mechanics, bedrock hydrogeology and bedrock hydrogeochemistry of the site investi-
gated in the SFR extension project (PSU). A description of the surface system is also included in the
report. However, the surface system is not integrated with the other disciplines as new data regarding
the surface system will not be available until after the completion of SDM-PSU. It is noted that
SDM-PSU does not include all disciplines handled in SDM-Site Forsmark (SKB 2008b), the focus is
to produce a site description that meets the needs of the SFR extension project. The overall objective
of the SFR extension project is to have the application for the extension ready by 2013.

This report presents an integrated site model incorporating the historic data acquired from the
investigations for and construction of the existing SFR facility (1980—1986), as well as from the
recent investigations for the planned extension of SFR (2008-2009). It also provides a summary

of the abundant underlying data and the discipline-specific models that support the integrated site
model. The description relies heavily on background reports concerning detailed data analyses and
modelling in the different disciplines. It is noteworthy that the investigations conducted during the
SFR extension project were guided by the choice of site prior to the investigations, which was based
on the experience gained during the construction of the existing SFR facility.

The modelling work prior to the site descriptive model, SDM-PSU, has involved four different
model versions: 0, 0.1, 0.2 and 1.0. Version 0 (SKB 2008a) was based on the information available at
the start of the site investigation programme for the SFR extension. This information mainly includes
data from the preceding Forsmark site investigation (SKB 2008b), along with documentation from
the construction of the existing SFR facility. Each of the subsequent versions was planned to include
models for geology, hydrogeology and hydrogeochemistry. A primary function of the initial model
versions (0.1 and 0.2) was feedback to the ongoing site investigations. However, due to the rapid
progress of the investigations, it was decided to omit the intermediate geological model version (0.2)
and instead focus on the final version 1.0. For each of the disciplines, the version 1.0 model reports
are the main background reports.

Primary data have been evaluated to devise an integrated conceptual model of the investigation area
with regard to bedrock geology, rock mechanics, bedrock hydrogeology, and bedrock hydrogeo-
chemistry. Although confidence in the occurrence of steeply dipping deterministic deformation zones
in the target volume intended for the SFR extension facility is high and the occurrence of undetected
steeply dipping deformation zones longer than 300 m is judged unlikely, the sub-horizontal to gently
dipping structures above —200 m elevation make a much more significant contribution to the pattern
of local groundwater flow in the upper part of the bedrock than the steeply dipping deformation
zones. These structures include several possible deformation zones recognised in the boreholes that
were not possible to model deterministically using the procedures adopted in the geological model-
ling work and were judged to be minor structures with a size below the level of resolution adopted
for this work. In conclusion, the principal remaining uncertainty in SDM-PSU concerns the occur-
rence, size, nature and transmissivity of sub-horizontal to gently dipping structures in the uppermost
part of the bedrock. Additional boreholes and hydraulic testing together with a geological discrete
fracture network (DFN) model could possibly have improved the structural-hydraulic modelling in
this regard.

SKB TR-11-04 5



In SDM-PSU, the issue was handled in the hydrogeological modelling work by including a shallow
bedrock aquifer (SBA) concept for some of the unresolved possible deformation zones together with
a conditional hydrogeological DFN model for the remaining unresolved possible deformation zones,
similar to that used in SDM-Site Forsmark. Eight so-called SBA-structures have been inferred from
the acquired structural and/or hydraulic data. In the context of data support and interpreted spatial
extent in 3D space, the confidence in existence of the deterministically modelled SBA-structures
varies. A primary idea with their present interpretation in the hydrogeological model is to allow for
a discussion about their potential importance for safety assessment since current data suggest that
transmissive, sub-horizontal to gently dipping structures may intersect the rock vaults of the planned
extension of the existing SFR facility depending on the decided location.
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1 Introduction

1.1 Background

Radioactive waste from nuclear power plants is managed by the Swedish Nuclear Fuel and Waste
Management Co, SKB. The first stage of the final repository for short-lived radioactive waste (SFR)
was constructed and taken into operation in 1988. During 2008, SKB initiated an investigation pro-
gramme for a future extension of the facility. This extension of SFR is required due to the upcoming
decommissioning of the closed reactors (Barsebick, Studsvik, and Agesta), the increased amounts of
operational waste resulting from the extended operating time of the remaining nuclear power plants,
and the future decommissioning of the remaining nuclear power plants (SKB 2008a). The overall
objective of the SFR extension project (PSU) is to have the application for the extension finalised at
2013, and the site descriptive model (SDM) presented in this report will support the application.

The site investigation was conducted between April 2008 and January 2010. The quality-assured site
data have then been analysed and modelling has been carried out for the overall purpose of develop-
ing a site descriptive model. The SDM for the SFR extension project, SDM-PSU, is an integrated
model for geology, rock mechanics, hydrogeology and hydrogeochemistry. A description of the
surface system is also included in the report. However, the surface system is not integrated with the
other disciplines as new data regarding the surface system will be available first after the completion
of SDM-PSU. The site investigations did not include investigations into the mechanical properties
(e.g. in situ stress or strength) of the rock, since adequate information existed from the investigations
for the existing SFR facility and the experience gained during its construction. In this report, a rock
mechanics site descriptive model of the SFR area is presented based partly on data from the existing
SFR facility and partly on data collected during the Forsmark site investigations.

It is important to notice that the objective of SDM-PSU is not to produce a site description covering
all disciplines in SDM-Site Forsmark (SKB 2008b). Rather, the focus is to produce a site description
that meets the needs of the PSU project. Hence, not all disciplines that were covered in SDM-Site
Forsmark are relevant for SDM-PSU.

This report presents an integrated model of the site and provides a summary of the models and the
underlying data supporting the current site understanding.

1.2  Final disposal of short-lived radioactive waste at SFR

SKB manages and disposes of three types of nuclear waste: operational waste, decommissioning
waste and spent nuclear fuel. The level of radioactivity and its physical and chemical form determine
how the waste is handled.

Short-lived, low- and intermediate-level operational waste — such as used ion exchange resins,
protective clothing and replaced parts from the power plants — constitutes over 80% (by volume)
of all nuclear waste. This waste is deposited in rock vaults in the existing SFR facility.

When the nuclear power plants are decommissioned, it will also be necessary to manage the radioac-
tive waste (such as scrap metal and structural material) that is generated. Like operational waste, all
of this waste is short-lived, low- and intermediate-level. This waste must be isolated from human
beings and the environment in the same way as operational waste.

Because of the decommissioning waste and the additional amount of operational waste caused by the
extended operational time of the existing nuclear power plants, an extension of the SFR facility is
needed and is expected to be operational by 2020.

SKB TR-11-04 11



1.3 The scope and role of the site description

Site characterisation should provide all the site-specific data required for an integrated evaluation
of the suitability of the investigated site for a geological repository, and a fundamental component
of the characterisation work is the development of a site descriptive model. As stated in Section 1.1,
SDM-PSU is an integrated model mainly for geology, rock mechanics, hydrogeology and hydrogeo-
chemistry. Full integration with the surface system will be done in the safety assessment (SR-PSU).
Since no new rock mechanics data have been acquired during the SFR extension investigation, the
existing data have been evaluated with regard to the new geological model.

The objective of SDM-PSU is not to produce a site description covering all disciplines in SDM-Site
Forsmark (SKB 2008b). Rather, the focus is to produce a site description that meets the needs of
the SFR extension project. Hence, not all disciplines that were covered in SDM-Site Forsmark are
relevant for SDM-PSU. At an early stage of PSU it was decided that no additional data or model-
ling regarding transport properties or thermal properties were needed from SDM-PSU. Another
important decision was that a geological DFN model for all fractures was not needed, i.e. the rock
mass between deformation zones is described only by a hydrogeological DFN model for open and
flowing fractures.

Quality-assured site characterisation data stored in the SKB database Sicada and in the SKB
geographic information system (GIS) comprise the input to site descriptive modelling. The results
of the site descriptive model are used to adapt the repository layout to site conditions, and as input
to the design of the underground facility. They are also essential for the safety assessment. Another
important use of the site descriptive model is in the environmental impact assessment. Furthermore,
it helps to provide a general site understanding to various stakeholder groups.

In the SKB programme, a site description is a description of the site including the current state of the
geosphere and the biosphere as well as descriptions of ongoing natural processes that can influence
their long-term evolution. However, it is not the task of the site description to make any predictions
regarding the future evolution of site conditions. This is done within safety assessment based on the
understanding of current conditions and past evolution compiled in the site description. It is also
not the task of site descriptive modelling to evaluate the impact on current site conditions of the
excavation or operation of a repository extension 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.

1.4  Setting

The Forsmark area is located in northern Uppland within the municipality of Osthammar, about

120 km north of Stockholm. The prioritised survey area for the SFR site investigation is located
north of the area selected for the final repository for spent nuclear fuel, in an area that is below the
sea and southeast of the existing SFR (Figure 1-1). The prioritised survey area for the site investiga-
tions was selected prior to the start of the investigations, and the reasons for selecting this area are
presented in SKB (2008a). The main reason is that this area was deemed more favourable than the
other alternatives listed in SKB (2008a) due to the following factors:

e Existing knowledge of geological conditions prior to the SFR site investigations indicated a
suitable rock mass.

e No need to construct tunnels through the deformation zones ZFMNWS805A and —B (Northern
boundary belt).

e Boreholes can be drilled from the pier.

e Minimal disturbance of the operation of the existing SFR facility.

12 SKB TR-11-04
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Figure 1-1. Location of the prioritised survey area for the site investigations.

The current ground surface in the Forsmark region forms a part of the sub-Cambrian peneplain in
southeastern Sweden. This peneplain represents a relatively flat topographic surface with a gentle dip
towards the east that formed more than 540 million years ago. The Forsmark area is characterised
by a small-scale topography at low elevation (Figure 1-2). The most elevated areas to the southwest
are located at c. 25 m above current sea level. The whole area is located below the highest coastline
associated with the last glaciation, and large parts of the area emerged from the Baltic Sea only
during the last 2,000 years. Both the flat topography and the still ongoing shoreline displacement of
¢. 6 mm per year strongly influence the current landscape. Sea bottoms are continuously transformed
into new terrestrial areas or freshwater lakes, and lakes and wetlands are successively covered by
peat. Most of the prioritised survey area is covered by sea water at present (Figure 1-2), but the
seabed will continue to rise and the seabed above the prioritised survey area will be at the shoreline
within approximately 1,000 years (3000 AD).

1.5 Objectives and strategy of the site descriptive modelling
work at SFR

The overall objective of the current site descriptive modelling work (SDM-PSU) is to develop and
document an integrated description of the area surrounding the existing SFR facility, i.e. the SFR
regional model domain (see Figure 1-3), that meets the needs of the PSU project. The local model
domain has a higher data intensity and covers the volume that hosts the existing SFR facility and that
is expected to also host the planned extension, whereas the regional model domain covers a larger
volume that places the description of the local volume in a larger context.

SKB TR-11-04 13



Figure 1-2. Photographs from Forsmark showing a) the prioritised survey area (yellow) together with the
existing SFR facility, and b) the flat topography and the low-gradient shoreline with recently isolated bays
due to land uplift.
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The strategy for the site descriptive modelling is described in more detail in SKB (2008a). The
description is based on historic data as well as on data from the site investigation work conducted
for the planned extension of the existing SFR facility. SDM-PSU is intended to be a basis for a
site-adapted design of this extension as well as for an assessment of the entire repository’s long-term
radiological safety (SR-PSU).

The description has to be based on a fundamental understanding of the bedrock and surface systems.
To demonstrate that this understanding is sufficient, the reliability and reasonability of the assump-
tions made with respect to the current state and naturally ongoing processes have to be assessed.
Furthermore, the work must utilise all knowledge and understanding built into previous model
versions and the feedback obtained from the safety assessment SARO8 (SKB 2008c).

The specific objectives of the work are to:

e analyse the primary site characterisation data produced within the recently concluded site
investigation and the historic data available at the start of this investigation,

e describe the evolution of the site from the time the bedrock formed to the current day,

e develop a three-dimensional integrated site descriptive model including geology, rock mechanics,
hydrogeology and hydrogeochemistry, and

e perform an overall confidence assessment including an evaluation of alternative interpretations.

The strategy applied for achieving the stated objectives is to base the site descriptive model on the
quality-assured, geoscientific field data in the SKB databases Sicada and GIS. The methodology is
described in more detail in Section 1.6.
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Figure 1-3. Regional (blue) and local (red) model areas for SFR model version 1.0 relative to the flow model
area SFR (black) defined by surface water divides, as well as the model area for the landscape model (vellow).
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1.6 Methodology and organisation of the work
1.6.1 Methodology

The project is multi-disciplinary in that it covers potential properties of the site that are of impor-
tance for its overall understanding, for the design of the extension to the SFR repository, for the
safety assessment and for the environmental impact assessment. The overall strategy employed in the
work has been to develop discipline-specific models by interpretation and analyses of the quality-
assured primary data that are stored in the SKB databases Sicada and GIS, and then to integrate these
discipline-specific models into a unified site description. The quantitative, discipline-specific models
are stored in the SKB database SKBdoc, from where quality-assured versions of the models can be
accessed by the 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, descriptive
and quantitative modelling in 3D, and evaluation of the confidence in the resulting models. Data are
first evaluated within each discipline and then the evaluations are cross-checked between the disci-
plines. This is followed by three-dimensional modelling for the purpose of estimating the distribu-
tion of parameter values in space as well as their uncertainties. In this context, the geological models
provide the geometrical framework for all discipline-specific modelling. 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 are
provided.

The modelling work conducted during the SFR extension project followed the guidelines in the
following reports:

e Geological site descriptive modelling (Munier et al. 2003).
e Hydrogeological site descriptive modelling (Rhén et al. 2003).
e Hydrogeochemical site descriptive modelling (Smellie et al. 2002).

New experience of methodology issues was also gained during the course of the iterative process of
site descriptive modelling for a spent fuel repository at Forsmark (SKB 2008b) and Laxemar (SKB
2009). When appropriate, this experience has been adopted into the methodologies employed and
has also, in some cases, resulted in updates to, or amendments of, the strategy reports.

1.6.2 Interfaces between disciplines

The geological model is central to the description of the bedrock and provides the geometrical
context in terms of the characteristics of the deterministically modelled deformation zones. Using
the deterministic geological model as a basis, descriptive and quantitative models for the other geo-
scientific disciplines (rock mechanics, hydrogeology and hydrogeochemistry) have been developed
for the bedrock. In the work reported here, the rock mechanics modelling is limited to an analysis of
historic data with regard to the updated deterministic geological model.

Development of these models has, in turn, highlighted issues of potential importance for the bedrock
geological model. Another important interface is that between hydrogeology and hydrogeochemistry,
which has been handled, for example, by producing combined descriptions of flow paths and water
types in different zones.

The handling of the interfaces between disciplines is described in more detail in Chapter 4 (surface
system) and Chapters 5 through 8 (bedrock system).

1.6.3 Organisation of work

The work has been conducted by a project group containing representatives of the disciplines
geology, hydrogeology, hydrogeochemistry and surface systems. In addition, certain group members
have specific qualifications of importance in this type of project for example expertise in RVS (Rock
Visualisation System) modelling, GIS modelling and statistical data analysis.
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Each discipline representative in the project group was given responsibility for the assessment and

evaluation of primary data and for the modelling work concerning his or her specific discipline. This
task was then carried out either by the representatives working alone or together with other experts
or groups of experts outside the project group.

1.6.4 Quality assurance aspects

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

All primary data collected in the field and from laboratory measurements are stored in the SKB data-
bases Sicada and GIS. Before delivery to the database operator, the data are reviewed and approved
by the person responsible for the field activity furnishing the data (activity leader). The database
operator transfers the data to the database and then exports the same data from the database. The data
exported from the database are then checked by the database operator and the activity leader to ensure
that no mistakes are made in transferring the data to the database. When everything is found to be in
order, the activity leader approves the data by his or her signature. The execution of this process is
specified in the SKB QA document SDK-508.

Primary data collected at the site and used in the site descriptive modelling are only extracted from
the databases Sicada and GIS. Information regarding the procedures for data collection and factors
of importance in the interpretation of data is provided in the documentation (SKB’s P report series)
of the data collection activity, but the primary data have to be ordered from the databases. Only
approved (signed) data may be delivered to users of the data. All orders and deliveries of data from
the databases are registered, making it possible to trace all data deliveries. The execution of the
process of order and delivery of data from the databases is specified in the SKB QA documents
SDVI-200 (Sicada) and SDVI-203 (GIS).

Errors in data identified during the subsequent analytical and modelling work are reported by the
modeller. The errors are compiled in a list that is published on SKB’s internal website. It is the
responsibility of the users of the data to report all errors found and to keep up-to-date 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 procedure for handling errors in primary
data is specified in the SKB QA document SD-141.

The discipline-specific models developed within site modelling, using quality-assured data according
to the procedures described above, are stored in the SKB database SKBdoc. In this context, the term
“models” refers to, for example, 3D models of the geometry of deformation zones, 2D models of
surface objects, and DFN model parameters. 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 to be used by e.g. repository engineering and safety assessment are the
approved versions downloaded from SKBdoc. The model database is also used for internal deliveries
within the site modelling project. Instructions for the use of the model database are compiled in the
SKB QA document SDU-203.

The peer review of previous and current model versions conducted by SFR extension project’s own
expert group SARG (SFR extension Application Review Group) is also important in a quality assur-
ance context. The work of SARG focuses on reviewing main reports essential for the application, but
also on providing guidance to the project management on vital issues.

1.6.5 Nomenclature

Some definitions are provided here for terms that are of basic importance for the 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. Definitions of abbreviations are
provided in Appendix 2.

SKB TR-11-04 17



Fracture (broken,
unbroken, sealed,
open and partly open)

A natural break in the rock. In drill cores, there are broken and unbroken fractures,
depending on whether the core is split or not. Broken fractures include both open
fractures and originally sealed fractures which were broken during the drilling or the
following treatment of the drill core. To decide if a fracture was open, partly open or
sealed in situ, SKB has developed a classification system. A broken fracture is classified
as open if it fulfils one of the following criteria: (1) distinguishable aperture in the borehole
image, (2) weathered or altered fracture surfaces or (3) a poor fit of the fracture planes.
Otherwise it is mapped as sealed. Unbroken fractures are generally classified as sealed,
except in those cases where they display macroscopically distinguishable apertures and
consequently are classified as partly open.

Crush zone

Shattered rock with a very high frequency of open fractures.

Sealed fracture network

In drill cores, a length interval where the intensity of sealed fractures is too high and/or
where the fractures are too irregular to allow mapping of individual fractures. Generally
the distance between individual fractures is less than 3 cm. In the case of a very high
intensity of sealed fractures with concomitant rotation of rock fragments, the term breccia
is used.

Deformation zone

Deformation zone is a general term that refers to an essentially 2D structure along which
there is a concentration of brittle, ductile or combined brittle and ductile deformation.
Brittle deformation zones generally consist of one or several zones of crushed and/or
intensely fractured material (core zones) surrounded by zones of fractured and/or hydro-
thermally altered rock (damage zones). Deformation zones at Forsmark are denoted ZFM
followed by two to eight letters or digits. An indication of the orientation of the zone is
included in the identification code (e.g. ZFMNNW1209).

Possible deformation zone

Possible deformation zone (often labelled PDZ) is a term used by SKB to designate
structures observed in boreholes which possess deformation-zone-type properties and
thus may represent deformation zones in 3D. In the single-hole interpretation work, PDZs
are identified on the basis of fracture frequency, rock alteration and focused resistivity
along a borehole. Other data that have assisted in their identification include the
occurrence of low radar amplitude anomalies in the borehole radar data, low magnetic
susceptibility and caliper anomalies. Confidence in their existence is assigned to three
classes: high, medium and low.

Tunnel deformation zone

In the present report, tunnel deformation zones (often labelled tDZ) refer to structures
with a concentration of brittle deformation (i.e. fracture zones) that are presented in
drawing -103 by Christiansson and Bolvede (1987).

Rock unit

Arock unit is defined in single-hole interpretation on the basis of the composition, grain
size and inferred relative age of the dominant rock type. Other geological features include
the degree of bedrock homogeneity, the degree and style of ductile deformation, and the
occurrence of early-stage alteration (albitization) that affects the composition of the rock.
Anomalous fracture frequency also helps define and distinguish some rock units.

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, to some extent, degree
and style of ductile deformation have been combined and distinguished from each other.
In addition, the magnetic signature of the rock domain has been important in distinguish-
ing SFR area. Different rock domains in the SFR local model volume are referred to as
RFRxxx.

Southern boundary belt

A group of deformation zones including the regionally dominant Singé deformation zone
(ZFMWNWO0001) that can be said to define the southern boundary of the SFR Central
Block (cf. Figure 5-2 and Figure 7-2). The belt consists of ZFMWNWO0001 along with
ZFMWNWO0813, ZFMWNW3259, ZFMNWO0002 and, to a lesser extent, ZFMWNW1035.
In the SFR area, these zones merge to comprise a complex broad deformation “belt”

of concentrated ductile and brittle deformation. The belt has an overall thickness of

¢. 200400 m and a length of over 30 km.

Northern boundary belt

Deformation zone ZFMNWO0805A and a smaller splay ZFMNWO0805B that can be said to
define the northern boundary of the SFR Central Block (cf. Figure 5-2 and Figure 7-2).

It has a similar orientation and character as the Southern boundary belt, but is much
smaller with a length of between 3 and 4 km and a thickness of c. 50-100 m. On a larger
regional scale, the magnetic data suggest that it is probably a splay from the main Singd
deformation zone. It has the same sequence of ductile deformation followed by brittle
reactivation that is seen in the Southern boundary belt.

Central block

A tectonic block that is bounded to the northeast and southwest by two broad belts
of concentrated ductile and brittle deformation. The Central block is less affected by
deformation than the bounding belts.
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1.7  This report and supporting documents

This report presents the integrated site model of the SFR regional model domain on completion of
the site 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
provide information essential for demonstrating this understanding, but relies heavily on background
reports concerning details of data analyses and modelling.

The version 1.0 model reports are the main background report for each of the disciplines to the
SDM-PSU report. These background reports are listed below.

e Bedrock Geology, Site investigation SFR (Curtis el al. 2011).
e Bedrock Hydrogeology, Site investigation SFR (Ohman et al. 2012).

e Bedrock Hydrogeology — Groundwater flow modelling, Site investigation SFR (Ohman et al.
2013).

e Bedrock Hydrogeochemistry, Site investigation SFR (Nilsson et al. 2011).

The site descriptive modelling resulting in the final site description, SDM-PSU, has involved several
modelling stages/versions. These are briefly described in Section 2.8.

The content of the remaining chapters of this report is as follows.

Chapter 2 summarises available primary data and provides an overview of previous model versions
and other prerequisites for the modelling.

In Chapter 3, the current understanding of the evolution of the geosphere and the surface system
over time is described.

Chapter 4 describes the surface system, with a focus on aspects of importance for the bedrock
system.

Chapters 5 to 8 provide summaries of the modelling of bedrock geology, rock mechanics, hydrogeo-
logy and hydrogeochemistry, respectively.

In Chapter 9, the current model of the SFR regional model domain is summarised. It focuses on an
integrated description that demonstrates consistency and, as such, it also functions as an executive
summary for the SDM-PSU report.

Chapter 10 provides the conclusions from the work in terms of fulfilment of objectives and a look at
the most important issues judged to merit further study prior to and during the underground construc-
tion phase in order to reduce remaining uncertainties in the description of the local model volume.

Finally, a geographical map of the Forsmark area is provided in Appendix 1, where the location of
different local geographical names that are referred to in the site description can be found.
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2 Investigations, available data and other
prerequisites for the modelling

Since the start of the site investigations for the planned extension of SFR in 2008, more data have
successively been added to the databases used in site descriptive modelling. The modelling has now
reached the final integrated model version. This chapter provides a summary of the investigations
behind the databases used for modelling.

The strategy for the site investigations (described in SKB 2008a) has been to characterise a pre-
defined rock volume close to the existing SFR repository large enough to accommodate a repository
with a storage capacity of at least 140 000 m’. Key issues for the investigation to address have been:

e the geological character of magnetic lineaments (as deformation zones, anisotropy related to rock
type and/or ductile strain in the bedrock),

e the occurrence of highly transmissive fractures and fracture zones, and

e the mechanical properties of the bedrock as a basis for forthcoming repository engineering work.

2.1 Overview of investigations

The data upon which the SFR site descriptive model (SDM) is based were acquired mainly during
three different investigations. Figure 2-1 shows the boreholes from the different stages in relation to
the regional and local model areas.

1. Investigations prior to and during the construction of the existing SFR facility, from 1980
to 1986, and the following monitoring programme relating to geoscientific parameters. This
includes investigations for the construction of discharge tunnels from units 1-3 of the Forsmark
nuclear power plant.

2. The site investigation at Forsmark for a final repository for spent nuclear fuel, which was
undertaken from January 2002 to March 2007, along with associated monitoring of geoscientific
parameters and ecological objects.

3. Site investigations for the planned extension of SFR, which were undertaken from April 2008 to
January 2010.

There is a considerable quantity of geological documentation from the pre-investigations and
construction of SFR. During the pre-investigation phase 1980 to 1983, surface boreholes were drilled
from offshore platforms, from ice-cover, and from land. During the SFR construction phase, from
1983 to 1986, subsurface boreholes were drilled from underground openings and access tunnels.
Totally, 60 cored boreholes were drilled. In addition, extensive geological information was obtained
from the SFR access tunnels and underground openings.

Although the older data were quality assured by the standards used at the time of acquisition, they

do not comply with current SKB standards of the SFR extension and Forsmark site investigations,

in terms of investigation methodology, definitions and quality assurance. An important part of the
work has therefore been to review and identify which of the older data could be the subject of further
processing and quality checks, with the aim of reaching a level where they can be included in the
SKB databases for use in the modelling work. Data from the later SFR extension and Forsmark site
investigations have generally been given precedence over data from SFR construction. However,
some older qualitative data, such as the geological tunnel mapping, have been considered key data of
particular value in the modelling work.
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Figure 2-1. Map visualising the borehole coverage within the model area showing the horizontal compo-
nent of inclined boreholes. Boreholes are colour coded by investigation project/period. Cored boreholes
(KFRXX) are solid colour, percussion (HFRXX) boreholes have black dots.

The data acquisition during the three investigation programmes can be divided into a number of
investigation categories, where boreholes and tunnel documentation are of key importance due to
the sea coverage in the SFR area.
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Surface based geoscientific investigations. The majority of these data were acquired during the
Forsmark site investigation and include ground geophysics and compilations in terms of bedrock
and Quaternary geological maps.

Tunnel investigations from the SFR construction phase along with an updated mapping of the lower
construction tunnel (NBT) during the SFR extension project.

Borehole investigations, comprising drilling, drilling measurements, logging, geological mapping
and sampling of water and drill cores. The boreholes of relevance from the Forsmark site investiga-
tion are one telescopic borehole (see Section 2.4) and two percussion-drilled boreholes.

Monitoring of geoscientific parameters, especially during and subsequent to the Forsmark site
investigation, but also the SFR monitoring programme, which has generated data on inflows,
groundwater levels and groundwater chemistry for some 25 years.

Results and interpretations included in the various older SFR investigation and construction reports.
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2.2 Surface-based investigations

A bedrock map over the mainland and archipelago at Forsmark, at the scale 1:10,000, was generated
during the Forsmark site investigation, primarily on the basis of outcrop data and the interpretation

of airborne (helicopter) magnetic data (Figure 2-2). The results of modal and geochemical analy-

ses of surface samples as well as the analysis of structural data from the outcrops were presented in
Stephens et al. (2003, 2005) and Stephens and Forssberg (2006). Geochronological data were com-
piled and evaluated in Soderback (2008). The description of the map, including the rock type distribu-
tion and the ductile structures, was presented initially in SKB (2005) and, in more detail, in Stephens
et al. (2008).
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Figure 2-2. Bedrock geological map of the area around SFR based on the bedrock geological map,
Forsmark stage 2.3 Stephens et al. (2008) produced during the Forsmark site investigation. Local and
regional SFR model areas are also shown. The paler shades for each colour on the map indicate that the
corresponding rock unit is covered by water. The outline of the existing SFR tunnel system is shown by solid
lines and a possible configuration of the planned facility is shown by dashed lines.
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Both the regional and local SFR model areas are located in an area where the quality of the map is
judged as ‘variable but generally low’ (cf. SKB 2008b). No outcrops exist in the local SFR model
area and the observation points in the regional SFR model area are limited to the small island south
of Grisselgrundet and outcrops along the road to Biotestsjon (Figure 2-3).

All outcrops within and in proximity to the regional SFR model area were revisited for brief inspec-
tion during the SFR site investigation. However, no new surface geological data have been produced
since the Forsmark site investigation.

An overview of the geophysical data gathered and used during the Forsmark site investigation is
provided in Stephens et al. (2007), and the surface coverage of the available geophysical data in the
SFR area is shown in Figure 2-3. No new surface-based geophysical investigations have been carried
out during the SFR extension site investigation. However, a revised interpretation of lineaments and
connections defined by magnetic minima inside the SFR regional model area has been completed.
Reprocessing and review of earlier surface-based seismic reflection data covering the SFR regional
model area has been performed by Juhlin and Zhang (2010) with a focus on the shallow depth
relevant to the SFR storage level.

]

D 0 A T e L

D Local model area SFR
:I Regional model ares SFR

*  Qutcrop obseration point Ball grundhiceston £ Lantsmiied el A

Helicopter-borne geophysical E-W directed T
= survey (NGL). South of coordinate 6702000

= Reflection setsmic line

= Rwlraction sesmic hne
Detziled ground magnetic survey
Fii ] Becrock topography (marine survey)

Figure 2-3. Outcrop observation points from the geological bedrock mapping, along with the coverage of
available geophysical data around the SFR model areas. The whole area is covered by the Geological Survey
of Sweden (SGU) fixed-wing airborne survey and the Geological Survey of Norway (NGU) helicopter-borne
NS-directed survey. Note that all bedrock exposures have been visited and islands with no outcrop observa-
tion points have a cover comprising of Quaternary deposits dominated by till.
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The main source of the magnetic data is dense measurements from the ground survey on land, sea
and lakes with a grid resolution of approximately 4 by 4 m. A less resolved data set is provided

by a helicopter-borne survey. At sea, and also quite near the shore, a marine geological survey
provided data on the bedrock topography. Campaigns with refraction seismics, both on land and in
the sea, resulted in models for the bedrock topography and the P-wave velocity distribution in the
bedrock. Only two of the reflection seismic profiles (profiles 5b and 8) cover part of the SFR model
areas (Juhlin and Palm 2005). It is data associated with these two profiles that have been subject to
reprocessing and review during the preparation of version 1.0 (Juhlin and Zhang 2010).

Except for a new digital elevation model (DEM), no new investigations concerning the surface
system have been carried out during the SFR extension site investigation. Chapter 4 provides a brief
description of the surface system and the interactions between the surface system and the bedrock.

2.3 Tunnel investigations in the SFR facility

The geological and hydrogeological documentation of the underground openings compiled during
the construction of SFR is extensive. A summary of the engineering geology is presented in the final
construction report of Christansson and Bolvede (1987), which is based on geological mapping

of underground openings, geohydrological surveys, cored boreholes and probe drilling. Detailed
geological maps at the scale 1:200 that provide information on rock type, fractures, fracture zones
and water seepage for all underground openings are included. All these drawings have been digitally
scanned, geo-referenced in the ArcGis software and attached to the RVS model (stored in the SKB
database SDE GIS as Field note SFR 146). These drawings have been used in combination with
as-built tunnel centre-line and laser scanned tunnel section survey data to estimate the zone tunnel
intersection positions in 3D.

In addition, Christansson and Bolvede (1987) provided four overview drawings of (1) lithology

in the access tunnels (drawing —101) and storage area (drawing —102) at the scale 1:1,000, (2)
structures (drawing —103) and (3) water-bearing structures and grouting (drawing —104) at the
scale 1:2,000. The overview structural drawing focuses on brittle structures distinguished according
to the nomenclature in Figure 2-4. As a key input to the DZ modelling work, intercept positions
and orientations for all brittle structures marked on the overview drawing were extracted from the
detailed drawings and listed in Appendix 2 of Curtis et al. (2011), where these features are referred
to as ‘possible tunnel deformation zones’ (tDZ).

Fracture trace data in the detailed drawings and stereographic projections (see Appendix 4 for details
regarding their construction) included in the structural overview (drawing —103; cf. Figure 2-4)
provide the only source of fracture orientation information. Since none of the data are available
numerically, it has not been possible to apply the data directly in quantitative modelling. Overall
approximately 600 water-bearing traces have been mapped on the walls and ceiling of different
tunnel sections of the existing SFR facility (Christiansson and Bolvede 1987); inflow has been
described as “locally flowing” inside deformation zones, and as “moisture” or “dripping” outside
zones. These traces are reported in terms of 389 orientations that may represent packages or
sequences of fractures and, therefore, fracture sets cannot be directly compared, for example in terms
of intensity.

Drawing —104 in Christiansson and Bolvede (1987) summarises the grouting performed during
tunnel construction and information on the spatial location of large tunnel inflows. The largest
grouting efforts were made in the passage through the zones ZFMWNWO0001 (Singd zone),
ZFMNNEO0869 (zone 3) and ZFM871 (zone H2), whereas only minor grouting was performed
in the storage facilities (Figure 2-5). The Silo was not grouted at all despite its proximity to
ZFMNWS805A and B (zone 8).

An updated mapping of the lower construction tunnel (NBT) in SFR was performed by Berglund
(2008) (delivery Sicada 11 _015). The mapping was based on a template of the laser-scanned tunnel
geometry and consists of three-dimensional graphical elements related to a database with geological
properties. Fractures, lithology, rock contacts, minor deformation zones and obvious water seepage
have been recorded according to the geological nomenclature used by SKB. Details regarding the
minor deformation zones are presented in Appendix 2 of Curtis et al. (2011).
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Figure 2-4. Detail of the structural overview drawing (—103) in Christiansson and Bolvede (1987). English
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has been completed by (1) translation of the different rock types defined by Christiansson and
Bolvede (1987) into the bedrock nomenclature introduced during the Forsmark site investigation
(cf. Stephens et al. 2003), and by (2) colour coding of the rock types in all detailed drawings at

the scale 1:200 according to SKB standards (stored in SDE GIS database as Field note SFR 146).
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Figure 2-5. Grouted tunnel sections in the existing SFR. For readability, the original sketch 104 by
Christiansson and Bolvede (1987) has been coloured by injected mass of cement and placed in the
context of the ground traces of the steeply dipping deformation zones of the geological model SFR
v. 1.0. The insert, b) illustrates the lower level of the SFR tunnels that intersect ZFM871 (zone H2).

The basis for the translation is primarily the updated mapping of NBT by Berglund (2008), but also
visits to other areas of the facility with focus on specific lithological issues. A compilation showing
an example of the available geological data for a section of NBT is presented in Figure 5-3.

Measurements of the inflow to the SFR facility have been carried out regularly since January 1988
(Carlsson and Christiansson 2007, SKBdoc 1233642). The drainage from the operational area is
collected in pump pit UB, the rest of the drainage is collected in pump pit NDB in the lower con-
struction tunnel (Figure 2-6). In addition, there is a pump pit in connection to the entrance gates to
the SFR tunnel system at an elevation of about —12 m (RHB 70), which collects the drainage water
and precipitation from the open uppermost part of the SFR ramp.
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Figure 2-6. The locations of measuring points for groundwater inflow to the SFR underground facility.
From Carlsson and Christiansson (2007).
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2.4 Borehole investigations

Borehole data from the following three drilling campaigns in the area have been used in the current
modelling work.

e The investigation and construction of the existing SFR facility resulted in a total of 60 cored
boreholes. During the pre-investigation phases prior to the construction of SFR, 1980 to 1983,
surface boreholes were drilled from offshore platforms, from ice-cover, and from land. During
the construction phase of SFR, 1984 to 1986, subsurface boreholes were drilled from under-
ground constructions and access tunnels, to explore and verify locations of deformation zones.

e The Forsmark site investigation. The relevant boreholes include one cored borehole (KFM11A)
and two percussion boreholes (HFM34 and HFM35) all of which were drilled within or in close
proximity to zone ZFMWNWO0001 and penetrate the western part of the SFR regional model
volume.

e The current site investigation for a future extension of SFR. The drilling campaign yielded
seven cored boreholes (KFR101, KFR102A, KFR102B, KFR103, KFR104, KFR105 and
KFR106) and four percussion boreholes (HFR101, HFR102, HFR105 and HFR106) situated
south to south-east of the existing SFR facility, predominantly inside the local model volume
selected prior to the investigations. The location and orientations of the boreholes were chosen
so that information of the prioritised survey area could be provided without penetrating a pos-
sible repository volume, and thereby creating shortcuts to the surface. The drilling also included
an extension of the existing cored borehole KFR27. All drilling, except for that of KFR105, was
performed from the ground surface. That is, no boreholes were drilled from offshore platforms
or from ice-cover.

The boreholes from the investigation and construction of SFR range between 15 and 242 m in
length. All percussion-drilled boreholes from the recent SFR site investigation, except for HFR102
(55 m), are approximately 200 m in length, whereas the cored boreholes range between 180 and
601 m. Only three of the boreholes, KFR27, KFR102A and KFR104 reach below —300 m elevation,
which is the bottom of the local SFR model domain. The percussion-drilled boreholes HFM34 and
HFM35, included from the Forsmark site investigation, are both approximately 200 m in length,
whereas the core-drilled borehole KFM11A is 851 m in length.

The performance and technical design of different types of boreholes drilled during the Forsmark
and SFR site investigations, comprising telescopic boreholes, core-drilled boreholes of standard
type and percussion-drilled boreholes, are fully described in SKB’s method documents SKB

MD 620.003 and 610.003. More details for individual boreholes are provided in the associated
P-reports.

The available technical documentation of the boreholes drilled during the construction of SFR is
basically limited to three data reports (Hagkonsult 1982, 1983, Carlsson et al. 1986). During the
Forsmark site investigation, all these boreholes were renamed by Keisu and Isaksson (2004) to
harmonise with the current SKB nomenclature. In addition, the borehole positions in the local SFR
coordinate system were transformed into the national RT90-RHB 70 system.

The locations of all boreholes used in the SFR modelling work are shown in Figure 2-7, whereas
geometrical borehole information is provided in Table 2-1.

Down-hole deviation measurements have been conducted in all boreholes from the Forsmark

and SFR site investigations according to SKB’s method document SKB MD 224.001. Although
deviation measurements also were carried out for most boreholes drilled during the construction of
SFR (e.g. Hagkonsult 1982, 1983), there are no calculated deviations available in the SKB database
Sicada. Instead, the orientations of the boreholes have been defined at the top-of-casing. However,
it must be emphasised that none of these boreholes exceeds 250 m in length and that the deviations
given in Hagkonsult (1982, 1983) are all less than one metre from the theoretical orientation.
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Figure 2-7. The general position of boreholes within the regional model volume relative to the SFR
underground facility, coastline and ground surface trace of ZFMWNWO0001 (Singo) and ZFMNWOS05A.
a) Forsmark site investigation boreholes, b) boreholes from the current SFR extension drilling campaign
and c—f) old boreholes from the construction of SFR. The latter are divided into c) boreholes where exist-
ing lithological logs have been translated into current SKB nomenclature and subjected to a simplified
single-hole interpretation (SHI; as defined in Section 2.4.2), d) boreholes that were subjected to lithologi-
cal overview mapping and a simplified SHI, e) boreholes that were remapped by the Boremap-system and
subjected to SHI and f) boreholes that contain no available drill core and, consequently, no available
geological information. Note that designations are placed at the end of the boreholes.
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Table 2-1. Borehole ID, length, location, inclination and bearing of all boreholes used in the SFR
modelling work. Note that three of the boreholes lack spatial information (i.e. KFR72, KFR89 and
SFR (Silo1)) and were therefore not considered in the geometric models. The heading ‘BH group’

refers to the maps of Figure 2-7 denoted a—f.

BH ID Oid ID Length (m)  Northing (m) Easting (m) Inclination (°) Bearing (°) BH group
HFM34 n/a 200.75 6701325.06 1632470.21 -58.6 030.5 a
HFM35 n/a 200.75 6701555.86 1632320.51 -59.3 033.0 a
HFR101 n/a 209.30 6701725.15 1632838.91 —60.0 150.0 b
HFR102 n/a 55.04 6701728.55 1632974.54 -59.1 085.0 b
HFR105 n/a 200.50 6701376.55 1632686.82 -63.0 034.5 b
HFR106 n/a 190.40 6701574.11 1633579.85 -59.8 269.4 b
KFM11A n/a 851.21 6701103.82 1632366.75 —60.9 040.2 a
KFRO1 HK1 62.30 6701434.83 1632453.42 -60.0 230.5 c
KFRO02 HK2 116.80 6701770.05 1632887.78 -90.0 000.0 c
KFRO3 HK3 101.60 6701908.96 1632997.74 -90.0 000.0 [
KFRO04 HK4 100.50 6701946.04 1633055.96 -75.0 098.2 e
KFRO05 HK5 131.40 6701946.04 1633056.58 -70.0 009.1 c
KFR06 HK6 39.00 6701961.50 1633059.01 -63.0 315.6 f
KFRO08 HK8 104.40 6702071.23 1633066.45 —-05.0 056.4 e
KFRO09 HK9 80.24 6701881.83 1632755.38 -05.0 299.9 e
KFR10 HK10 107.28 6701882.58 1632755.89 —45.0 302.5 c
KFR11 HK11 98.07 6702046.91 1633110.05 -10.0 072.5 [
KFR12 HK12 50.26 6702057.64 1632899.87 -90.0 000.0 c
KFR13 HK13 76.60 6701910.29 1633092.89 -90.0 000.0 e
KFR14 HK14 29.10 6702010.36 1633031.74 —45.0 135.1 c
KFR19 KB19 110.17 6701908.32 1633000.46 13.8 038.2 [
KFR20 KB20 109.70 6701909.55 1632998.33 10.4 056.4 c
KFR21 KB1 250.80 6702093.30 1633037.21 -90.0 230.5 f
KFR22 KB2 160.10 6702087.50 1633033.17 —60.0 213.0 f
KFR23 KB3 160.20 6702184.17 1632993.04 —60.0 257.0 f
KFR24 KB4 159.20 6702062.95 1633083.74 -57.0 051.5 f
KFR25 KB5 196.50 6702065.30 1633077.79 —46.0 000.0 f
KFR27 KB7 501.64 6701714.42 1633175.52 -87.4 248.2 b
KFR31 KB11 24210 6701959.66 1632915.47 —43.2 082.1 d
KFR32 KB12 209.70 6701956.59 1632915.67 —46.5 024.9 d
KFR33 KB13 167.00 6701958.73 1632912.61 —43.8 302.5 d
KFR34 KB14 142.00 6701923.75 1632794.20 —49.0 198.1 d
KFR35 KB15 140.20 6701956.28 1632915.93 -51.5 208.1 e
KFR36 KB16 123.90 6701922.23 1632792.99 —46.0 291.7 e
KFR37 KB17 204.90 6702050.31 1633033.49 —62.5 188.5 d
KFR38 KB18 185.40 6702048.62 1633035.53 -57.6 092.2 d
KFR51 KB21 46.85 6701898.12 1632963.47 35.0 358.8 d
KFR52 KB22 29.95 6701963.94 1633066.31 10.0 230.5 c
KFR53 KB23 40.60 6701947.78 1633100.54 -27.4 312.6 f
KFR54 KB24 53.30 6701949.71 1633102.00 —A47.7 310.0 e
KFR55 KB25 61.89 6701930.05 1633094.49 -11.0 329.0 e
KFR56 KB26 81.73 6702069.46 1633067.51 26.0 087.9 f
KFR57 KB27 25.38 6702050.77 1632854.91 -90.0 230.5 c
KFR61 DS1 70.90 6701382.45 1632391.99 —44.0 038.4 c
KFR62 DS2 82.80 6701368.43 1632401.86 —45.0 042.9 c
KFR63 DS3 15.08 6701226.87 1632315.81 -90.0 230.5 c
KFR64 DS4 54.17 6701406.16 1632407.71 —60.0 033.9 c
KFR65 DS5 39.68 6701403.62 1632406.04 -90.0 230.5 c
KFR66 DS6 2917 6701420.17 1632417.16 -90.0 230.5 c
KFR67 DS7 48.95 6701419.85 1632419.75 —65.0 034.6 c
KFR68 DS8 128.03 6701552.67 1632530.76 -45.0 082.0 c
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BH ID Old ID Length (m) Northing (m) Easting (m) Inclination (°) Bearing (°) BH group

KFR69 DS9 201.20 6701713.56 1632783.24 —45.4 014.5 d
KFR70 DS10 172.50 6701712.85 1632823.74 -51.3 061.8 d
KFR71 DS101 120.90 6701367.83 1632363.08 02.0 059.5 d
KFR72 DS102 100.53 n/a n/a n/a n/a

KFR80 INJ 20.00 6702028.08 1633056.22 -70.0 196.0 f
KFR83 SH3 20.00 6702061.20 1632857.98 -35.0 032.5 f
KFR84 BT 5/241 29.50 6701409.24 1632432.52 25.0 308.8 f
KFR85 BT 5/247 1 12.20 6701406.24 1632443.03 —-05.0 115.3 f
KFR86 BT 5/247 2 14.70 6701406.94 1632443.09 -90.0 230.5 f
KFR87 NBT 1 15.10 6702035.75 1633042.79 -05.0 212.5 f
KFR88 NBT 2 30.00 6702058.78 1633063.72 20.0 338.5 f
KFR89 SFR1/177 17.00 n/a n/a n/a n/a -
KFR101 n/a 341.76 6701736.32 1633351.40 -55.5 028.8 b
KFR102A n/a 600.83 6701730.30 1633330.21 —65.4 302.3 b
KFR102B n/a 180.08 6701740.53 1633343.91 -54.1 344.9 b
KFR103 n/a 200.50 6701737.13 1633347.20 -53.9 179.9 b
KFR104 n/a 454 57 6701719.45 1632879.34 -53.8 133.8 b
KFR105 n/a 306.8 6701789.85 1633072.96 -10.1 174.5 b
KFR106 n/a 300.13 6701541.19 1633592.14 -69.9 195.1 b
KFR7A HK7A 74.70 6702020.20 1633107.36 -02.0 020.8 e
KFR7B HK7B 21.10 6702017.62 1633109.54 -75.0 011.5 e
KFR7C HK7C 34.00 6701999.29 1633100.63 -70.0 196.0 e
n/a SFR(Silo1) 45.12 n/a n/a n/a n/a -

241 Geophysical borehole investigations

A standard geophysical borehole logging programme was generally performed in the boreholes
produced during the Forsmark and SFR site investigations. This comprised density (gamma-gamma),
magnetic susceptibility, natural gamma radiation, focused resistivity (127 and 300 cm), caliper
mean, fluid resistivity, fluid temperature and borehole radar. Radar logging was not conducted in
HFR101, HFR102, HFR105, HFR106, KFR102B and KFR103. The logging of KFM11A, HFM34
and HFM35 was more extensive and included also single point resistance and P-wave velocity.
Furthermore, oriented image logs were generated along each borehole by the Borehole Image
Processing System (BIPS), though the image quality in the deeper parts of HFM34 was too poor
to allow Boremap mapping.

Geophysical borehole logging was performed in seven boreholes (KFR0O1, KFR02, KFR03, KFR04,
KFROS5, KFR19, KFR20) drilled during the investigation and construction of the SFR facility.
Natural gamma radiation and single point resistivity were logged in all seven boreholes, whereas
fluid temperature, magnetic susceptibility, neutron and normal resistivity logging were conducted
in only some of them. Note that none of the old boreholes have been BIPS-logged, due to technical
complications, associated with the removal of casing and chemical precipitation that requires
broaching. Hence, fracture data from old boreholes lack orientations.

Petrophysical laboratory data from the SFR area are limited to 57 drill core samples analysed for
density and, in some cases, magnetic susceptibility. Gamma spectrometry measurements to obtain
the distribution of K, U and Th do not exist.

24.2 Geological borehole investigations

All cored and percussion boreholes from the SFR site investigation, as well as KFM11A, HFM34
and HFM35 from the Forsmark site investigation, were subjected to geological mapping using the
BIPS-based Boremap system. A combination of some of the geophysical data (e.g. density, natural
gamma radiation and single point resistivity) provided support to the geological mapping, especially
in the percussion boreholes.
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Data acquisition from the cored boreholes drilled during the construction of SFR deviated from the
standard SKB procedure, mainly due to the lack of BIPS-images, but also due to the general absence
of radar data and geophysical logs, as well as a lower quality in available data and drill cores. This
has required a reassessment of the data together with a renewed examination of all available drill
cores from 43 old cored boreholes. To allow integration with data from later drilling campaigns, the
following activities have been completed for these older cored boreholes.

e Dirill cores from eleven of these boreholes have been subjected to renewed mapping by use
of the Boremap-system. The prime criterion for the selection of the boreholes was a distinct
cross-cutting relationship with inferred deformation zones in the earlier structural model of SFR
(cf. Axelsson and Maersk Hansen 1997). Since no BIPS images are available for the boreholes, it
has not been possible to obtain absolute orientations of the geological features and the mapping is
a simplified version of the established SKB methodology.

e Data acquisition from the remaining 32 boreholes, for which there are drill cores available was
focused on lithological documentation, consisting of (1) translation of original bedrock mapping
into established SKB rock nomenclature and (2) if such information did not exist, overview map-
ping where rock types exceeding 1 m in drill core length were recorded along with information
on ductile and brittle-ductile deformation and alteration. Thus, no primary data for the brittle
structures in these drill cores were obtained. Details of the activities are provided in Stephens
et al. (2008) and Petersson et al. (2011).

2.4.3 Hydrogeological borehole investigations

All percussion-drilled boreholes from the SFR site investigation, including HFM34 and HFM35
from the Forsmark site investigation, were flow logged with the so-called HTHB-equipment,
designed to perform combined pump tests and impeller flow logging in open percussion-drilled
boreholes. However, only a single 44 m scale injection test is available in HFR102, as no impeller
flow logging was performed.

The cored boreholes from the SFR site investigation, as well as the telescopic boreholes KFM11A
and KFR102A, were all subjected to difference flow logging with the Posiva Flow Log (PFL)
device, developed to detect continuously flowing features, i.e. flow paths that are connected to a
positive hydraulic boundary. After an initial overlapping/sequential PFL flow logging in 5 m sections
under natural flow conditions, detected flow anomalies were re-examined with the PFL Difference
Flow logging method under pumped conditions. Flow logging of KFM11A did not reach beyond
approximately 500 m borehole length and the outcome of the hydraulic test in the upper 99.3 m of
KFR27 is restricted to sequential 5 m PFL data.

The single-hole transmissivity data available for the boreholes from the construction of SFR have
been measured by four different methods:

e falling head (FH),
e pressure build-up (BU),
e steady state injection (PH), and

e transient injection (TI).

Altogether, there are 1,122 tested sections distributed among 45 boreholes, but the data are of
varying quality; they have been evaluated with different test methods, at different test-scales, and
under different test durations. Consequently, the data have different detection limits. However, most
transmissivity data are measured over 3 m borehole sections and have a high detection limit, around
5-10"* m?/s. Pressure build-up tests and transient injection tests have the longest durations (several
hours) resulting in lower detection limits; unfortunately such data are relatively rare and have large
variation in test scale. The falling-head and steady-state injection data had test durations of a few
minutes only; they comprise a large sample size of consistent test scale (3 m sections). Falling-head
data have an overall low confidence in relation to the other data types (Carlsson et al. 1986). In total,
about 40% of the tested sections fall below the detection limit. The hydraulic data set underwent

a screening process, in which 179 overlapping data, erroneous data, and inconsistent data were
excluded, as described in Ohman and Follin (2010a).
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Two short interference tests were performed in the site investigation for the SFR extension;

a pumping test in HFR101 and opening of the underground borehole KFR105. In addition to these
tests, interferences from borehole activities that cause hydraulic responses, like drilling and nitrogen
flushing, were analysed and evaluated by Walger et al. (2011). The evaluation of interference

tests involved estimations of hydraulic diffusivity, normalised drawdown and boundary-condition
interpretations for responding observation sections. The evaluation of drilling responses involved

a qualitative classification of the responses at different drilling depths and a quantitative estimation
of hydraulic diffusivity between the drilled borehole and the observation section.

A number of interference tests were also performed during 1985 to 1987 in the boreholes from

the investigation and construction of SFR, to provide insight into the connectivity between zones
(Axelsson et al. 2002). The responses have only been used qualitatively; classed as direct response,
indirect response and no response.

2.4.4 Hydrogeochemical borehole investigations

The hydrogeochemical characterisation programme within the SFR site investigation included
sampling in; a) the telescopic cored borehole KFR102A , the three conventional cored boreholes
KFR101, KFR104 and KFR106 from the ground surface, and the conventional borehole KFR105
from the lower construction tunnel in the SFR repository, b) the three percussion-drilled boreholes
HFR101, HFR105 and HFR106, as well as c) complementary investigations (Oct. 2010) in most of
the early boreholes drilled from the SFR facility.

e Cored boreholes: This entailed eleven sampled borehole sections in pre-installed fixed borehole
sections for pressure monitoring and groundwater sampling. Borehole KFR102A was well suited
for groundwater sampling with two installed circulation sections allowing traditional pumping.
In addition, borehole KFR105, drilled from the SFR facility, allowed sampling with little risk
of contamination from drilling and drilling water, since the groundwater flow (under drawdown
pressure) is directed towards the tunnel and no pumping was needed. Five delimited borehole
sections were sampled simply by opening the valves. In the conventional boreholes (KFR101,
KFR104 and KFR106) drilled from the surface, air lift pumping using nitrogen gas was the only
possible technique to pump the groundwater to the surface. This may have affected especially
trace metals, sulphide and parameters related to gas phases (e.g. radon). Furthermore, sampling of
relatively long borehole sections reduces the possibility to resolve the groundwater composition
along the boreholes due to mixing from different groundwater sources and possibly greater
contamination from residual water present in the borehole section prior to sampling. Generally,
groundwater sampling in the SFR investigation boreholes was performed within two to three
months after completion of the borehole. Time series of three to five samples were collected
during continuous discharge (days to weeks), and generally the time series sampling was not
repeated more than once.

e Percussion boreholes: This entailed sampling of the entire boreholes HFR101 and HFR105, as
well as two delimited sections in HFR106, during hydraulic tests using the HTHB equipment.
In common with the cored boreholes, sampling from entire percussion boreholes can reduce the
possibility to resolve the water composition along the borehole. However, in this case the flow
anomalies in these short boreholes were few and therefore the representative sample lengths
from boreholes HFR101 and HFR105 could be reduced. Generally, groundwater sampling was
performed within two to three months after completion of the borehole. Time series of three to
four samples were collected during continuous discharge (days) and time series sampling was not
repeated more than once.

e Complementary sampling in old SFR boreholes in October 2010: This entailed the sampling
of approximately 40 borehole sections in 18 cored boreholes drilled from the SFR tunnels
(KFRO1 to 05, KFROS8 to 13, KFR19 and 20, KFR55 and 56 and KFR7A to 7C). The sampling
and analysis programme was more extensive compared to the extensive monitoring programme
conducted each fifth year, cf. Section 2.5, and included carbon and uranium isotopes as well
as *°Cl isotopes and on line measurements of Eh in selected borehole sections. Furthermore,
fracture mineral investigations were performed on drillcores from borehole sections with Eh
measurements.
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The hydrochemical investigation programme did not include studies on porewater or colloids, and
microbe investigations, gas sampling and redox measurements were conducted in a few selected
borehole sections only.

Besides the data obtained from these recent hydrochemical investigations associated with the SFR
extension phase, the description of the SFR site has benefited also from earlier investigations at
Forsmark (Smellie et al. 2008, Laaksoharju et al. 2008), i.e. from boreholes HFM34, HFM35 and
KFM11. This in addition to the previous investigations in boreholes in SFR during the construction
phase (1983—-1987) and the ongoing monitoring during the operational phase which commenced in
1989 (cf. Section 2.5).

Online Eh measurements exist for seven sections in boreholes KFR01, KFR08, KFR10, KFR19,
KFR105 and KFR7A, and other available redox sensitive data include total Fe, Fe(Il), S(-11), Mn,
N(III), N(V), N(III)+N(V), N(-11I) and U concentrations for a limited number of groundwater samples.

Gas analyses, which include N,, H,, CO,, O,, Ar, CH,, He, CO, C,H,, C,H,, C,H,, C;H; and total gas
volume, have been performed in year 2000 and more recently in boreholes KFR01, KFR08, KFR10,
KFR19, KFR105 and KFR7A.

Microbiological investigations, conducted in two sections of borehole KFR105, included determi-
nations of total number of cells, concentration of adenosine-tri-phosphate (ATP), number of culti-
vable, heterotrophic aerobic bacteria, and most probable number of cultivable metabolic groups, i.e.
iron, manganese, sulphate and nitrate reducing bacteria, as well as acetogens and methanogens. For
borehole sections in KFRO1, KFR10 and KFR7A, data corresponding to the total number of cells are
available from year 2000.

Most pH data consist of laboratory measurements; field pH data were measured only in boreholes
from the recent Forsmark and SFR site investigations and during the complementary groundwater
sampling in the early SFR boreholes in October 2010. A sensitivity analysis of the effect of pH on
solubility-, speciation- and redox modelling is presented in Gimeno et al. (2011).

2.5 Monitoring

A number of geoscientific parameters with a certain degree of time-dependent and site-specific
variability have been monitored with the objectives of (1) establishing ‘undisturbed’ conditions, (2)
recognising changes caused by the SFR construction and (3) gaining knowledge of the underlying,
often complex processes that govern the time-dependent variations. A routine groundwater control or
monitoring programme for SFR has been ongoing since 1989. An extensive monitoring programme,
which includes a number of different parameters and objects in the environment, was initiated during
the Forsmark site investigation. This programme continued with a few modifications after comple-
tion of the site investigations and the full extent from July 2007 and onwards is described in SKB
(2007). A control programme with a focus on hydrogeological and hydrogeochemical monitoring in
boreholes was also performed during the site investigations for the SFR extension.

The long-term groundwater pressure evolution around the SFR facility has been monitored in
tunnel boreholes since the construction phase in 1985. In total, 38 sections in 12 boreholes (KFROI,
KFR03-05, KFR08-09, KFR13, KFR19, KFR55-56, KFR7A—7B) are monitored and the results
have been reported on a yearly basis (e.g. SKBdoc 1233647).

Groundwater levels were monitored in all relevant boreholes from the Forsmark site investigation
(HFM34, HFM35 and KFM11A) and the site investigation for the SFR extension, after completion
of each borehole.

Hydrogeochemical data have been acquired from the SFR groundwater monitoring programme
since 1989. Annual sampling has been conducted in four boreholes and approximately each fifth
year (1995, 2000, 2006 and 2010) the monitoring programme included also the other boreholes and
a more extensive analytical protocol. To ensure selection of reliable groundwater data covering the
time span representing the hydraulic conditions during the SFR excavation and construction phases,
and presently during the operational phase, careful consideration was given to the variation in
sampling quality during this long period of time.
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2.6 Geographical data

The coordinate system used is:

X/Y (N/E): the national 2.5 gon V 0:—15, RT 90 system (“RAK”),
Z (elevation): the national RHB 70 levelling system.

2.7 Model domains, volumes and areas

Two different model domains for the site descriptive modelling have been defined by the geo-
scientific programme (SKB 2008a): a local model domain and a regional model domain. The local

model domain covers the volume which is expected to host the existing SFR facility and the planned

extension, whereas the regional model domain covers a larger volume that places the description
of the local volume in a larger context. The relationship between the SFR model areas and the
model areas used in the Forsmark site investigation is shown in Figure 2-8. The SFR model areas
are smaller than the model areas used in the Forsmark site investigation because of the fact that the

SFR site investigation is a detailed site investigation with an already defined prioritised survey area,

see Chapter 1. The SFR local model volume extends from elevation +100 m RHB 70 to =300 m
RHB 70, whereas the regional model volume extends from +100 m RHB 70 to —1,100 m RHB 70.
The coordinates defining the horizontal extent of the model volumes are provided in Table 2-2.

A separate hydrogeological model area was defined for groundwater flow and solute transport
modelling using DarcyTools (Svensson et al. 2010). The hydrogeological model area was
defined from surface water divides that were interpreted from topographic data (Figure 2-9).
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Figure 2-8. Regional (blue) and local (red) model areas for SFR model version 1.0 relative to the local

(green) and regional (black) model areas used in the Forsmark SDM-Site (SKB 2008b).
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Figure 2-9. Hydrogeological model area SFR (red) defined by surface water divides. The regional model
area in the SFR structural model (orange) is a sub-volume of the regional model area used in the Forsmark
site investigation, SDM-Site. Local origin set to Northing = 6692000, Easting = 1626000.

Table 2-2. Coordinates defining the model areas for SFR in metres. RT90 (RAK) system.

Regional model volume

Local model volume

Easting Northing Easting Northing

1631920.0000 6701550.0000 1632550.0000 6701880.0000
1633111.7827 6702741.1671 1633059.2484 6702388.9854
1634207.5150 6701644.8685 1633667.2031 6701780.7165
1633015.7324 6700453.7014 1633157.9547 6701271.7311

The parts of the model area that are currently below sea have been chosen with respect to future
topographical divides, as well as the deep seafloor trench (the so-called Grasordnnan). The topo-
graphic data are available as a Digital Elevation Model (DEM) with a spatial resolution of 20 m
scale in the horizontal plane. The hydrogeological model volume extends vertically from +100 m

RHB 70 to —1,100 m RHB 70.

2.8 Model versions

The modelling work prior to the site descriptive model, SDM-PSU, has involved four different
model versions: versions 0, 0.1, 0.2 and 1.0. Version 0 (SKB 2008a) was completed from the
information available at the start of the site investigation programme for the SFR extension. This
information includes mainly data from the preceding Forsmark site investigation (SKB 2008b),
along with documentation from the construction of the existing SFR facility, which to some extent
had been systematised and evaluated by Keisu and Isaksson (2004) and Carlsson and Christiansson
(2007). The choice of a priority area south-east of the current SFR facility took place at this stage.

Each of the subsequent versions was planned to include models for geology, hydrogeology and
hydrogeochemistry. A primary function of the initial model versions (0.1 and 0.2) was feedback
to the ongoing site investigations. However, because of the rapid investigation progress, it was not
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possible to provide feedback to the site investigations from model version 0.2. Hence, it was decided
to omit the intermediate geological model version (0.2), and instead focus on the final version, v. 1.0.
Consequently, the hydrogeological and hydrogeochemical models version v. 0.2 could not be devel-
oped according to the SKB methodology. However, the final hydrogeological model v. 1.0 reported
in Chapter 7 is based on the final geological model v. 1.0. The same holds for the hydrogeochemical
model v. 1.0 reported in Chapter 8.

2.8.1 Version 0.1

The SFR geology model version 0.1 (Curtis et al. 2009) is based on additional evaluation of older
geological data from SFR and a revision of the interpretation of lineaments defined by magnetic
minima based on the high-resolution measurements of the magnetic total field covering most of the
SFR area (Isaksson et al. 2007). Only a deterministic deformation zone model was produced during
version 0.1. In this model version, the regional volume contains all modelled deformation zones
that have a trace length on the ground surface of > 1,000 m, whereas the local model contains all
> 300 m. A combined model that contained modelled deformation zones of all sizes was also deliv-
ered. The combined format was selected to facilitate further work by the hydrogeological modelling
group who were the primary end users of version 0.1. No rock domain or geological DFN (discrete
fracture network) modelling work was undertaken.

The hydrogeological model version 0.1 (Ohman and Follin 2010a) was a review of historic (old)
hydraulic data related to SFR with respect to the geological model version v. 0.1 (Curtis et al. 2009).
In other words, the hydrogeological model v.0.1 was based on hydraulic data available prior to

the initiation of the SFR extension investigation, the same hydraulic data as used by Holmén and
Stigsson (2001), but an updated model of the geological structures (Curtis et al. 2009). The associ-
ated flow modelling is reported in Ohman (2010).

Version 0.1 of the hydrogeochemical model presented in Nilsson A-C (2009), comprised a system-
atic data evaluation and retrospective QA of data from the early SFR boreholes, including the period
1984 to 2007, rather than the establishment of a hydrogeochemical model. The main purpose was to
become acquainted with the dataset and groundwater variability, as well as to discover inconsisten-
cies and outliers among the data. The revealed errors were subsequently corrected in Sicada and
questionable data were highlighted in the report.

2.8.2 Version 0.2

There exists no intermediate version of the geological and hydrogeological models. Instead, the
focus of the hydrogeological modelling shifted to analyse the recent data outside possible deforma-
tion zones and to examine the hydrogeological DFN concept since there was no geological DFN
modelling carried out (Ohman and Follin 2010b).

The specific aim with the hydrogeochemical model version 0.2 was to produce a preliminary
hydrogeochemical site descriptive model based on both the old SFR data and most of the new data
from the SFR extension project. Explorative analyses using traditional geochemical approaches
were performed to describe the data and to provide an early insight and understanding of the site,
i.e. to construct a preliminary conceptual model. The report (Nilsson et al. 2010) was a progress
report, documenting the initial achievements in the interpretation and modelling work, rather than
a complete hydrogeochemical site description.

2.8.3 Version 1.0

The final geological model version 1.0 (Curtis et al. 2011) provides the framework for the modelling
work by other disciplines, including hydrogeology and hydrogeochemistry, as well as a foundation
for the detailed design and the long-term safety assessment. For version 1.0 separate local and
regional deformation zone models as well as a combined model have been delivered. In addition,

a local rock domain model has been developed. In the deformation zone model, the regional volume
contains all modelled deformation zones that have a trace length on the ground surface of > 1,000 m,
whereas the local model contains all > 300 m. The development of a geological discrete fracture
network (DFN) model or fracture domain model, covering smaller structures, was not included in
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the scope of the geological model. That is, for the SFR extension project, a hydrogeological DFN
model was deemed sufficient to describe the rock mass between deformation zones. In addition, the
aim of the final geological model version 1.0 has not been to provide an engineering description of
the rock mass, but rather to establish a strictly geological description of the deformation zones at the
predefined resolution (cf. above).

The final hydrogeological model v. 1.0 is described in Ohman et al. (2012). The model is based on a
compilation and interpretation of all relevant data with respect to the final SFR geologic model v.1.0.
It provides a hydraulic parameterisation of both deformation zones and the rock mass between these
zones as defined by the deterministic geological model.

The final hydrogeochemical model version 1.0 (Nilsson et al. 2011) developed further the palacohy-
drogeochemical conceptual model and the explorative analyses included in version 0.2. Additional
modelling approaches and techniques have been used and the modelling of the data have been
mainly centred on four identified main groundwater types by consideration of for example: a) the
groundwater composition of different bedrock features, b) changes in water composition since the
construction of the SFR, ¢) mixing calculations, d) descriptions of groundwater mineral systems and
redox systems and e) groundwater residence times.

For each of the disciplines, the version 1.0 model reports are the main background reports for these
disciplines to the SDM-PSU report.

2.9 Design of the existing SFR facility and the extension,
preliminary layout L0

2.9.1 The existing SFR facility

The existing SFR facility (SFR 1) is located at a depth of approximately 60 m beneath the Baltic
Sea and is reached from a surface facility via two, 1 km long access tunnels. The existing repository
consists of several facility areas designed to meet the requirements for waste with different activity
levels and packaging types. These include four rock vaults, each approximately 160 m in length, and
an upright, cylindrical rock cavern denoted ‘silo’ (Figure 2-10). The deepest part of the facility is the
end of the lower construction tunnel (NBT) at —140 m RHB 70, close to the base of the silo.

The silo is constructed of in situ cast concrete, which is founded on a bed of sand and bentonite. The
bottom slab and parts of the walls in the rock vault BMA are made of in situ cast reinforced concrete,
whereas the other rock vaults (1BTF, 2BTF and BLA) have concrete floors; remaining parts of the
rock vaults are lined with shotcrete. Most other underground openings in the SFR facility are covered
by shotcrete, which prohibits direct observations of the bedrock, especially in highly fractured tunnel
sections. The NBT is the only part of the facility that is at least to some extent free from shotcrete.

The capacity of the facility is approximately 63,000 m® and the total volume of excavated rock is
about 400,000 m’. The waste deposited in SFR 1 is short-lived and comes mainly from operation

and maintenance of nuclear reactors and the interim storage of spent nuclear fuel. The waste consists
primarily of spent organic ion exchange resins from cleaning of reactor water and mechanical
components. A smaller quantity consists of similar waste from other industrial and medical activities
and research. The silo and the BMA were constructed for storage of intermediate-level, solidified
waste and contain about 80% and 20%, respectively, of the total activity in SFR 1. The other three
rock vaults contains low-level waste in the form of solid scrap and trash, in addition to dewatered ion
exchange resin and drums of ashes from trash incineration.

Closure measures have been planned since the design of SFR 1. Some measures are carried
out during the operating period, for example closure of boreholes and filled disposal chambers.
Complete sealing and facility closure is assumed to take place after all waste has been deposited.

2.9.2 The SFR extension, preliminary layout L0

The layout of the extended SFR facility is not yet finalised. The layout, as it is described below, is
an option that has been developed within the framework of the feasibility studies that have been
undertaken, see Chapter 1. The SFR extension is planned to an arae south-east of the current facility,
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at the same level at approximately —60 m RHB 70 (Figure 2-10). The analysis of the results from
the geological and hydrogeological investigations and the long-term safety assessment will probably
change the layout, both in design and in space, but the depth of the facility will probably not exceed
an elevation of =200 m RHB 70.

To enable reactor vessels to be brought into the SFR extension in one piece, a new opening may be
constructed on Stora Asphéllan, from where a new approximately 1.1 km long tunnel parallel to the
existing repository access to SFR 1 may be built. In the current layout, the SFR extension connects
to the existing SFR facility in two locations along the access tunnels (Figure 2-10).

The rock excavation work for the SFR extension will consist of five rock vaults for low-level waste
(BLA), one rock vault for short-lived intermediate-level waste (BMA), and one rock vault for stor-
age of reactor vessels (BRT; Figure 2-10). In addition to this, transportation tunnels and a separate
tunnel for technical installations, electrical equipment and ventilation will be constructed. Overall,
the layout of the extension is similar to the existing facility logistically. The main differences are the
layout of the tunnels and the rock vaults required for the reactor vessels.

The excavated volume of rock is expected to be about 500,000 m® and the area of the rock mass
where the rock vaults will be placed is expected to be approximately 200x300 m. The SFR exten-
sion is planned to be built over a period of 3—4 years, starting at the turn of 2016/2017. The ordinary
operation of SFR will continue during the construction period, although at a reduced rate. When the
SFR extension is completed, it will be fully incorporated with the existing facility and the facility
will work as one unit with merged systems. The design lifetime with normal operating and mainte-
nance work is 100 years.
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Figure 2-10. Preliminary layout of the SFR extension relative to the existing SFR 1 and the local model
area together with the Forsmark site investigation boreholes and the boreholes from the SFR extension
drilling campaign.
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3 Evolutionary aspects

This chapter is a brief summary of the SKB report (Soderbiack 2008), which provides a comprehen-
sive account of the geological evolution, palacoclimate and historical development of the Forsmark
and the Laxemar-Simpevarp areas. The report constituted a background report to SDM-Site Forsmark,
the site description published on completion of the site investigation stage (SKB 2008b). A detailed
reference list is provided in that report, and only a few key references are included in the text here.

In this chapter, the Forsmark area refers to the region in southeastern Sweden where Forsmark is
situated, without any specified delimitation, since information on evolutionary aspects in most cases
is not specific to the restricted modelling area.

3.1 Bedrock evolution during the Proterozoic and
Phanerozoic eons

The Forsmark area is situated in the southwestern part of one of the Earth’s ancient continental
nucleus, referred to as the Fennoscandian Shield (Koistinen et al. 2001). This part of the shield
belongs predominantly to the Svecokarelian (or Svecofennian) orogen (Figure 3-1). 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 current level of erosion.

In order to provide the necessary boundary conditions for an understanding of the geological evolu-
tion of both the Forsmark and Laxemar-Simpevarp areas (Soderbéck 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 evolution in southeastern Sweden

The bedrock geology at the current level of erosion in the geological reference area in southeastern
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 northeast (Figure 3-1).
The predominantly igneous bedrock in all these domains was 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 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 southeastern Sweden had already started to stabilise after 1.75 Ga, tectonic
activity that involved continued crustal growth and crustal reworking continued during the remain-
der of the Proterozoic to the west and south (Gothian, Hallandian and Sveconorwegian orogenies).
By c. 900 Ma, the bedrock in the northern part of Europe had collided with other continental seg-
ments 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
amalgamation 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 subse-
quent 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 Palacogene 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).

42 SKB TR-11-04



Geological time units
MILLION
YEARS EON ERA PERIOD AGE
: PLEISTOCENE / HOLOCENE
S E IN QUATERNARY 1,635 or
2 7 it Q [PALAEOGENE /NEOGENE | older
© IN TERTIARY
65
100 [3) CRETACEOUS
g 144
o o JURASSIC
200 © @ 206
S = TRIASSIC
T 248
g PERMIAN
300 - = 290
o ® CARBONIFEROUS
5 360
N DEVONIAN
400 + w 417
S SILURIAN
< 443
ORDOVICIAN
500 490
CAMBRIAN
543 543
VENDIAN
I7) NEO 650
o = LATE
1000 - S g 1000
T T MIDDLE
Z | £ | MEso g 1400
x 2 EARLY
1600 { @ | & 1600
= PALAEO
2500 { O 2500
Tz
3000 1 % |
<
e
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). In the main text and some later figures, the symbol Ga is used, whereby 1 Ga = 1,000 Ma.

An overview of the effects of these different, far-field tectonic events in the near-field realm rep-
resented in southeastern Sweden is described in Sdderbéck (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 process have made a profound
impact on the geological evolution of the geological reference area in southeastern Sweden
(Figure 3-3).

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

e Loading and unloading cycles in connection 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 southeastern 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 evolution in the Forsmark area

The bedrock evolution of the Forsmark area has been evaluated with the aid of surface and borehole
observational data as well as geochronological data (Soderback 2008). The geochronological data
are summarised in Figure 3-4. In this area, an older suite of plutonic, calc-alkaline intrusive rocks
formed between 1.89 and 1.87 Ga, and the metagranite inside the tectonic lens, where the deep
repository for spent nuclear fuel is planned to be located, is included within this suite. Amphibolites
that intrude into the metagranite and a younger suite of calc-alkaline rocks and granites formed
between 1.87 Ga and 1.85 Ga. These two suites of intrusive rocks (Figure 3-4) have been included
in separate Svecokarelian tectonic cycles at 1.91-1.86 Ga and 1.87—1.82 Ga, respectively, that have
been recognised in southeastern Sweden (Soderback 2008).

Deformation in the Forsmark area initiated between 1.87 and 1.86 Ga (Figure 3-4) with the
development of a penetrative grain-shape fabric, with planar and linear components, that formed
under amphibolite-facies metamorphic conditions and at mid-crustal depths. Development of broad
WNW-ESE to NW-SE belts with higher ductile strain surrounding tectonic lenses with generally
lower ductile strain also occurred around 1.86 Ga. The amphibolites and other intrusive rocks that
belong to the younger suite intruded during the waning stages of and after the development of the
penetrative, ductile strain in the area. Regional folding of the variably intense, planar grain-shape
fabric also affected the amphibolites. Ductile deformation after 1.85 Ga occurred predominantly
inside the high-strain WNW-ESE to NW-SE belts. It became increasingly focused along ductile
high-strain zones within these belts, and cooling ages indicate that ductile strain along these zones
probably occurred until at least 1.8 Ga. A combination of dextral strike-slip displacement along the
belts and shortening across them, so-called dextral transpressive deformation, has been inferred. This
deformation is related to bulk crustal shortening in an approximately northward direction during
oblique subduction of the oceanic lithosphere. Subduction occurred beneath the ancient continental
margin to the northeast (Figure 3-1).
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Figure 3-4. Summary of the geochronological data that constrain bedrock evolution in the Forsmark area (from Soderbdck
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The brittle deformational history of Forsmark, which initiated sometime between 1.8 and 1.7 Ga

(Figure 3-4), has been evaluated with the aid of three approaches.

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

e The relative time relationships between different fracture minerals and the absolute ages of
the low-temperature variant of the mineral K-feldspar, referred to as adularia (Figure 3-4 and
Sandstrom et al. 2009).

e A comparison of kinematic data from brittle structures along deformation zones (Section 5.2.6
in SKB 2008b and Saintot et al. 2011) with the tectonic evolution in a regional perspective

(Section 3.1.1).

Different generations of fracture minerals have been recognised in the Forsmark 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, laumontite and calcite. The fractures that bear epidote formed
prior to 1.1 Ga are pre-Sveconorwegian in age. The importance of Sveconorwegian tectonothermal
activity for the evolution of fracture mineral assemblages is evident (Figure 3-4). However, the close
relationship between the stability field for the laumontite-prehnite mineral assemblage and the closure
temperature at c. 200 to 225°C for the *Ar/*’ Ar K-feldspar isotope system (Figure 3-4) illustrates the
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sensitivity of this system to resetting during growth of, for example, laumontite. For this reason, it
is not clear whether the older generation of adularia formed during or prior to the Sveconorwegian
tectonothermal event. 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 Forsmark
area had formed and had already reactivated during Proterozoic time, in connection with the late
Svecokarelian, Gothian and Sveconorwegian tectonic events (see also Stephens et al. 2007).

On the basis of the (U-Th)/He apatite data from boreholes, some constraints on when different seg-
ments of the bedrock at different crustal levels passed through the c. 70°C geotherm have been speci-
fied (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 Forsmark, this cover was possibly c. 3 km
thick during the Silurian. A generally slow exhumation rate in the order of 3 to 10 m/Ma occurred
during the Late Palacozoic and Mesozoic and resulted in a reduction in the thickness of the cover to
c. 2 km by the Early Jurassic (Soderbédck 2008). Some evidence for an increase in exhumation rate
during the Permian is apparent.

Several lines of evidence indicate faulting after the establishment of the sub-Cambrian unconformity
in the Forsmark area. Furthermore, precipitation of younger low-temperature minerals — including
sulphides, clay minerals and calcite — occurred during and probably after Palacozoic era. Both
growth of adularia (younger generation) during the Permian (Figure 3-4) and migration of fluids
downwards from the sedimentary cover into the crystalline bedrock have been established. Examples
of downward fluid migration include the precipitation of oily asphaltite along fractures in the upper
part of the bedrock. The asphaltite was derived from overlying Cambrian to Lower Ordovician oil
shale that has now been eroded away. Furthermore, fluids that transported glacial sediment migrated
downwards and filled new or reactivated fractures during the later part of the Quaternary period. The
downward migration of different types of water during the Quaternary is addressed in greater detail
in Section 3.4.

3.2 Palaeoclimate and geological evolution during the
Quaternary period

The Quaternary climate has been characterised by large and sometimes rapid changes in global
temperature. The current warm period was preceded by recurring colder periods, during which ice
sheets covered larger areas than at present. There are likely to have been ten or more glaciations
during the Quaternary as determined from palaeoclimatic records such as ice and sediment cores,
and the Forsmark area has been covered by glacier ice at least three times during the period. It is
worth noting that each glacial episode tends to remove the evidence of the previous episode.

The cold glacial periods during the Quaternary were much longer than the warmer interglacial peri-
ods, which were 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. Consequently, it can be
assumed that permafrost has prevailed in the Forsmark area for long periods. The latest glaciation
(Weichselian) started c. 115,000 years ago, and there is geological evidence for at least two periods
during the Weichselian when a large part of Sweden was free of ice. However, the onset of the latest
glacial coverage at Forsmark and the exact timing and duration of the ice-free periods at the site are
unknown. By contrast, the timing of the latest deglaciation is rather well established along the coast
of the Baltic Sea, including the Forsmark area.

The present interglacial, the Holocene, started during the deglaciation of Mid-Sweden when the
ice margin had not yet retreated as far as 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 temperatures a few degrees higher than
today. The forests in southern Sweden have subsequently become dominated by coniferous forest.
The areas covered by forest began to decrease ¢. 3000 BC due to the introduction of agriculture.
However, the areas used as arable land are decreasing today and the forested areas are increasing.
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The evolution of the Baltic Sea since the latest deglaciation has been characterised by ongoing
shoreline displacement. The interaction between isostatic recovery related to the removal of ice and
unloading along with eustatic sea level variations has caused variable depth in the straits connecting
the Baltic Sea with the Atlantic Ocean in the west. This in turn has caused variable salinity in the
Baltic throughout the Holocene. The evolution of the Baltic Sea since the latest deglaciation has
been divided into four main stages (Figure 3-5). Three of these stages; Yoldia, Ancylus and Littorina,
are named after molluscs, which reflect the salinity of the stages. The salinity variations in the open
Bothnian Sea during the last c. 9,000 years is shown in Figure 3-6. During the period 4500-3000 BC,
the salinity was almost twice as high as it is today.

The Forsmark area is situated below the highest shoreline. During the deglaciation at ¢. 8800 BC,
Forsmark was situated c. 150 m below the current sea level, and the first parts of the area at Fors-
mark emerged from the sea around 500 years BC (Figure 3-7).

It is suggested that all known unconsolidated deposits at Forsmark were deposited during the last
phase of the latest glaciation and after the following deglaciation (see Chapter 4 in Soderbéck 2008).
A till unit consisting of over-consolidated silty-clayey till was deposited during an earlier phase of
the latest glaciation. However, the possibility of the occurrence of older deposits cannot be excluded
and there are indications of older deposits in adjacent areas in the region.

9600 BC
Baltic Ice Lake

9000 BC
Yoldia Sea

18200 BC

4500 BC
Ancylus Lake Littorina Sea
=> Baltic Sea

; o i
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Figure 3-5. Four main stages characterise the evolution of the Baltic Sea since the latest deglaciation
modified after Fredén (2002): 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 symbol-
ised by dark blue and marine/brackish water by pale blue. “F” indicates the location of Forsmark.
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Figure 3-6. Estimated range for the salinity of sea water in the open Bothnian Sea during the last c. 9,000
years. Maximum and minimum estimates are derived from Westman et al. (1999) and Gustafsson (2004a,
b). The present salinity in the area is shown as a horizontal reference line.
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Figure 3-7. Shoreline displacement curve for the Forsmark area after the latest deglaciation. The red
symbols are from dating of the isolation of lakes and mires (Hedenstrém and Risberg 2003). The blue solid
curve was calculated using a model from Pdsse (2001).

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.
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.
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3.3 Seismicity during the Quaternary period

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

Palaeoseismic activity has been inferred directly by, for example, observations of distinct displacement
of the surface that separates the crystalline bedrock from the Quaternary cover or indirectly by observa-
tions of seismically derived deformation of Quaternary sediments. The interpretation of aerial photo-
graphs 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.

With the aid of a methodology similar to that used in the northern part of the country, detailed inves-
tigations have been carried out in the context of the site investigation work to evaluate the occurrence
of palacoseismic activity in and around the Forsmark area. None of the morphological lineaments that
have been recognised have been interpreted as representing late- or post-glacial faults. Furthermore, no
deformational features in Quaternary sediment have been unambiguously related to seismic activity. On
the basis of these results, evidence in the geological record for major (magnitude > M7 on the Richter
scale) earthquakes in the Forsmark area is lacking.

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 over the country (Figure 3-8).
Areas of relatively high activity are conspicuous along linear alignments in the northern part of the
country, in a broader region in southwestern Sweden and, less conspicuously, in the southernmost part
of the country (Skéne). By contrast, much of the geological reference area in southeastern Sweden,
including the Forsmark area, shows relatively little seismic activity (Figure 3-8).

The relatively high level of seismicity along the Baltic Sea coast is not an artefact of station distribution
or some other factor. The linear alignments of earthquakes, at least in the northernmost part of the
country and in adjacent areas in Finland and Norway, have been related to the late- or post-glacial faults
that have been recognised with the aid of palacoseismic studies. The linear alignment along the Baltic
Sea coast in Norrland occurs where both land uplift related to post-glacial isostatic rebound is greatest
and there is also a tendency towards a decrease in crustal thickness. A correlation between an increased
frequency of seismic events and crustal thinning is apparent in southwestern and southernmost Sweden.
The crustal thinning occurs in areas where Late Palacozoic 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. 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 struc-
tures has an influence on the focal mechanism. It is also important to keep in mind 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 sub-vertical minimum principal stress.

The maximum horizontal 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 give support to the hypothesis that ongoing plate tectonic processes are
important for an understanding of recent seismic activity. Palacoseismic activity has been explained by
the release of stress that accumulated earlier during glacial loading in association with long-term tectonic
plate motions. An alternative mechanism that involves the release of high horizontal stresses induced by
flexure during loading, in combination with the 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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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 to the magnitude of the earthquakes shown in the
figure. However, since the ability to detect smaller events has changed and 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).

3.4 Groundwater evolution during the Quaternary period

The groundwater evolution in the Forsmark area has been strongly affected by climate changes in the
past. Investigations have shown that the groundwaters observed today have different origins, includ-
ing glacial meltwater, meteoric water and marine water, depending on the prevailing conditions (e.g.
SKB 2008b, Nilsson et al. 2011). Shoreline displacement plays an important role in understanding
the infiltration mechanism for these waters. It is particularly important 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
out older water types, especially in the upper permeable part of the bedrock. However, hydraulic
conditions vary over time, and remnants of hydrogeochemical signatures of earlier climatic fluctu-
ations can be preserved in localised areas of low permeability. Thus, palacohydrogeochemistry pro-
vides an important framework for understanding the hydrogeochemical evolution of the bedrock,
which is in turn important for a hydrogeochemical and hydrogeological understanding of the site.
Hydrogeological changes that have already occurred may be repeated during the lifespan of a repos-
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itory (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.

When the continental ice melted and retreated from the Forsmark area around 8800 BC, glacial
meltwater was hydraulically forced under considerable pressure into the bedrock. This took place
before the appearance of the Ancylus Lake in the area. The exact penetration depth is unknown and
is dependent on the geometry and heterogeneity of the system. However, chemical and isotopic data
from rock matrix pore water and from fracture groundwater at Forsmark indicate that the penetration
depths of a glacial component are about 400 m and 1,000 m, respectively (Laaksoharju et al. 2008).
In the latter case, however, the data, particularly from depths greater than 600 m, do not necessarily
reflect the latest deglaciation; they could indicate a cumulative effect over several glaciations.

As described in Section 3.2, the post-glacial evolution of the area close to the Baltic Sea can be
divided into a number of non-saline and brackish lake/sea stages. 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 deglaciation of the Forsmark region coincided with the end of the Yoldia Sea stage, there
are no signs of water related to the Yoldia Sea in the bedrock. In contrast, the freshwater Ancylus
Lake came into being after the deglaciation, followed by the Littorina Sea (see Figure 3-5). During
the Littorina Sea stage, the salinity of the water was considerably higher than at the present day,
reaching a maximum around 915%. between 4500 and 3000 BC. Dense brackish seawater from

the Littorina Sea was able to penetrate the bedrock, resulting in a density intrusion that affected

the groundwater in the more conductive parts of the bedrock. The density of the intruding seawater
in relation to the density of the existing groundwater, together with the hydraulic properties of the
bedrock, determined 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 meltwater. The salinity of the sea water has remained relatively
constant during the past 2,000 years (cf. Figure 3-6).

When the Forsmark area subsequently emerged from the sea, starting around 500 BC in the western
part of the area near Forsmark church, meteoric recharge water formed a layer on top of the saline
water due to its low density. As a result of the flat topography of the Forsmark area and of the short
period that has elapsed since the area emerged from the sea, the out-flushing of saline water has been
limited. For this reason, a freshwater layer is restricted to shallow depth, from the surface down to
25-100 m, depending on hydraulic conditions.

As a result of late- and post-glacial developments, groundwater components of five different origins
can be identified in the groundwaters in the Forsmark area (SKB 2008b). The origins of the SFR
groundwaters are mainly the same. However, fresh meteoric water components of present precipita-
tion type have not been identified at SFR and are suggested to be of minor significance due to the
location of this facility below the Baltic Sea. On the basis of hydrogeochemical data from the SFR
regional model area, the groundwater components are, in relative chronological order: Deep saline
water (oldest) > Old non-marine brackish waters > Glacial melt water from the last deglaciation >
Littorina Sea water > Present Baltic Sea water (recent, probably present due to drawdown effects
from the SFR facility). A detailed description of the origins of the groundwaters in the SFR regional
model area is given in Chapter 8 in this report.

In order to aid in understanding the step-by-step evolution of groundwater in the Forsmark area during
the post-glacial period, i.e. during the Holocene, a conceptual model is presented in Figure 3-9. The
palaeohydrological conditions in the area have changed rapidly over time and, as can be seen, the
major driving mechanism behind the flow lines is shoreline displacement due to land uplift. Some
uncertainties remain in this conceptual model, and these uncertainties are greater further back in time.
Hence, the greatest uncertainties are associated with the stage during which injection and subsequently
flushing of glacial meltwater took place.

SKB TR-11-04 51



a Deglaciation before Ancylus Lake > 8800 BC b  Fresh water Ancylus Lake 8800-7500 BC
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Figure 3-9. Conceptual model for groundwater evolution in the Forsmark area during the post-glacial
period a) the deglaciation before the Ancylus Lake (> 8800 BC), b) stagnant conditions during the
freshwater Ancylus Lake stage between 8800 and 7500 BC, c) density-driven intrusion of Littorina sea
water between 7500 BC and 0 AD, and d) the present-day situation. Blue arrows indicate groundwater flow
pattern. The existing SFR facility is situated at a depth of —60 to —140 m RHB 70 and the present-day sea
water depth is approximately 6 m.

3.5 Evolution of ecosystems during the late Quaternary period

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

Shortly after the most recent 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. Since then, 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
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Holocene. During the past few thousand years, the composition of the vegetation has changed due
not only to climatic changes, but also to human activities which have reduced 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 Forsmark, shoreline displacement has strongly affected ecosystem evolution
and is still causing changes in the abiotic environment. As a result of an overall regressive shoreline
displacement, the sea floor is being uplifted and transformed into new terrestrial areas or to fresh-
water lakes. The initial conditions for ecosystem succession from the original near-shore seafloor
are strongly dependent on the topographical conditions. Sheltered bays accumulate organic and
fine-grained inorganic material, while the finer fractions are washed out from more wave-exposed
shorelines with a large fetch. During the process of shoreline displacement, a sea bay may either be
isolated from the sea at an early stage and thereafter gradually turn 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 that
includes subsequent sedimentation and deposition of substances originating from the surrounding
catchment or produced within the lake. Hence, the long-term ultimate fate of all lakes is infilling and
transformation to either a wetland or a drier land area, the final result depending on local hydrologi-
cal and climatic conditions. In Forsmark, all present-day lakes have developed into oligotrophic
hardwater lakes that are characteristic of the area. These lakes are slightly alkaline (pH 78), with

a low total phosphorus concentration (P-tot often lower than 0.015 mg/L), high concentrations of
major ions and therefore a high electrical conductivity (often exceeding 35 mS/m). This is a com-
bined effect of the calcium-rich Quaternary deposits, recent emergence from the Baltic Sea and the
shallow lake depths, resulting in high primary production at the light-illuminated sediment surface
and very low production in the water mass. The high primary production at the sediment surface
results in high benthic pH, which in turn causes benthic precipitation of CaCO; and co-precipitation
of phosphate. Much of the precipitated phosphorus is more or less permanently locked in the sedi-
ments by high pH and high O, concentration.

Mires are formed basically by three different processes: terrestrialisation, paludification and primary
mire formation. Terrestrialisation is the filling-in of shallow lakes by sedimentation and establish-
ment of vegetation. Paludification, which is the dominant process of mire formation in Sweden, is an
ongoing waterlogging of more or less water-permeable soils, mainly by expanding mires. Primary
mire formation is when peat is developed directly on fresh soils after their emergence from water or
from under ice. All three processes have likely occurred in the Forsmark area, but infilling of lakes
(terrestrialisation) is probably the most common way for peatland to develop in the area. The richer
types of mires, which are typical of the Forsmark area, will undergo a natural long-term acidification
when they turn into more bog-like mires.

3.6 Human population and land use

The human prehistoric period in the Forsmark region, which is an investigation area around Fors-
mark including six parishes together covering c. 1,000 km* (Berg et al. 2006), is relatively short,
since Forsmark was covered with water until c. 500 years BC. Accordingly, the Forsmark region was
not permanently settled until the end of the prehistoric period. In the register of prehistoric remains
kept by the National Heritage Board, there are about 30 places with one or more prehistoric or cul-
tural remains registered in the investigated region. However, there are many prehistoric settlements
further inland in the northern parts of Uppland. The oldest known remains in the Forsmark region
are graves from the older Iron Age (300 BC—400 AD), currently situated 10 to 15 m above sea level.
These graves were originally situated along the coastline.

The oldest information on settlements in the region is the tax register from 1312 AD, which includes
three of the investigated parishes. This source indicates that the region was relatively densely popu-
lated in the early medieval period. Between 1312 and 1550 AD, there seems to have been a substantial
decrease in the number of settlement units in the region, probably as an effect of the recurrent plague
epidemics after 1349 AD (Berg et al. 2006). During the medieval period, the Forsmark region was
characterised by small villages, and new settlements were created in the peripheral areas of the older
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ones. At the end of the medieval period, the investigated parishes showed a dominance of freeholders
and the proportion of farms belonging to the nobility was small.

During the early modern period (i.e. 1550-1750 AD), the establishment of the iron industry in the
Forsmark region dramatically affected the surrounding landscape. Production was geared towards
the needs of the industry: charcoal production, mining and the production of fodder for animals
used in the industry. The ownership structure also changed abruptly with the establishment of large
estates. As at many other places in Sweden, there was a substantial population expansion. Many
crofts were established in the forested areas around Forsmark, inhabited by people involved in the
production of charcoal. The population doubled or increased at an even faster rate between the 1570s
and the 1750s.

The large estates in the Forsmark region expanded during the 18" century and the number of free-
hold farms decreased accordingly. The population increased dramatically from the 1780s up to the
late 19" century. This increase ceased at the turn of the century, and the rural population decreased
during the latter part of the 20" century. The number of people involved in agriculture has declined,
while the number of people employed in industry and crafts is greater than before.

The extent of arable land in the region increased continuously from the colonisation of the area
until around 1950 AD. To increase the amount of hay that was fed to the farm animals, small farms
and individual families carried out hay-making using the reeds and grasses on wetland areas. Since
these areas were often distant and hard to reach, they were mainly used by poor families that needed
to feed their animals. Until the middle of the 19th century, there were large wetland areas in the
woodlands. From the beginning of the 18th century onwards, much of the new agricultural land

was gained by draining wetlands. Some of these areas are still cultivated, whereas others are now
deserted and have in some cases been turned into woodlands. Between the early 1900s and the
1950s there was little change in arable land use in the Forsmark region. However, since the 1950s,

a significant portion of the former open land has been abandoned and current land use is completely
dominated by forestry. During the last few decades, the establishment of the Forsmark nuclear power
plant has resulted in substantial changes in land use, transforming parts of the area from relatively
pristine, rural conditions to an industrial park and a semi-urban society.
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4 Surface system and surface-bedrock interactions

This chapter provides a brief description of the surface system, i.e. topography, regolith, hydrology
and near-surface hydrogeology, hydrogeochemistry, terrestrial, limnic and marine ecosystems,

and the interactions between the surface system and the bedrock. The surface system description
concerns an area that is larger than the SDM-PSU regional model area, which under present-day
conditions is located almost completely below the sea (cf. landscape model area in Figure 1-3).
Ongoing shoreline displacement (Chapter 3) entails that the regional model area eventually will rise
above sea level and become land. One reason for including present land areas in the description in
this chapter is that it is reasonable to expect that such future land areas will resemble the present-day
land areas. Moreover, radionuclides that are released from the SFR facility in the future will be
transported to downstream areas, currently located below the sea and outside of the SDM-PSU
regional model area. In the following, the area included in the description of the surface system is,
for simplicity’s sake, referred to as the Forsmark area, even though the actual area differs somewhat
between different surface system disciplines.

The description is based on data and modelling within several scientific disciplines concerning
properties and processes on various spatial and temporal scales. The main purpose of this chapter is
to identify important aspects and main background reports, which provide details and also contain
references to further supporting reports. The description of the historic evolution of the site forms a
basis for the understanding of present-day conditions. This description is provided in Chapter 3 and
in Soderbéck (2008).

Previous descriptions of the surface system at Forsmark have been presented in connection with the
SFR safety assessment project SAFE (Kautsky 2001), whereas the most recent description in the
context of SDM-Site (Lindborg 2008) provided input to the safety assessment (SR-Site) related to
the planned repository for spent nuclear fuel at Forsmark (SKB 2010). Investigations, available data
and other prerequisites for the present site description are summarised in Chapter 2. As regards the
surface system, the following are examples of supplementary investigations and modelling activities
that provide input to the present site description and/or the safety assessment SR-PSU (i.e. the
assessment of the long-term radiological safety of the entire SFR facility).

e Supplementary investigations of the bathymetry (bottom level) in marine areas close to the SFR
facility, and development of a new digital elevation model (DEM, now available) and a new
model of regolith depth and stratigraphy (will be reported for SR-PSU).

e Evaluation of additional time series of hydrogeological, hydrological and meteorological
monitoring data (will be reported for SR-PSU).

e Updated numerical modelling of hydrology and near-surface hydrogeology, including boreholes
at and close to the SFR facility (will be reported for SR-PSU).

e Supplementary regolith and sediment sampling for analysis of solute transport properties
(e.g. Ky), to be reported for SR-PSU.

The present description is divided into abiotic characteristics (Section 4.1), ecosystems (4.2), human
utilisation and natural resources (4.3) and surface-bedrock interactions (4.4). Abiotic characteristics
(e.g. topography, hydrology, climate, and physical and chemical properties of the regolith) determine
the limits for development of ecosystems and human utilisation of the landscape. Moreover, there is
an interdependency between abiotic factors, ecosystem development and the resulting chemical envi-
ronment; formation of ecosystems influences abiotic factors (e.g. soil properties and hydrochemical
characteristics of surface waters), whereas abiotic factors provide the conditions for the formation of
specific ecosystems.
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4.1 Abiotic characteristics
411 Topography

A new DEM (digital elevation model) has recently been developed to describe the topography of

the Forsmark area (Figure 4-1). The DEM, which has a resolution of 20 m, is an important input to
other models for projections of past and future conditions, and it is used as input to most descriptions
and models mentioned in this chapter. The topography of Forsmark is characterised by low relief.
The marine areas have a gentle slope towards the northwest. The highest observed point is at 50 m
elevation and is located in the southwestern part of the DEM area. A deep trough (Gréasorédnnan)

runs in the north-south direction in the eastern part of the embayment, and the lowest point (=55 m
elevation) is located in the northern part of this trough.

In the terrestrial areas, the DEM is based on aerial photographs taken from an altitude of 2,300 m.
In the marine areas, the DEM is constructed using a combination of nautical charts, supplemen-
tary depth probing and marine geological surveys. The new DEM is an update of the previously
developed DEM (Stromgren and Brydsten 2008), primarily based on supplementary ecosounding
investigations in marine areas.
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Figure 4-1. DEM (digital elevation model) of the Forsmark area, including the bathymetry (bottom level)
of lakes and the near-coastal sea. The map shows present lake shorelines, the present shoreline towards the
sea and the location of the existing SFR facility.
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4.1.2 Regolith

Regolith refers to unconsolidated deposits above the bedrock. The regolith in Forsmark was depos-
ited during the Quaternary period and is therefore commonly denoted “Quaternary deposits” (QD).
Soil is the upper part of the regolith in terrestrial areas that is affected by soil-forming processes in
the form of e.g. frost action, weathering and bioturbation.

The descriptions of the spatial distribution of the QD and its properties are based on primary data
obtained from extensive field mapping, investigations in the form of drilling, excavations and geo-
physics, and physical and chemical laboratory tests. For further details on the availability of primary
data associated with the QD and soil and evaluations of such data, see Hedenstrom and Sohlenius
(2008) and Lundin et al. (2004).

The surface distribution of the QD (Figure 4-2) is typical for areas located below the highest post-
glacial coastline. Till is the dominant type of QD and occupies some 65% of the surface in terrestrial
areas and 30% of the sea bottom outside Forsmark. Glaciofluvial sediments occur at the Borstildsen
esker. Clay occurs primarily in depressions on the sea bottom and below present lakes. Postglacial
clay, including clay gyttja, is predominantly found in the deeper parts of the sea bottom. The sea
bottom north of the SFR pier is dominated by till, whereas areas south of the pier are dominated by
glacial clay.
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Figure 4-2. Surface distribution (at a depth of 0.5 m) of the OD and areas with exposed bedrock in the Fors-
mark area (modified from Figure 5-4 in SKB 2010). Note that lakes and the sea are shown without surface
water. The map also shows the boundaries of the three local till domains (I — III) in terrestrial areas.
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The description of the surface distribution of different soil types was obtained using the QD map
(Figure 4-2) and background maps of vegetation type, land use and wetness index (a function of
local contributing upslope area and slope). Soil type classifications were conducted in pits dug in
each land use type. The dominating soil type found in terrestrial areas of Forsmark is Regosol, i.e.
young soil characterised by poor soil profile development in areas without permafrost.

The till in the terrestrial areas of Forsmark is subdivided into three local domains (see Figure 4-2):
(D) the largest domain, containing sandy and silty till, (II) clayey till and boulder clay, and (I1I)
sandy till with a high boulder frequency (Hedenstrom and Sohlenius 2008). Till and glacial clay
in Forsmark have a high content of calcium carbonate (CaCOs;), which originates from Palaeozoic
limestone that outcrops on the sea bottom north of the Forsmark area.

A regolith depth and stratigraphy model (RDM, Figure 4-3) has previously been developed to
provide a geometric model of depths and layers at a landscape level (Hedenstrom et al. 2008). The
RDM is based on the general top-down stratigraphy for the Forsmark area, consisting of peat, gyttja
(present below lakes), clay gyttja-gyttja clay (present in coastal areas and below lakes), postglacial
sand/gravel (present in marine areas), glacial clay, glaciofluvial sediments, and till.

In the RDM, the regolith (i.e. the QD) is subdivided into seven layers and three generalised lake
sediment lenses. The total regolith depth in the RDM area varies between 0.1 and 42 m. As can be
seen from Figure 4-3, the coastal zone and the islands (including the coastal zone of the island of
Gréso) are characterised by thin regolith and frequent bedrock outcrops. Generally, the regolith is
deeper in the marine area (average depth c. 8 m), whereas the average depth in the terrestrial area is
c. 4 m. The QD depth is up to 10 m north of the SFR pier and up to 20 m south of the pier.
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Figure 4-3. Modelled total regolith depth at Forsmark (Figure 5-5 in SKB 2010). A new RDM will be
reported for SR-PSU.
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A new RDM will be used in the safety assessment SR-PSU. Updates compared to the previous RDM
(changes are not expected to be significant) are primarily based on supplementary marine geologi-
cal surveys (Nyberg et al. 2011). Other supplementary information for the new RDM includes reg-
olith depths and stratigraphy data obtained from probing and drilling in wetlands (Sohlenius and
Hedenstrom 2009, Werner et al. 2009).

4.1.3 Meteorology, hydrology and near-surface hydrogeology

Comprehensive field investigations and modelling activities have been conducted regarding meteorol-
ogy, hydrology and near-surface hydrogeology at Forsmark. There is an ongoing long-term monitoring
programme in the Forsmark area, including meteorological parameters, surface water levels, stream
discharges and groundwater levels in the QD (SKB 2007). For further details on the availability of
primary data and prior data evaluations, see Johansson (2008) and Johansson and Ohman (2008). Time
series data collected subsequent to SDM-Site and evaluation of these data will be reported for SR-PSU.

In all, 25 lake-centred catchment and sub-catchment areas (sizes 0.03-8.67 km?*) have been delineated
within the Forsmark area (Brunberg et al. 2004). Wetlands are frequent and cover more than 25% of
some sub-catchments (Johansson 2008). The largest lakes are the lakes Fiskarfjarden, Bolundsfjarden,
Eckarfjirden and Gillsbotrisket (see Figure 4-4). Even the largest lakes are smaller in size than 1 km?
and they are also quite shallow (average depths less than 1 m). Seawater intrusion occasionally takes
place into the lakes located close to the sea (Norra Basséngen, Puttan, Bolundsfjarden, Lillfjdrden and
Fiskarfjarden) during periods with very high sea level. The streams in Forsmark are small and long
stream sections are dry during summer. However, the stream sections located downstream from Lake
Gunnarsbotrisket, Lake Eckarfjarden and Lake Géllsbotrésket carry water for most of the year.
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Figure 4-4. Overview map showing the four largest lakes in the Forsmark area (Fiskarfjdrden, Bolunds-
fjdrden, Eckarfjirden and Gdllsbotrdisket). The map also shows the locations of streams, discharge gauging
stations and associated catchment areas (Figure 2-5 in Johansson 2008). SKB's meteorological station is
located near the shoreline, south of the cooling water channel for the Forsmark power plant.
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The mean annual air temperature at Forsmark is approximately +7°C and the vegetation period
(mean air temperature above +5°C) lasts approximately from May to September. The dominating
wind direction is from the southwest. For the four-year period of June 2003—May 2007, the locally
measured (and corrected for e.g. wind losses) mean annual precipitation was 563 mm (the estimated
long-term mean annual precipitation is 559 mm), whereas the mean annual calculated potential
evapotranspiration was 526 mm. Some 25-30% of the annual precipitation falls in the form of snow.

Based on the meteorological and hydrological monitoring programme (also including data from
surrounding stations operated by SMHI, the Swedish Meteorological and Hydrological Institute), the
long-term water balance of the Forsmark area can be estimated as precipitation = 560 mm-y ', actual
evapotranspiration = 400-410 mm-y ', and runoff = 150-160 mm-y . The estimated long-term runoff
in the Forsmark area is slightly lower than the long-term average at the SMHI discharge station at
Vattholma (located further inland), due to less precipitation closer to the coast (Johansson et al. 2005).

The infiltration capacity of the QD generally exceeds rainfall and snowmelt intensities, and ground-
water recharge is dominated by precipitation and snowmelt. Generally, the lakes are recipients of
groundwater discharge during most of the year. However, intense evapotranspiration during summer
lowers groundwater levels, and some lakes may periodically switch to becoming recharge areas.

The horizontal hydraulic conductivity of the till that dominates the area decreases from more than
10° m-s™' near the ground surface to ¢. 10° and 10”7 m-s ™" at the depths for coarse and fine-grained
till, respectively. Slug test data indicate a higher hydraulic conductivity at the bedrock-QD interface
than in the till itself. Moreover, comparisons between field and laboratory data indicate that the till
is anisotropic, with the horizontal hydraulic conductivity being on the order of 30 times greater than
the vertical conductivity.

The groundwater table in the QD is generally shallow (within 1 m of the ground surface) and follows
the ground surface topography (see the upper plot of Figure 4-5). Hence, surface water divides and
groundwater divides in the QD can be assumed to coincide. The small-scale topography results in
shallow, local groundwater flow systems in the QD that overlie larger-scale flow systems in the bed-
rock. Within the tectonic lens at Forsmark, measured groundwater levels in the bedrock are slightly
above the current sea level and considerably lower than those in the QD (lower plot of Figure 4-5).
The lens is hence characterised by a weak coupling between groundwater levels in the upper part of
the bedrock and the ground surface elevation, in contrast to conditions outside the tectonic lens. As
shown in Figure 4-5, groundwater levels measured in the bedrock close to the SFR facility are at or
below the current sea level.

Comprehensive modelling activities concerning the hydrology and near-surface hydrogeology of
the Forsmark area have been carried out using the modelling tool MIKE SHE. These modelling
activities have focused on present (Bosson et al. 2008) as well as future conditions, including the
construction and operating phases of a spent fuel repository and an extension of the SFR facility
(Martensson and Gustafsson 2010, Martensson et al. 2010) and long-term landscape development
(Bosson et al. 2010). An updated MIKE SHE model of the Forsmark area will be available for
SR-PSU. The updated model will include the new DEM, the new RDM, as well as monitoring data
collected subsequent to SDM-Site.

4.1.4 Coastal oceanography

The marine area at Forsmark consists of the open-ended embayment Oregrundsgrepen, with a wide
and deep boundary towards the north and a narrow and shallower strait towards the south. Based on
the sea bathymetry according to the previous DEM (Stromgren and Brydsten 2008), the marine area
was divided into 28 sub-basins (Figure 4-6) with a total area of 246 km®. The sub-basin delineation
will be updated based on the new DEM (Figure 4-1) and be available for SR-PSU. Most of this
coastal area is shallow (sea depth less than 10 m), except for the previously mentioned Grésdrdnnan
trough with sea depths exceeding 40 m. Salinity stratification in Oregrundsgrepen is generally
weak. Local freshwater runoff produces slightly lower salinity compared to the Gulf of Bothnia
(Aquilonius 2010). The direction of the flow through Oregrundsgrepen varies with time, but on an
annual basis there is a net flow directed from north to south (Karlsson et al. 2010).
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Figure 4-5. Cross plots of groundwater levels in QD (upper plot, red dots represent outliers) and bedrock
(lower plot) versus ground surface elevations (Figures 3-41 and 3-47 in Johansson 2008). Groundwater levels in
the bedrock are denoted “point water heads” due to differences in salinity (and thereby in density) with depth.
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Figure 4-6. Coastal sub-basins (based on the previous DEM) projected on the bathymetry map of Forsmark
(Figure 5-8 in SKB 2010). The SDM-PSU regional model area comprises the sub-basins denoted 116, 118 and
121. The inlet to the cooling water channel for the Forsmark power plant is visible in sub-basin 120, and the
location of the SFR facility is indicated on the map. The sub-basin delineation will be updated based on the
new DEM and available for SR-PSU.

SKB TR-11-04 61



According to the sub-basin delineation based on the previous DEM, the water retention time in the
28 sub-basins was calculated to vary between 13 and 34 days (22 on average) (Karlsson et al. 2010).
Water turnover is more rapid in the deeper areas close to the open Bothnian Sea, whereas turnover

is slower in the partly isolated shallow sub-basins 117 and 118 (see Figure 4-6). The water retention
calculations will be updated when sub-basin delineations based on the new DEM are available. Most
of the sea bottom consists of shallow and exposed hard bottoms (boulders or bedrock), interspersed
by deeper valleys with soft-bottom communities. A few near-coastal bays (e.g. Kallrigafjarden in
sub-basins 146, 150, 152) are more or less secluded and host soft-bottom communities.

41.5 Hydrogeochemistry

The hydrogeochemistry (chemistry of surface water, groundwater, QD and sediments) of the sur-
face system at Forsmark has been the subject of various site investigation and modelling activities,
including studies of the hydrochemistry of limnic and marine systems (Andersson 2010, Aquilonius
2010, Qvarfordt et al. 2010, Sonesten 2005), the chemistry of terrestrial systems including geochem-
istry of QD and sediments (Hedenstrom and Sohlenius 2008, Lofgren 2010), and synthesis reports
concerning the chemistry of the surface system (Trojbom and Grolander 2010, Trojbom and Nordén
2010, Trojbom and Séderback 2006, Trojbom et al. 2007). A recent study was also conducted to
learn more about dissolved carbon pools in mires of Forsmark (Lofgren 2011). There is an ongoing
long-term hydrochemical monitoring programme at the site, including surface waters and ground-
water from QD and bedrock (SKB 2007).

The high content of calcium carbonate in the QD and the recent emergence of the area above sea
level affect the chemistry of the surface water and shallow groundwater. Specifically, the surface
water and shallow groundwater in Forsmark are generally slightly alkaline (pH 78) and have high
contents of major constituents, caused by marine and glacial remnants deposited during the latest
glaciation. The calcite has had a strong influence on the development of terrestrial and limnic
ecosystems at the site. For instance, secondary calcite precipitation and co-precipitation of phosphate
contribute to the development of the nutrient-poor oligotrophic hardwater lakes that are characteris-
tic of the Forsmark area.

An important contribution of the hydrochemical data evaluation concerns interpretation of water
flow systems in the Forsmark area, focusing on evidence for deep groundwater discharge. These
issues are discussed further in Section 4.4.2.

4.2 Ecosystems
4.21 Terrestrial ecosystems

The terrestrial vegetation is strongly affected by topography, QD characteristics and human land

use. Some three quarters of the land area in Forsmark is covered by forests, dominated by Scots

pine (Pinus sylvestris) and Norway spruce (Picea abies) (Lofgren 2010). Due to the calcareous QD,
the field layer is characterised by herbs, broad-leaved grasses and many orchid species. The area

has a long history of forestry, with a large percentage of younger and older clear-cuts in different
succession stages. As mentioned previously, wetlands are frequent and cover more than 25% of some
sub-catchments. Most wetlands are coniferous forest swamps or open mires. Less mature wetlands
consist of rich fens due to the high calcareous content of the QD. Agricultural land (arable land and
grassland) covers only a minor portion of the land area of Forsmark.

The most common larger mammal species in the Forsmark area are roe deer (Capreolus capreolus)
and moose (4/ces alces). Altogether, 96 bird species have been found in the Forsmark area. The most
common species in Forsmark are, as in the rest of Sweden, chaffinch (Fringilla coelebs) and willow
warbler (Phylloscopus trochilus) (Lofgren 2010). It can be concluded that Forsmark is a very valu-
able area from a nature conservation point of view. The highest natural values are associated with
wetlands and forests containing red-listed and/or legally protected species (Hamrén and Collinder
2010), such as the rare species fen orchid (Liparis loeselii) and pool frog (Rana lessonae).
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Modelling of the carbon dynamics for two conifer forests (i.e. the dominant vegetation type in
Forsmark) and one forested wetland show that the largest carbon flux in terrestrial ecosystems is the
uptake of carbon by primary producers, and that the vegetation at all the investigated localities acts
as a carbon sink (Lofgren 2010). This net primary production sets an upper limit on the potential
uptake of different elements into biomass, which in turn limits the extent of further propagation up
the food web. Eventually, biomass reaches the soil compartment as litter, where it is mineralised.
The balance between litter production and heterotrophic respiration determines to what extent
organic material (and incorporated elements) can be accumulated in the soil.

Dynamic vegetation modelling shows that also other vegetation types (e.g. deciduous trees, mead-
ows and arable land) are carbon sinks, with the exception of clear-cut forests that act as carbon
sources. Figure 4-7 illustrates a compilation of important processes for a mire ecosystem. Further
details on the availability of primary data associated with terrestrial ecosystems and evaluations of
such data are provided in Lofgren (2010).

4.2.2 Limnic ecosystems

The lakes in the Forsmark area are small and shallow. They are characterised as oligotrophic hard-
water lakes, with high levels of calcium and low nutrient levels (Andersson 2010). This lake type is
common along the coast of northern Uppland, but rare in the rest of Sweden (Brunberg et al. 2002,
Hamrén and Collinder 2010).

Shallow depths and moderate water colour permit photosynthesis in the entire benthic habitat, and
the lake bottoms are covered by dense stands of macroalgae and a thick layer of microphytobenthos
(microscopic algae and cyanobacteria). These two types of primary producers dominate the biomass
and primary production, making phytoplankton biomass and production less important.

All lakes are surrounded by reed belts, which are extensive especially around the smaller lakes. The
fish community in the lakes of Forsmark is dominated by perch (Perca fluviatilis), roach (Rutilis
rutilus), tench (Tinca tinca) and crucian carp (Carassius carassius), of which the two latter species
are resistant to low oxygen concentrations during winter.

Figure 4-7. Conceptual model of important fluxes affecting transport and accumulation of elements in a
wetland ecosystem and arable land on a drained part of a mire (Lofgren 2010). Green arrows are fluxes
mediated by biota (including water for drinking), grey arrows are water and gas fluxes, the blue arrow
represents sorption/desorption processes. The mire was preceded by a lake stage and a marine stage, in
which gyttja/clay and postglacial clay were deposited prior to the peat (Figure 5-11 in SKB 2010).
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The streams in the Forsmark area are small and long stream stretches are dry during summer.
However, some streams close to the coast carry water for most of the year and may function

as passages for migrating spawning fish, and extensive spawning migration has been observed
between the sea and Lake Bolundsfjirden. The two large streams Olandsén and Forsmarksan,
located outside of the Forsmark area, carry water during the whole year and discharge into the sea
bay of Kallrigafjarden. The abundance of vegetation in the streams is heterogeneously distributed,
varying between 0 and 100% coverage of the stream bed but with some longer parts with intense
growth (75-100% coverage) (Andersson et al. 2011).

Both abiotic and biotic processes influence transport and accumulation of elements in limnic
ecosystems (Figure 4-8). Modelling of carbon dynamics in limnic ecosystems shows that, contrary

to typical Swedish lakes, primary production exceeds respiration in many lakes in the Forsmark area
(Andersson 2010). In some of the larger lakes in the area (e.g. Bolundsfjdrden and Eckarfjérden), the
primary production involves large amounts of carbon compared with the amounts that are transported
from the surrounding catchment area. Consequently, there is a large potential for carbon entering the
lakes to be incorporated in the lake food web via primary producers. However, much of the primary
produced carbon is circulated within the microbial food web and transferred back to abiotic pools or
sequestered in sediments.

In the larger lakes, there is a relatively large accumulation in sediments, which can be a permanent
sink for radionuclides and other pollutants. In smaller lakes, the amounts of carbon involved in
primary production are small compared with the amounts transported from the surrounding catch-
ment area. According to the ecosystems modelling, these lake systems function more as through
flows. The chemical properties of the elements, the size of the lake and its location in the catchment
area determine the fate of elements entering lake systems in the Forsmark area. Further details on
the availability of primary data associated with limnic ecosystems and evaluations of such data are
provided in Andersson (2010).

deposition

resuspension
sedimentation

Figure 4-8. Conceptual model of important fluxes affecting transport and accumulation of elements in
aquatic (i.e. limnic and marine) ecosystems (Figure 5-13 in SKB 2010).
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4.2.3 Marine ecosystems

Due to upwelling along the coast, the marine ecosystems of the Forsmark area are rather productive
in a region of otherwise fairly low primary production (Aquilonius 2010). The salinity of the seawa-
ter is low due to a large freshwater supply. The low salinity strongly affects the marine environment,
as few organisms are adapted to such brackish conditions. Therefore, the fauna consists of a mix of
freshwater and saltwater species. The marine biota in the area is dominated by benthic organisms
such as microalgae, vascular plants and benthic microalgae. Both hard and soft bottom substrates are
dominated by detrivores: snails and mussels feeding on dead material. The fish community is domi-
nated by the marine species herring (Clupea harengus) in the pelagic zone, whereas limnic species
(especially Eurasian perch, Perca fluviatilis) dominate in near-coastal areas and in secluded bays.
Supplementary investigations that will be available for SR-PSU include vegetation mapping on the
sea floor and mapping of reeds in shallow bays (Aquilonius 2011, Stromgren and Lindgren 2011).

As for limnic ecosystems (cf. Figure 4-8), both abiotic and biotic processes influence transport and
accumulation of elements. However, modelling of carbon budgets show that in marine ecosystems
advective flux (water turnover) is often the dominating factor for transport and accumulation of
elements (in particular in open and more offshore basins), and in comparison, biotic fluxes (i.e.
transport from terrestrial areas) are less important.

The modelling of the 28 delineated marine sub-basins based on the previous DEM (Figure 4-6)
shows that the whole marine area as an average has positive NEP (Net Ecosystem Production).
Specifically, shallow areas near the coastline have positive NEP, whereas more offshore areas have
negative NEP. Further details on the availability of primary data associated with marine ecosystems
and evaluations of such data are provided in Aquilonius (2010).

4.3 Human utilisation and natural resources

The Forsmark SDM-Site regional model area (see Figure 2-8) is sparsely populated and there are
no permanent residents in a 20 km” area along the coast (Miliander et al. 2004). Land use has previ-
ously been dominated by commercial forestry, and wood extraction has been the only significant
anthropogenic outflow of biomass from the area. The only agricultural activity at present is situated
at Storskdret. It is focused on meat production and the cattle graze outdoors during the vegetation
period.

The Forsmark power plant is a large industrial activity in an otherwise relatively undisturbed area.
Current water handling at the Forsmark power plant includes a cooling water channel from the sea,
the use of Lake Bruksdammen (west of “Forsmark™ in Figure 4-4) as a drinking water supply, and
a groundwater drainage system at the power plant. The predominant leisure activity in the area is
hunting. Forsmark is only occasionally used for leisure activities due to the small local population,
the relative inaccessibility of the area and its distance from major urban areas.

4.4 Surface-bedrock interactions

This section describes some aspects of the surface system that are of importance for the bedrock
modelling and for the integrated conceptual description of Forsmark. The following description
focuses on the upper part of the bedrock, the bedrock-QD interface and the QD itself.

441 Hydrology and hydrogeology

Within the tectonic lens at Forsmark, the uppermost part of the bedrock recognised as a separate
fracture domain (Olofsson et al. 2007) has a large influence on the overall groundwater flow (Follin
2008). Specifically, the upper bedrock within part of the tectonic lens contains a lattice of high-
transmissive structures (extensive horizontal fractures/sheet joints). As mentioned in Section 4.1.3,
groundwater levels measured in the QD and the bedrock indicate groundwater recharge to the
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bedrock within the tectonic lens. In contrast, for most areas outside the tectonic lens, MIKE SHE
flow modelling results (Bosson et al. 2010) indicate groundwater discharge, with groundwater flow
from the bedrock to the QD.

Site investigation data indicate that the horizontal hydraulic conductivity of the till overlying the
bedrock decreases with depth, and data also indicate that the till is anisotropic (the vertical hydraulic
conductivity is lower than the horizontal). Moreover, there are indications that the bedrock-QD
interface is rather permeable. According to pumping-test data, there is a limited hydraulic contact
between Lake Bolundsfjirden and the underlying till Johansson (2008), most likely due to low-
permeable lake sediments.

Groundwater levels in the QD are of potential interest for setting the upper boundary condition in
hydrogeological models. As described in Section 4.1.3, the groundwater table in Forsmark is shallow
and generally follows the topography of the ground surface. Pronounced outliers, with greater depths
to the groundwater table and also close correlations to sea-level variations, are located below the ridge
of the Borstilasen glaciofluvial deposit (esker). The depth to the groundwater table in the pier at SFR,
which is constructed from coarse materials (blast rock), is also probably great, the groundwater table
being at or close to sea level.

As an alternative to groundwater levels in the regolith, flux can be used when setting the upper
boundary condition in hydrogeological models. Water balances are basic inputs for assigning a flux
boundary condition, and such balances are available based on both measurements and calculations
(see Section 4.1.3 and Johansson 2008).

4.4.2 Hydrogeochemistry and solute transport

Hydrochemical data have been used explicitly for interpretation of surface-bedrock groundwater
flow systems. The emphasis has been on conditions within potential groundwater discharge areas,
focusing on evidence for deep groundwater discharge (Johansson 2008, Trojbom et al. 2007).
Specifically, principal component analysis (PCA) was used to separate groundwater types in the
bedrock in terrestrial areas and for comparisons with hydrochemical signatures of surface waters
and groundwater in the QD.

According to the analysis, most groundwaters from the QD are of meteoric origin. Groundwater
sampled in till below lakes and the sea has high salinity (high chloride content). Groundwater below
Lake Gallsbotrésket (and in its topographical depression) and below Lake Bolundsfjarden have
influence from relict marine water (Littorina). Groundwater below Lake Fiskarfjdarden also has a
hydrochemical signature clearly influenced by relict marine water, whereas groundwater below
Lake Eckarfjarden shows a non-marine, meteoric signature.

The hydrochemical signatures of groundwater sampled below Bolundsfjirden, Géllsbotrisket and
Fiskarfjdrden indicate that groundwater flow rates below these lakes are very low in relation to the
total annual water balance of the Forsmark area. Integrated hydrogeological and hydrochemical
data evaluations indicate that shallow groundwater-flow systems discharge around lakes and in their
near-shore zones (Lindborg 2008).

There are alternative, continued flow paths for solutes entering the bedrock-QD interface from
below: either vertically through the QD or horizontally along the permeable interface (Johansson
2008, Lindborg 2008). Hence, there are different possible flow paths and discharge points in differ-
ent parts of the surface system for solutes originating from the bedrock.

In addition to the above-mentioned potential effects on advective transport, the surface system may
also provide capacity for retention of solutes by e.g. sorption and precipitation. Retention parameters
and modelling of solute transport in the surface system are presented in Grandia et al. (2007), Piqué
et al. (2010) and Sheppard et al. (2009, 2011). An important input to the safety assessment SR-PSU
is supplementary QD and sediment sampling and analyses of solute transport properties (Sheppard
et al. 2009, 2011). The results show that it is possible to relate K, values (QD and sediment solid/
liquid partition ratios) to environmental conditions, such as pH and clay and organic carbon content,
in a statistically significant manner. Modelling results (Grandia et al. 2007, Piqué et al. 2010) dem-
onstrate that the QD may provide significant solute retention, but also that predictions of its retention
capacity can be highly sensitive to assumptions made in the development of process models.
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4.5 Confidence and uncertainties

The DEM (digital elevation model) has a high resolution and elevation uncertainties are gener-
ally considered to be small. However, it is difficult to evaluate errors in the DEM for currently
submerged areas. The reliability of the map of the surface distribution of QD varies considerably
within the model area. The quality of the map is considered to be high in marine areas, in particular
in near-shore areas mapped using regular marine geological methods. The quality of the RDM
(regolith depth and stratigraphy model) also varies spatially depending on the density of direct
observations of the bedrock. The quality is judged to be high in shallow parts of the marine area,
even though the model is based almost exclusively of geophysical data in these areas.

It is judged that the general description of the hydrological and near-surface hydrogeological driving
forces and the overall flow pattern and interactions (including surface-bedrock interactions) are well
understood. The largest uncertainties in the hydrochemical modelling are those related to the use of
combinations of hydrochemical data, water-flow data and spatial data on land uses and vegetation
types. This is particularly the case for estimations of trace-element transport, due to the use of

scale factors that relate trace-element transport to transport of major elements. The descriptions of
terrestrial, limnic and marine ecosystems are generally based on large amounts of site-specific data.
Quantifications of many different ecosystem processes such as respiration and consumption are
based on site data on a very restricted temporal scale. Extensive comparisons with data from other
studies in similar regions have ensured that the short-term studies are put in a larger temporal and
spatial context.
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5 Bedrock geology

5.1 Overview

This chapter concerns the SFR version 1.0 geological model, previously described in Curtis et al.
(2011), which includes both rock domain and deformation zone sub-models. The final geological
model forms a basis for the modelling work by other disciplines, including rock mechanics,
hydrogeology and hydrogeochemistry. The resulting multidisciplinary integrated model (Chapter 9)
provides input for a site engineering evaluation in preparation for final repository design and long-
term safety assessment. A site engineering assessment was not included under the umbrella of the
geological modelling work in the SFR-PSU project work.

The geological modelling work incorporated in version 1.0 follows SKB’s established methodology
using the Rock Visualisation System (RVS). The contrasting needs of different users of the geologi-
cal models — for example, hydrogeology, repository design and safety assessment — underscored

the need to present both regional and more detailed local 3-D geological models. An important
modelling prerequisite has been that the resolution of the modelled objects should be the same
throughout the model volume, on any given modelling scale (Munier et al. 2003). The rock domain
model produced in SFR model version 1.0 comprises the local model volume (Figure 5-1), whereas
separate local and regional deformation zone models have been produced in SFR model version 1.0,
using distinct resolution criteria for the different model volumes. The local model contains zones
with a minimum size of 300 m, whereas the regional model has structures that have a minimum size
constraint of 1,000 m trace length at the ground surface. The selection of these size limits is related
to the maximum depth of the model volume (local model —300 m and regional model —1,000 m
elevation) and the applied methodology, which requires the same model resolution throughout the
defined model volume. To assist hydrogeological modelling work, an updated combined model,
including all structures from both the regional and local models, has also been delivered.

=100 masl

100 masl
Existing SFR
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ZFMNNEDEES
ZF MNECETO
LEGEKRD
B Rock dorain RFRO
Rach dorair RFRIT
B Rock domain RFRD
Rz doraie RFRI4
B Debormation sone, Bich confdencs
B Delormaton rone. medium confidenos

Figure 5-1. Rock domains and deformation zones included in the SFR local model, version 1.0. The
relationship to the existing SFR underground facility is illustrated by a horizontal section at —100 m
elevation, viewed to the north. Note that parts of the silo and the lower construction tunnel (NBT) are
beneath that level.
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The deformation zone model, version 1.0, is a further development of the previous version 0.1
(Curtis et al. 2009). Whereas the main input to deformation zone model version 0.1 was older
geological data from the construction of SFR, including drawings of the geological tunnel mapping
and eleven drill cores remapped according to the Boremap system, input to version 1.0 of the the
rock domain and deformation zone models has included the results from eight new cored boreholes
as well as a fuller integration of the Forsmark site investigation data, a more extensive review of
the drill cores from an additional 32 boreholes associated with the construction of the existing SFR
facility and an updated mapping of the lower construction tunnel. The current modelling work has
also reviewed the older SFR data and models. Although details concerning the earlier zones lying in
immediate contact with the existing SFR facility have been changed, the previous overall position,
orientation and number of these deformation zones is maintained. A significant difference concerns
their thickness due to the contrasting methodologies used during the different campaigns.

Four rock domains have been recognised in the local SFR model volume, mainly on the basis of
rock composition and degree of heterogeneity. High resolution magnetic total field data, in combina-
tion with fixed points along drill cores, have made a significant contribution to the definition of
boundaries between domains. Rock domain RFM021 in SDM-Site Forsmark has been divided

into three separate rock domains in the SFR model on account of the higher level of resolution.

A fourth domain corresponds to RFM033 in SDM-Site Forsmark. The existing SFR facility and

the rock volume directly to the southeast, which is proposed for the extension, is situated within
two rock domains, RFRO1 in the southwest and RFRO2 in the northeast (Figure 5-1). Both are part
of RFMO021 in SDM-Site Forsmark. Rock domain RFRO1 is modelled as a major fold structure
characterised by a relatively high degree of homogeneity and dominated by pegmatitic granite and
pegmatite (101061) with a poorly-developed ductile deformational fabric, whereas rock domain
RFRO?2 is far more heterogeneous and dominated by fine- to finely medium-grained metagranodior-
ite (to granite) (101057), often with a well-developed planar ductile deformational fabric.

The existing SFR facility and the rock volume proposed for the extension lie within a tectonic block
that is bounded to the northeast and southwest by two broad belts: the Northern boundary belt and
the Southern boundary belt, respectively, of concentrated ductile and brittle deformation (Figure 5-2).
The Central block is less affected by deformation than the bounding belts. Within the Central block,
in the rock volume for the planned extension, a series of WNW-NW-trending deformation zones are
included in the local model. These are much smaller than the bounding belts and were initiated at a
later stage in a brittle regime. Even smaller zones with the same general strike and character, below
the current model resolution, are inferred to permeate the entire rock volume. A NE-to-ENE-striking
set of brittle deformation zones is also present. Compared with the WNW-NW set they are generally
thinner and shorter, due to termination against the broad WNW-NW-trending deformation belts.

The existence of gently dipping deformation zones was a particular focus of the project due to their
previously identified engineering significance during the construction of SFR. No new significant
gently dipping deformation zone was identified in the rock volume for the extension. However, there
is a relatively high frequency of sub-horizontal open fractures in the upper part of the rock volume
(above c. =200 m elevation), which are inferred to have formed or to have been opened in connec-
tion with stress release processes during unloading, due to deglaciation and/or exhumation, and also
by strike-slip movements along the bounding steeply dipping zones. These sub-horizontal to gently
dipping structures make a more significant contribution to the pattern of local groundwater flow in
the upper part of the bedrock than the steeply dipping deformation zones (see Chapter 7).

The models described in this chapter follow the earlier established conceptual understanding of the
geological evolution in the Forsmark area. At the end of development of model version 1.0, the over-
all confidence level concerning the regional deformation history and the broad tectonic framework of
the region is judged to be high. However, the overall confidence level in the rock volume of specific
interest to the SFR project, lying between deformation zones ZFMWNWO0001 and ZFMNWO0805A,
is inevitably somewhat lower due to scale-related issues and the distribution of available data as
discussed in this chapter. While certain details concerning particular deformation zones have been
modified, there is nothing resulting from the current modelling work that has any significant impact
on the earlier reported results for the Forsmark project for the final repository for spent nuclear fuel.

For the rock mass between the deformation zones, global fracture orientation sets, along with
fracture type and frequency mean values, have been calculated (Curtis et al. 2011). However, no
systematic evaluation of the fracture statistics (DFN) for the rock mass between the deformation
zones has been carried out. This task was not included in the SDM-PSU project work.
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Figure 5-2. Intersection at the current ground surface of deformation zone traces of all sizes inside the
regional model area, i.e. a combined model version. The regional deformation zones ZEMWNWO0001 and
ZFMNWOS805A, along with their major splays, form the general southern and northern boundaries of the
central SFR tectonic block. Confidence in existence: high = red, medium = green.

5.2 Evaluation of primary data
5.2.1 Geological tunnel data from SFR

The geological data from the underground openings of SFR comprise (1) geological maps generated
during the construction of SFR (Christiansson and Bolvede 1987) and (2) an updated geological
mapping of the lower construction tunnel (NBT) performed by Berglund (2008) during the current
site investigation. The geological maps of Christiansson and Bolvede (1987) provide information
on rock type, fractures, other tectonic structures and water seepage on a scale of 1:200. In addition,
there are general drawings on a scale of 1:1,000 for rock types and 1:2,000 for tectonic structures
(Figure 2-4) and water seepage. The tunnel mapping from the excavation phase is an important source
of information and consequently considered a key document in the modelling work. However, the
older tunnel data do not correspond to current SKB formats and quality standards. It has therefore
been of importance to obtain updated geological information from SFR for the purpose of calibration.
The facility has been re-inspected, and the NBT was selected for updated mapping as performed by
Berglund (2008).

An important outcome of the updated mapping and modelling is that many of the structures marked
in the overview structural drawing of Christiansson and Bolvede (1987) are identified as minor
features without the necessary continuity for deterministic modelling demanded by the scale of
resolution in the current modelling work. Another conclusion is that some of the minor structures in
the drawing do not qualify as possible deformation zones in terms of the criteria currently applied by
SKB. The primary criteria for defining the structures in the drawings have clearly been an increase
in the frequency of open fractures (incohesive structures) and visual assessments of hydraulic
conductivity, i.e. following traditional construction industry practice rather than current SKB criteria
focusing also on long-term safety. Thus, the drawings from the construction phase have been used to
define the position, orientation and basic character of a modelled deformation zone (fracture zone),
whereas details concerning zone thickness, fracture frequencies, mineralogy, etc. are provided by
borehole intercepts.
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All the features in the general structural drawing of Christiansson and Bolvede (1987) have been
noted as ‘possible tunnel deformation zones’ (tDZs) in order to follow a systemisation approximately
equivalent to the possible deformation zones (PDZs) identified during the borehole single-hole
interpretation process. The tDZs and tunnel intercept positions corresponding to all the deformation
zones are documented in Appendix 2 in Curtis et al. (2011) and, when linked to a deterministically
modelled zone in the local model in this study, are included in the property tables in Appendix 4.
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Figure 5-3. Compilation showing the available geological information for a section of the lower construction
tunnel (NBT), with an approximate chainage at 0+130 to 0+195. a) Three-dimensional view of the brittle
structures registered during the updated geological mapping by Berglund (2008). b) Sections of the structural
overview mapping and the rock type colour coded detailed geological mapping side by side. Both from
Christiansson and Bolvede (1987). The section of the detailed drawing is marked in pink in a) and in the
overview map in b). The legends in b) are translations of the original of Christiansson and Bolvede (1987)

in Swedish. Note the two distinct fracture zones oriented 230%50° and 310°/80° at approximately 8/180 in b)
and 0+180 in a); none of them were of sufficient size for inclusion as deterministic structures in the model.
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As mentioned in Chapter 2, a further integration of earlier SFR tunnel mapping results has been
completed by (1) translation of the different rock types defined by Christiansson and Bolvede (1987)
into the bedrock nomenclature introduced during the Forsmark site investigation (cf. Stephens

et al. 2003), and by (2) colour coding of the rock types in all detailed drawings at the scale 1:200
according to SKB standards. A compilation showing an example of the available geological data for
a section of the NBT is presented in Figure 5-3 and an overview of the whole SFR in Figure 5-5.

Ductile structures are treated very briefly, often in relation to brittle tectonics, in the original docu-
mentation from the construction of SFR. The tunnel drawings of Christiansson and Bolvede (1987)
reveal scattered measurements of fold axes, but no other ductile structural data.

5.2.2 Rock units and possible deformation zones in boreholes

The geological single-hole interpretation (SHI), which is an interpretation based on an integrated
synthesis of geological and geophysical borehole infeormation, provides a key link between the
primary borehole data and the modelling work. The procedure includes 1) merging of sections with
similar rock types or where one rock type is very dominant into rock units and 2) identification
of possible deformation zones. A description of the procedures adopted during the SHI work is
provided in Section 4.2.3 in Curtis et al. (2011), and includes primarily consideration of fracture
frequency, rock alteration and focused resistivity.

In contrast to the SHI concept applied by SKB, the earlier definitions generally focused on open
fractures and considered only the core or simply the groundwater-bearing part of a zone (cf. Carlsson
et al. 1985, 1986). The geological SHI analysis of fracture frequencies is not restricted to open
fractures, but also includes sealed fractures, sealed fracture networks, open and partly open fractures,
and crush zones. In addition, current SHI practice gives equal weight to the presence and character
of ductile deformation structures when defining deformation zones, in contrast to earlier judgements
where such structures were to a certain extent ignored. The significant differences in the methodolo-
gies for defining the existence and boundaries of possible deformation zones mean that current SKB
methodology generally leads to more zones with thicknesses that are usually significantly larger.
Consequently, while a particular deformation zone’s existence and overall geometry may be based
on a mixture of older and newer data, the thickness and character of the zone is based first and
foremost on SHI data.

The general principles of the SHI procedure were applied to all boreholes both from the newly
completed Forsmark and SFR site investigations and from the 43 older SFR boreholes. However,
deficiencies in the available geological data, not least the absence of fracture mapping for several
boreholes, necessitated serious deviations from the established geological SHI methodology to
define rock units and to identify possible deformation zones along the older SFR boreholes. A sum-
mary of the data included in the work and deviations from the established methodology is presented
in Tables 4-2 and 4-3 in Curtis et al. (2011).

5.2.3 Major groups and types of rocks — properties, alteration and
volumetric proportions

Bedrock character

The general properties and nomenclature of the rock types in the SFR area were initially established
during the Forsmark site investigation (see SKB 2005). Additional geological and geophysical

data generated from the SFR extension investigations conform well to the established rock type
nomenclature and do not warrant changes. However, the generally more intense ductile overprinting
and much more heterogeneous bedrock in the SFR area, compared with the Forsmark lens and its
surroundings, lead to a revision of some of the rock type characteristics.

Four major groups of rock types (A to D) were distinguished in the Forsmark site investigation area
on the basis of their relative age, whereas individual rock types were distinguished on the basis of
their modal composition, grain-size and relative age (Stephens et al. 2007). The character of these
rock groups and individual rock types in the SFR model volumes is summarised in Table 5-1.
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Table 5-1. Major rock groups and the character of individual rock types in the SFR model volume.

Rock Rock types Composition, grain-size and occurrence
groups SKB code

All rocks are affected by brittle deformation. The fractures generally intersect the contacts between different rock types,
although the ductile structural character exerts a strong influence on the fracture pattern in certain rocks.

Group D Majority affected by deformation and metamorphism.

111058 Fine- to medium-grained granite, with a general low content of ferromagnesian minerals
(< 5 vol.%). A spatial association with pegmatitic granite (101061) is noted locally. Typically there
is a weakly developed linear mineral fabric, and locally a planar mineral fabric. However, there
are occurrences that are strongly discordant to the structural trend in their older host rocks.

101061 Pegmatite and pegmatitic granite, generally highly variable grain size. The rocks occur as segre-
gation veins or pods, irregular bodies and dykes, with a highly variable relationship to the ductile
deformation. Some occurrences are tightly folded and concordant to the structural trend in their
older host rocks, whereas others are distinctly discordant. Most exposed bodies of pegmatitic
granite have been affected at least to some degree by ductile deformation.

Group C Affected by penetrative ductile deformation under lower amphibolite-facies metamorphism.

101051 Fine- to medium-grained granodiorite, tonalite and subordinate granite. Scarce in the model
volumes. Intruded after some ductile deformation in the older rock groups.

Group B Affected by penetrative ductile deformation under amphibolite-facies metamorphism.

102017 Amphibolite, forming irregular shaped occurrences as well as dyke-like bodies that are elongate
following the the structural trend of the host rocks. The majority are fine-grained and the rock
type includes virtually all mafic rocks in the SFR area, regardless of their structural and textural
character. Minor occurrences and the margins of larger bodies display a distinct mineral fabric,
whereas the more central parts of larger bodies are typically massive.

101057 Fine- to medium-grained metagranodiorite (to granite) with a moderately to strongly developed
planar, and to some extent linear, mineral fabric. Characterised by a texture of stretched,
monomineralic domains and a content of ferromagnesian minerals ranging up to 10 vol.%.

Group A Affected by penetrative ductile deformation under amphibolite-facies metamorphism.

103076 Felsic to intermediate metavolcanic rock, locally with a compositional banding. Since the rock is
affected by intense ductile deformation and recrystallization, it is distinguished from the spatially
associated metagranodiorite (to granite) (101057) by the grain size, higher content of ferromag-
nesian minerals and banding, rather than by volcanic structures or textures.

The SFR model volumes are situated within a broad deformation belt northeast of the Forsmark
lens, where older rocks belonging to groups A and B generally consist of a heterogeneous package
of mainly felsic-to-intermediate metavolcanic rocks (103076) intercalated with biotite-bearing meta-
granodiorite (to granite) (101057). They exhibit a penetrative foliation and are, in part, also lineated
or banded, forming heterogeneous banded, foliated and lineated (BSL) tectonites. Due to the intense
strain and recrystallization, these rocks are generally difficult to separate. Other subordinate rock
types in this suite are amphibolite (102017) and aplitic metagranite (101058). Lithological contacts
between these rocks are generally aligned parallel to the ductile tectonic foliation.

The group C rocks are rather scarce in the SFR model volumes. They consist of granitoids with
primarily granodioritic to tonalitic composition, which intruded the older rocks after the most intense
deformational phase under lower amphibolite-facies conditions. The youngest igneous suite, denoted
group D, comprises granite (111058), pegmatitic granite and pegmatite (101061), which intruded
during the waning stages of Svecokarelian orogenic activity. In proximity to and on the scale of the
SFR underground facility, they constitute a substantial volume of the rock mass. In contrast to the
Forsmark tectonic lens, where these rocks are only partly affected by the ductile deformation and
metamorphism, a majority display a conspicuous stretching lineation and, locally, even a planar
tectonic fabric in the SFR area. The grain size is highly variable in the rocks of this suite and may
range from fine- to coarse-grained and pegmatitic in a single occurrence.

Properties

The assessment of rock type was based on visual inspection, due to the lack of modal analyses

from the SFR model volumes. The decision not to complete modal analyses during the present site
investigation was based on experiences from the preceding Forsmark site investigation, where visual
inspection generally turned out to be an adequate method for the distinction of the various rock types
(Petersson et al. 2004).
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There are relatively few petrophysical laboratory data from the SFR area, and the physical properties
of the major rock types have therefore been documented by using data from geophysical logging of
the cored boreholes from the current SFR drilling campaign. This compilation integrates borehole
measurements of density, magnetic susceptibility and natural gamma radiation with a selection of
Boremap data for major rock types and alteration types with degree of intensity (see Appendix 4 in
Curtis et al. 2011). Gamma spectrometry measurements to obtain the distribution of K, U and Th do
not exist. A summary of the geological and physical properties of the major rock types in the local
SFR model area is presented in Table 4-4 in Curtis et al. (2011). Other less frequently occurring rock
types have not been included due to limitations in the data.

Alteration

Alteration can affect both the thermal and the mechanical properties of rock and therefore needs to
be assessed. Furthermore, the relationship between alteration and deformation zones needs to be
evaluated since rock alteration is one of the primary data sets by which possible deformation zones
are identified during the geological SHI. An assessment has been made by investigating the propor-
tion of the bedrock affected by each type of alteration, both inside and outside modelled deformation
zones (ZFMs). The results are presented both as borehole lengths and as proportions of the borehole
lengths in Tables 4-6 and 4-7 in Curtis et al. (2011).

Hematite dissemination, which is mapped and referred to as oxidation in Sicada, is by far the most
abundant type of alteration within the boreholes. The second most frequent alteration type is mus-
covitization, which is mapped and referred to as sericitization in Sicada. All alteration types, except
sericitization and albitization, show an association with the modelled deformation zones.

Quartz dissolution is one of the more spectacular alteration phenomena in the SFR boreholes. The
most extensive occurrences are found in KFR27 and KFR102A, where the total affected borehole
length amounts to 20.8 and 11.5 m, respectively. This alteration type was also recognised in some
of the cored boreholes drilled during the Forsmark site investigation, where the most extensive of
these occurrences was the focus of a special study by Méller et al. (2003). The vast majority of these
occurrences have been included within possible deformation zones in the single-hole interpretation.
However, there is no simple correlation between the occurrence of quartz dissolution and deforma-
tion zone orientation.

Volumetric proportions

The proportions of the different rock types in the local SFR model volume, as well as KFR106 and
HFR106 data outside this volume, have been estimated on a borehole by borehole basis by merging
the data sets for rock type (> 1 m in borehole length) and rock occurrence (< 1 m in borehole length)
in the Sicada database. The results of the analysis are summarised in Table 4-5 in Curtis et al. (2011)
and separate histograms for the new cored boreholes and the cored boreholes from the construction
of SFR are presented in Figure 5-4.

Compared with the Forsmark tectonic lens further south, the SFR area is highly variable and hetero-
geneous in terms of the distribution of different rock types. This heterogeneity is evident in the rock
type colour-coded drawings of Christiansson and Bolvede (1987) (Figure 5-5) and is supported by
the borehole results.

5.2.4 Ductile deformation

From the compilation of the ductile structural data obtained from a few well-exposed islets in the
high-strain belt where SFR is situated (see Stephens and Forssberg 2006), a well-defined WNW-ESE
to NW-SE structural trend is evident with both fold axes and mineral-stretching lineations consist-
ently plunging towards the southeast. The structural trend is further supported by a few measure-
ments of the anisotropy of magnetic susceptibility (AMS). Poles to the tectonic foliation/banding
north-west of SFR tend to plot along a great circle with a pole at 124°/64°, and consequently reveal
the existence of major folding.
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Figure 5-4. Histograms showing the proportions of the major rock types in a) the cored boreholes from the
recent SFR drilling campaign and b) old cored boreholes from the construction of SFR. Only data from the
local SFR model volume as well as KFR106 outside this volume are included.
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Figure 5-5. Rock type colour-coded drawings from Christiansson and Bolvede (1987), illustrating the
lithological heterogeneity of the SFR underground facility. The term “orthogneiss, unspecified” (121057)
includes both felsic-to-intermediate metavolcanic rock (103076) and metagranodiorite (to granite)
(101057). Note that the tunnel walls are unfolded and presented horizontally along with the roof.

Structural variability characterises the ductile structural data from the SFR underground facility,
although in general terms the planar structures — which primarily comprise foliation, but locally also
tectonic banding and gneissosity — are steeply to vertically dipping, except north of and in close
proximity to the silo, where they become more moderately dipping (60-70°) towards the southwest,
and locally down to 15° under the silo (cf. Christiansson and Bolvede 1987, Berglund 2008). From
the entrance of the access tunnels, through the Singd deformation belt and towards the SFR deposi-
tional area with the rock vaults, the strike of the foliation shifts from 135-150° to 145-160°. Within
the deposition area, on the other hand, it ranges between 120 and 140°. The fold axes are typically
oriented parallel or, more rarely, perpendicular to the foliation with gentle to moderate plunges
towards the southeast or northeast (Christiansson and Bolvede 1987, Berglund 2008). Measurements
of mineral-stretching lineation are lacking.
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The ductile structures registered during the geological mapping of the boreholes comprise tectonic
foliation and mineral-stretching lineation, as well as ductile and brittle-ductile shear zones and
mylonite. The general pattern of NBT and all boreholes, as shown in Figure 5-6, is that the tectonic
foliation has a WNW-ESE strike and a highly variable dip, whereas the mineral lineation data are
rather few and indicate variable orientation, but mostly moderately plunging towards north-east to
south-east. A crude, but yet distinguishable girdle pattern, with a best-fit pole of 110°/24°, could
support the existence of regional folding. Local deviations are considerable and this uncertainty in
the structural statistics has implications for their use in the modelling work.

The folding has primarily affected the older rocks that belong to groups A and B, but also older
members of group D, such as most of the pegmatitic granites (101061). It deforms the tectonic
foliation, but evidence for folding of the mineral-stretching lineation is lacking in the Forsmark area.
Consequently, it is inferred that the linear fabric was established prior to, but continued to develop
during, the folding phase. It has been suggested that the folding developed initially with a normal
cylindrical shape and was progressively drawn out, to a variable extent, in the stretching direction
into sheath folds, so that the orientation of the folds follows the stretching lineation (Stephens

et al. 2009).

To some extent, the scatter in the structural data may be the result of rheological differences
between the heterogeneously distributed rock types in the SFR area. The vast majority of the regis-
tered measurements of ductile structures are for the foliated metagranodiorite (to granite) (101057),
even in volumes dominated by pegmatitic granite (101061). In the latter case, the metagranodiorite
(to granite) (101057) forms less competent occurrences or “islands” within the pegmatitic granite
(101061).

5.2.5 Brittle deformation

Due to the lack of suitable outcrops in the SFR regional model area, no detailed mapping of fractures
has been performed at the ground surface. Detailed fracture mapping data are mainly from the

new boreholes with BIPS data and, to some extent, from the NBT, since most other underground
openings in the SFR facility are lined with shotcrete, especially in highly fractured tunnel sections.
An analysis of the orientation of fractures has been undertaken for each of the possible deformation
zones identified in the borehole SHI procedure. Data from the drill core sections that help to define
individual modelled deformation zones, so-called target intercepts (see Section 5.3), are presented

in the zone property tables in Appendix 4. Fractures that are not visible in BIPS have been excluded
from the analysis. Orientation data for open and partly open fractures are distinguished from data for
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Figure 5-6. Orientation of ductile structures from the updated geological mapping of NBT and in all cored
boreholes from the latest SFR drilling campaign (i.e. KFR27, KFR101, KFR1024, KFR102B, KFR103,
KFR104, KFR105 and KFR106). Linear data and poles to planar structures have been plotted on the lower
hemisphere of equal-area stereographic projections.
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sealed fractures. In addition to the interpreted individual deformation zone/borehole intercepts, sum-
mary plots have also been collated for each modelled deformation zone and for each deformation
zone orientation group. Data concerning fracture orientation, more generally inside and outside of
deformation zones within the SFR regional model volume, are presented below.

The orientation patterns are largely similar in the borehole and NBT tunnel data, and it is evident that
some sets are more intensely developed in certain sections. Although no detailed correlation between
rock type and fracture pattern has been performed, it is evident from the renewed mapping of NBT
and tunnel drawings of Christiansson and Bolvede (1987) that there are lithologically related dif-
ferences, as illustrated in Figure 5-7. The often well-developed fracture set, parallel to the foliation,
in the metagranodiorite (to granite) (101057) and the metavolcanic rock (103076) locally ends or
changes character as it meets rock types with a less pronounced ductile fabric, such as the pegmatitic
granite (101061).

In addition, there is a clear difference in the intensity of the orientation patterns between open and
sealed fractures. Taking the rock mass as a whole (A1-A2 in Figure 5-8), the horizontal orientation
group dominates the open fractures, whereas sealed fractures are predominantly sub-vertical to
steeply dipping and strike WNW-ESE to NW-SE or NE-SW. If the rock mass lying within the
modelled deformation zones is considered in isolation (B1-B2 in Figure 5-8), it is the steep WNW-
ESE to NW-SE set that dominates the open fractures. In the case of sealed fractures, a comparison
of the pattern for the rock mass as a whole with that inside and outside of the modelled deformation
zones is more stable and shows no great contrasts (A2—C2 in Figure 5-8). The sealed fractures

are predominantly steep and strike NW-SE but there is also a clear steep NE-SW set, along with a
weaker sub-horizontal set. There is also a strongly subordinate, moderately dipping set with an E-W
strike that is seen most clearly outside the deformation zones (C2 in Figure 5-8).

It has been inferred that the different sets of fractures are genetically related and formed close in time
during geologically ancient tectonic events (Stephens et al. 2007). However, some of the shallower,
open, horizontal fractures possibly opened in connection with unloading, for example during a degla-
ciation, and general stress release. Thus, the current stress regime (6, = oy at a bearing of 145°, and

0; = o, (SKB 2008b) would tend to open horizontal fractures at shallow depths, maintain the openness
of steep fractures with WNW-ESE to NW-SE strike and close steep fractures with a NE-SW strike.

S840 5/850 P

Apliter (Ap) Granites (G) Amphibolite [A) Gnaiss (Gn]

Figure 5-7. Rock type colour-coded sections of the construction tunnels (BT) from drawing —09 of Christiansson
and Bolvede (1987), illustrating the fact that probable foliation parallel fractures in the unspecified orthogneiss

(comprising metagranodiorite (to granite), 101057, and felsic-to-intermediate metavolcanic rock, 103076)
locally end or change character in the contact towards the granites (equivalent to pegmatitic granite, 101061)
(marked by open circles). For legend to the brittle structures see Figure 5-3.
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Figure 5-8. Fracture orientation clustering inside and outside target intercepts for modelled deformation
zones based on data from KFMI11A4 and the cored boreholes KFR27, KFR101, KFR102A, KFR102B,
KFR103, KFR104, KFR105 and KFR106.

Vertical trends in the intensity of open fractures in the rock mass lying outside the deformation zones
have been investigated for open, sealed, steeply to moderately dipping and gently dipping fractures
(Figure 5-9). Only data originating outside of deterministic structures (ZFMs) are included.

Gaps in borehole coverage complicate the determination of, or significance of, depth trends in
fracture frequency. Borehole coverage has an irregular pattern with elevation, partly caused by the
exclusion of borehole sections classified as deterministic structures (ZFM). This causes an uncer-
tainty related to the declining sample size with elevation: do observed trends relate to depth, or to
local heterogeneity? For example, the lower half of the elevation range, below z =—308 m elevation,
is only covered by two boreholes KFR27 and KFR102A. In addition there are two issues concerning
the confidence of the vertical borehole KFR27 data: firstly the unfavourable sampling bias of verti-
cal fractures, which are primarily sealed fractures, and secondly the borehole is interpreted as lying
within or bounding a deformation zone (ZFMWNWO0835).

Nevertheless, visual inspection suggests a slight decline in frequency with depth, both for sealed
fractures and open fractures. Linear regression (Figure 5-9) suggests that the decline in Terzaghi-
compensated frequency, expressed as [m '] per 100 m depth, is: 1.81 for sealed fractures (if fractures
inside networks are included), 0.15 for sealed fractures (if fractures inside networks are excluded),
and 0.57 for open fractures + crush.

Terzaghi-weighted fracture frequency plots have been created for each of the deformation zone
target intercepts identified in the boreholes. Open fractures, sealed fractures, sealed networks and
crush are treated separately and in combination. Rock quality designation (RQD) numbers and
frequencies for the different types of fractures are included in the property tables for deformation
zones (see Appendix 4) as extremely simplistic indicators of rock quality within the zone.

Detailed studies of fracture mineralogy, involving the identification of different families of minerals,
i.e. mineral parageneses, and the establishment of the relative age relationship between them, were
conducted in connection with the Forsmark site investigation (Sandstrom et al. 2008b, 2009).

The basic findings are expected to be applicable to the SFR regional model volume, since all the
modelled Forsmark fracture domains (Olofsson et al. 2007), except for FFM02 domain (near-surface
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realm), have essentially the same fracture mineralogy (Sandstrom et al. 2008b). In fracture domain
FFMO02, younger generations of minerals are more conspicuous relative to the other domains, espe-
cially along gently dipping to sub-horizontal fractures (SKB 2008b). A limited fracture mineralogy
study performed as part of the SFR extension project (Sandstrdom and Tullborg 2011) confirms this
picture (see also Chapter 8).

The main sequence of fracture mineralisation, as presented by Sandstrom et al. (2008b, 2009),
comprises four generations. The oldest high-temperature generation, which includes epidote, quartz
and chlorite, occurs in all fracture sets, but especially in sub-horizontal and gently dipping fractures
or in steep fractures that strike WNW-ESE to NW-SE. Generation 2 consists of a sequence of fracture
minerals dominated by adularia, albite, prehnite, laumontite, calcite, chlorite and hematite, which are
particularly common along steep fractures that strike ENE-WSW to NNE-SSW and NNW-SSE. A red
staining (oxidation) of the wall rock due to hydrothermal alteration, as described in Section 5.2.3
(alteration), is associated with generation 1 and 2 minerals.

Generation 3 consists of calcite, quartz, pyrite, corrensite (clay) and asphaltite, and the fracture
orientation generally suggests precipitation during reactivation of fractures with generation 1 and

2 minerals. Generation 4 is dominated by chlorite/clay minerals and thin precipitates of calcite in
predominantly hydraulically conductive fractures and fracture zones. These minerals are prominent
along sub-horizontal and gently dipping fractures. It has been inferred that the hydraulically
conductive fractures are ancient structures and that precipitation of generation 4 minerals most
likely occurred during reactivation (after the Palacozoic). However, some of the near-surface,
sub-horizontal to gently dipping fractures, which include sheet joints formed in connection with
stress release, may be Quaternary in age. In addition, a very small proportion of fractures lacks
visible mineral filling and wall rock alteration. A study of similar non-mineralised fractures from
the Forsmark lens by Claesson Liljedahl et al. (2011) has revealed that the vast majority of these
fractures actually are coated with microscopic amounts of minerals. The fracture minerals identified
include hydroxyapophyllite, corrensite, quartz, calcite, barite and pyrite.
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Figure 5-9. Fracture frequency depth trends. Fracture data and borehole coverage are binned per 10 m
elevation. Values for elevation bins reflect the mid elevation of the bin. That is: the “—50 bin” covers data
between 45 m and —55 m elevation. Borehole length inside casing is excluded (as well as inside ZFMs).
Terzaghi-weighting uses 15° minimum bias angle, which corresponds to a maximum weight of 3.84. Data
without orientation are assigned an average Tw set to 2, and are randomly assigned to the steeply or gently
dipping population. Intensity of sealed networks and crushes calculated as 1000/piece length mm (i.e. not
Terzaghi-compensated,).
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5.2.6 Identification, character and geological significance of lineaments

The identification of lineaments for modelling of steeply dipping deformation zones has followed
the previously established SKB modelling methodology (see Isaksson 2003, Isaksson et al.

2004, 2006a, b, 2007, Isaksson and Keisu 2005) and has been based on magnetic minima in the
high-resolution magnetic total field available from the ground survey in the SFR area. In addition,
a helicopter-borne survey provided information on the magnetic total field, but with lower spatial
resolution. The coverage of these and other geophysical surveys in the SFR area is shown in
Figure 2-3.

Compared with the site investigation for Forsmark, sea coverage and lithological variability in the
area have made the identification process more difficult, at the same time as the demand for detail
is higher inside the current model area. In addition, there are several anthropogenic disturbances to
the magnetic field, which include high frequency noise from scrap metal in the pier construction
and long wave anomalies from iron objects in the underground SFR facility itself. The area close
to the Fenno-Skan HVDC cable also shows an artificial banding along the magnetic survey lines.
The density of lineaments in the most severely disturbed areas is consequently lower due to the
high noise level.

A revision of stage 2.3 lineaments from the Forsmark site investigation reported by Isaksson et al.
(2007) has been the basis in the identification process. The revision, on a more detailed scale in
comparison with earlier work, has resulted in changes to some of the lineaments, as well as the
addition of entirely new lineaments. An explicit aim of the revision work has been to maintain
consistency across the boundary between the areas inside and outside the SFR regional model area.
Hence, lineaments from the Forsmark site investigation entering the SFR regional model area have
generally been maintained without any changes outside the SFR regional model area, whereas inside
the SFR regional model area, changes in length, path or position were allowed. To a limited degree,
low velocity zones from the refraction seismic profiles and depressions in the bedrock surface have
also provided input to the revision process. Attributes for each lineament included in Figure 5-10
are presented in Appendix 5 in Curtis et al. (2009). Furthermore, many of the magnetic anomalies
associated with the lineaments have been forward modelled in 3D using the programme package
EncomModelVision Pro version 8.0. Geometrical information about the inferred sources of the
identified lineaments is also provided by 3D inversion modelling. The results of all this modelling
work are presented in Appendix 6 in Curtis et al. (2011).

Excavation work and drilling activities inside the Forsmark tectonic lens to investigate the nature
of lineaments defined by discordant magnetic minima have led to the conclusion that they primarily
represent fracture zones but could also represent dykes of granite and pegmatite (Stephens et al.
2007). Minima connections are related primarily to lithological contrasts that are aligned parallel

to the ductile foliation in the bedrock, but the occurrence of minor fracture zones along the tectonic
foliation cannot be excluded as a contributory factor to these lineaments (Stephens et al. 2007).

These conclusions are principally applicable inside the Forsmark tectonic lens. However, it is
considered reasonable to assume that the character of concordant minima connections inside the
ductile high-strain belts outside the lens, including a large part of the SFR regional model area, is
similar. Some of these lineaments are known to be, and many have been modelled as, regionally
significant deformation zones (Stephens et al. 2007). Based on these considerations, a pragmatic
interpretation is that lineaments represented by features with high values of the length/width ratio
in the magnetic total field data could primarily represent deformed rock. The lineaments are a
key input in the deformation zone modelling, but they may be removed or modified during this
procedure depending on other available data. The relationship between the lineaments and the
deformation zone traces on the ground surface are described in the individual deformation zone
property tables.
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Figure 5-10. Map of the first vertical derivative of the magnetic total field from measurements on land, at
sea, and from helicopter, showing the 127 lineaments that have been identified (blue lines). Only lineaments
that are partly or entirely within the SFR regional and local model areas (boxes outlined in brown) are
shown. Prominent low magnetic features in the southern and northeastern parts of the SFR regional model
area correspond to the Singé deformation zone (ZFMWNW0001) and zone ZFMNWO0S805A. The area con-
taining severe disturbances of the magnetic total field caused by civil installations is outlined in red dashes.

5.2.7 Character and geological significance of seismic data

No new seismic refraction or reflection surveys have been carried out in connection with the

current project. However, reprocessing and review of earlier produced surface or near-surface based
seismic reflection data from two profiles covering the SFR regional model area (Figure 2-3) has
been performed (Juhlin and Zhang 2010), with a focus on the shallow depth relevant to the SFR
facility level. Two new reflectors that intersect the SFR model volumes were identified in connection
with the reprocessing and re-interpretation of the earlier data: reflector B10 (025°/35°, confidence
class 2 — medium) and reflector A13 (090°/45°, confidence class 3 — low). Neither corresponds to

a lineament; however, their fairly gentle dips might exclude correlation with features represented

by lineaments. Although a new seismic reflection survey would have been a useful tool to identify
gently dipping structures, existing seismic profiles and evidence supplied by the rock conditions seen
in the underground SFR facility, particularly in the silo (extending from c. —60 to —140 m elevation),
were sufficient to justify not performing such a survey.

Seismic refraction surveys were carried out in 1981 to support the design work for the original SFR
facility (Hagkonsult 1982) (Figure 2-3). An evaluation by Isaksson (2007) showed that there is only
a moderate correlation between low-velocity anomalies and interpreted low-magnetic lineaments or
modelled deformation zones. The main reason for this is probably the difficulty of resolving indi-
vidual narrow low-velocity sections in data for longer sections composed of both intact and lower
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quality bedrock. Thus, both survey methodology and geological conditions need to be considered in
the assessment of the relatively poor correlation. Based on the narrow width of low velocity sections
inferred to be associated with shorter lineaments in the area, as well as the possible masking of
local occurrences of very compact till (cf. Carlsson and Christiansson 2007), the outcome of a new
seismic refraction survey was considered to be of minor significance. Qualitative interpretation of
ground magnetic data and correlation with geological features.

The detailed ground magnetic data covering the SFR area have been processed and filtered to better
enhance geological structural patterns in the data, as well as reduce the response from man-made
magnetic sources (cf. Section 4.6.4 in Curtis et al. 2011). This work included a qualitative interpreta-
tion, which in turn comprised identification and segmentation of the magnetic pattern into “banded”
and “irregular” patterns. The former usually constitute supracrustal rock units and/or bedrock that

is strongly deformed, whereas the latter commonly constitute more massive intrusive rocks. The
magnetic pattern is then accordingly divided into low, moderate, high and very high intensity areas.
Magnetic connections, or magnetic bands, further enhance the structural pattern and discordant
magnetic lineaments, which usually indicate a deformation zone or a break in the bedrock units, are
also identified and included.

In order to make use of the magnetic total field data for lithological modelling, it was necessary
to evaluate the significance of the possible correlation between rock type and magnetic intensity.
A compilation of the magnetic susceptibility of each of the major rock types in the area was con-
ducted from the geophysical borehole loggings to enable this correlation to be made. Based on this,
the following can be concluded regarding the correlation between rock type in the SFR area and
magnetic susceptibility.

e Pegmatitic granite and pegmatite (101061) tend to have the lowest magnetic susceptibility of the
major rock types existing in the SFR area.

e Susceptibility values in excess of 1,500-107° SI are generally restricted to amphibolite (102017)
and felsic-to-intermediate metavolcanic rock (103076).

e All major rock types in the SFR area are well-represented in the intermediate susceptibility range,
including pegmatitic granite and pegmatite (101061).

When assessing the relationship between these conclusions for magnetic susceptibility and patterns
in the magnetic total field, it is essential to also consider the geometric context and other supporting
data. The magnetic susceptibility of a rock can be strongly reduced by hydrothermal alteration,
where magnetite is converted to hematite. This is a common feature along brittle deformation zones
in the area, and consequently the low intensity in the magnetic total field can either be related to
oxidation associated with brittle deformation or volumes dominated by rock types with low magnetic
susceptibility (e.g. pegmatitic granite, pegmatite, 101061).

5.2.8 Inversion modelling of ground magnetic data

Inversion modelling of the detailed ground magnetic data has been carried out to provide informa-
tion on the 3D distribution of magnetic susceptibility in the bedrock as support to the modelling of
rock domains and deformation zones. The primary use has been in the verification of deformation
zones and inconsistency evaluation of rock domain elements. It has also been used for noise reduc-
tion along the pier at SFR.

The inversion methodology uses a mathematical technique in which high frequency anomalies are

related to susceptibility variations in the uppermost part of the rock volume and lower frequencies to

deeper parts. The magnetic inversion model used is isotropic, includes topography and is based on
processed data adjusted to avoid magnetic sources outside and below the actual model. Moreover,

it is made up of volumetric box elements, so-called voxels, that cover the SFR local model volume
with dimensions of 1,200x1,200 m horizontally and 500 m vertically. The voxel resolution is 10 m in
all directions, except for the uppermost 50 m which has a higher vertical resolution of 5 m.

Inversion modelling has resulted in the delineation of low susceptibility areas towards depth with a
corresponding impact on the bedrock and deformation zone models. There is generally good agree-
ment between the outcomes of inversion modelling and forward modelling by EncomModel Vision
Pro version 8.0, as described in Section 5.2.6.
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5.3 Rock domain model

The term rock domain is used here according to the general guidelines in Munier et al. (2003).
More specifically, individual domains have been defined primarily on the basis of an integration of
information on the composition and heterogeneity in various rock units. The importance of ductile
deformational data, which comprises the backbone of the Forsmark rock domain model, has been
secondary in the current model, due to the pronounced heterogeneity in the SFR area that practically
precludes detailed structural analysis. It should be noted that the degree of fracturing has not
influenced the subdivision into rock domains.

The key inputs for the establishment of the rock domain model are 1) SHI rock units in the bore-
holes, 2) tunnel mapping of the SFR underground facility and 3) processing and interpretations based
on the high-resolution magnetic total field data, including the 3D inversion model.

5.3.1 Conceptual understanding of the rock domains
Heterogeneity and folding

Folding on different scales has clearly affected most rock types in the SFR area, including a
majority of the pegmatitic granites (101061) and younger granites (111058) belonging to rock
group D. However, there are group D rocks, such as some pegmatite dykes, that evidently post-date
the ductile deformation in the area. Data from different parts of the model volume reveal a rather
irregular structural pattern, with a general orientation of mineral-stretching lineation and fold axes
towards the southeast, or locally towards the northeast, with varying plunge. The data are generally
consistent with a process where the linear fabric was established prior to, but continued to develop
during, folding.

Within the local model volume with considerable volumes of pegmatitic granites (101061) and
younger granites (111058), it is thus evident that the rheological heterogeneity of the rock mass
prior to the folding has resulted in irregular folding on all scales. A structural concept with the
development of major sheath folds, similar to that of the Forsmark tectonic lens, is therefore not
fully applicable in the SFR area. Due to this structural uncertainty, it has not been possible to fully
rely on the available structural data in the modelling work.

Geological significance of areas with contrasting magnetic intensity

The central part of the local SFR model area consists of a NW-SE-trending belt with high but
variable magnetic intensity that extends from the SFR underground facility to an islet south of
Grisselgrundet, just outside the local model area. This feature is related to lithology and the vari-
ability in the magnetic intensity conforms to the lithological heterogeneity in the SFR underground
openings and boreholes that penetrate the volume.

This belt is surrounded by conspicuous areas with a low magnetic signature. Where sub-surface
lithological data exist they reveal that the volumes beneath these areas are dominated by pegmatitic
granite and pegmatite (101061) with low magnetic susceptibility. A WSW-ENE-trending belt of low
magnetic intensity northwest of the SFR is associated with a broad ridge of high magnetic intensity.
The magnetic low also coincides with several lineaments defined by magnetic minima and is, at least
locally, accentuated by several steeply dipping deformation zones, including the high-confidence
zones ZFMNNEO0869 and ZFMNNW1209. The anomaly is, therefore, regarded as a composite result
of oxidation related to minor brittle structures and larger volumes dominated by pegmatitic granite
and pegmatite (101061). The broad ridge of high magnetic intensity coincides with a weakly defined
seismic reflector (A13) if it is projected to the ground surface. Both the magnetic belt and the reflec-
tor can be related to lithological changes rather than to a deformation zone, although the exact nature
is unclear.
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5.3.2 Methodology and assumptions

An explicit aim has been, wherever possible, to maintain consistency between the current model and
the rock domain model from the Forsmark site investigation (SKB 2008Db), so as to simplify future
studies of the interaction between the two models. However, it is important to consider that there is
a much higher degree of resolution in the current model and, as a consequence, one of the domains
in the Forsmark regional rock domain model has been divided into three separate domains in the
current model.

Since the bedrock is very poorly exposed at the ground surface, the extent of the rock domains at
this surface was largely determined by using the available high resolution magnetic total field data
in the area. This information, together with available SHI rock units and SFR tunnel mapping, was
used in the projection of the rock domains down to the base of the local model volume. Furthermore,
projected surfaces were compared with the magnetic inversion model and, if necessary, adjusted

to avoid conflicts. Although none of the domain boundaries are inferred to be strictly related to
deformation zones, a comparison with the geometrical deformation zone model was also made.

The following assumptions have been adopted in the geometric modelling procedure.

e An initial structural conceptual model where large-scale folding has affected the rocks that
belong to groups A and B, as well as most of the pegmatitic granite (101061) that belongs to
group D. The fold axes are assumed to plunge downwards in approximately the direction of
the mineral-stretching lineation. However, the structural heterogeneity is far too great to permit
modelling on a purely structural conceptual basis.

e All inferred rock domains are major geological features. Based on available geological and
geophysical data, the domain boundaries are assumed to be steeply dipping and to extend
downwards, at least to the base of the local model volume.

5.3.3 Geometric model and property assignment

Four rock domains (RFRO1-RFR04) have been recognised in the local SFR model volume
(Figure 5-11). At the surface, domains RFRO1 and RFRO3 are recognised by their low intensity

in the magnetic total field (Figure 5-12). A concept of irregular folding, due to the heterogeneity
of the rock mass, is the basis for the modelling of these two marginal domains. The boundary
between RFR02 and RFRO04 is identical to the contact between RFM021 and RFMO033, as defined
in the deterministic rock domain model version 2.2 from the preceding Forsmark site investigation
(Stephens et al. 2007). The criteria used to distinguish the four rock domains are summarised in
Table 5-2 and the inferred occurrences in boreholes and tunnels are presented in Appendices 7 and
13 in Curtis et al. (2011).

Table 5-2. Summary of criteria used to distinguish the four rock domains in the SFR local model
volume.

Rock Borehole data Tunnel data Magnetic total field Comment
domain
RFR0O1  Rock units dominated Sections dominated by Continuous area of low  —
by pegmatite, pegmatitic  pegmatite, pegmatitic = magnetic intensity.
granite (101061). granite (101061).
RFRO2  Rock units of varying Heterogeneous Continuous area of high, —
composition, but with sections dominated but variable magnetic
a dominance of meta- by bedrock coded as intensity.
granodiorite (to granite) ‘unspecified orthog-
(101057) and metavol- neiss’ (121057).
canic rock (103076).
RFRO3 - - Continuous area of low  Modelled to avoid borehole
magnetic intensity. and tunnel intersections.
RFR04 - - Continuous area of Structural trend inferred
moderate magnetic from magnetic intensity
intensity. differs from that of RFR02.
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Figure 5-11. Three dimensional model view from east showing the boundaries between the four rock
domains within the local SFR model volume relative to the borehole geology and the geometry of the SFR
underground facility. The colour choice is only for legibility, where boundary RFROI-RFRO2 is pinkish
brown, RFR0O2—-RFRO03 violet and RFR0O2—-RFR04 yellow.

Figure 5-12. Map of the magnetic total field after low-pass filtering and subtraction of the contribution
from the SFR silo and caverns. The surface trace lines corresponding to the three rock domain boundaries
within the local model area are also shown. The colours of the boundaries are identical to those in

Figure 5-11. The red line along the pier represents a road.
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5.3.4 Character of rock domains

The geological borehole and SFR tunnel information is limited to rock domains RFRO1 and
RFRO02, whereas data from the other two domains, RFR03 and RFR04, are lacking. More than 70%
(3,767 m) of the mapped borehole length data are from RFR02, which also hosts most of the SFR
underground facility. For this reason, property tables have only been constructed for RFRO1 and
RFRO2 (Appendix 14 in Curtis et al. 2011). Key attributes include the proportions of major rock
types, the degree of heterogeneity and the nature of ductile deformation, as well as textural, struc-
tural and petrophysical properties of the dominant rock type. In addition, judgements concerning the
confidence of existence of a rock domain are provided for each domain. A quantitative estimate of
the proportion of different rock types in both these domains is presented in Figure 5-13.

As stated earlier, no fracture domain modelling or statistical analysis of fractures outside the seg-
ments of rock domains between deterministically modelled deformation zones was done during the
SFR extension project. However, a simple comparison of the mean fracture frequency obtained from
borehole data outside modelled deformation zones in RFRO1 and RFR02 shows no obvious differ-
ences between the two domains, with 3.6 open and 13.2 sealed fractures per metre inside RFRO1
and 3.8 open and 13.5 sealed fractures per metre inside RFR02 (Table 5-3). Nevertheless, there are
indications of correlations between lithology and the brittle deformation style. Table 5-3 reveals that
a majority of the sealed fractures in RFRO1, a domain dominated by pegmatitic granite (101061),
comprise fracture networks, whereas most sealed fractures in RFR02 are registered as ‘individual’
fractures.

Table 5-3. Summary of mean fracture frequencies per metre of mapped drill core for rock
domains RFR01 and RFR02 outside modelled deformation zones (Terzaghi corrected values).

Rock Open Partly Crush Total Sealed Sealed Total
domain open equivalent open network sealed
RFRO1 3.32 0.24 0.01 SI5 1 5.75 7.43 13.18
RFR02 3.44 0.33 0.05 3.82 10.14 3.35 13.50
e Rock domain BFROT (Mapped bomholn length = 15076 m) @ Reck domain AFROZ. [Mapped barohals length = 3767.0 m)
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Figure 5-13. Quantitative estimates in volume % of the proportion of different rock types in rock domains
a) RFROI and b) RFRO02.
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Rock domain RFR01

The boundary between RFR01 and RFRO2 is defined by four fixed points from three boreholes

and five from underground openings in SFR distributed between —71 and —205 m elevation in the
model volume. Rock domain RFRO1 is modelled as a major fold structure dominated by pegmatitic
granite and pegmatite (101061) (Figure 5-13a). Another important constituent is fine- to finely
medium-grained metagranodiorite (to granite) (101057), which occupies approximately 30% of the
mapped borehole length within RFRO1 (Figure 5-13a). The domain is characterised by a relatively
high degree of homogeneity compared with domain RFR02 and other, subordinate rock types occupy
approximately 10% of the mapped borehole length (Figure 5-13a). All major rock types within this
domain are essentially fresh.

The predominant pegmatitic granite (101061) is generally massive, locally with a faint to weakly
ductile fabric, and is consequently rather isotropic. Ductile structural data obtained mainly from
subordinate rock types (i.e. the metagranodiorite (to granite), 101061, and the felsic-to-intermediate
metavolcanic rock, 103076) scatter significantly. However, in agreement with the concept of large-
scale folding, a very rough girdle distribution pattern is defined by poles to the planar structures

in a stereographic projection (see Appendix 14 in Curtis et al. 2011). Whereas these data define a
sub-horizontal fold axis, the ductile mineral lineation is moderately dipping and fold axis orienta-
tions of approximately 090°/70° have been used to project the domain boundary to the model base.
Due to the subordinate amounts of older rocks with well-developed planar fabric, it is evident that
the foliation-parallel fracture set outside the modelled deformation zones is less important in RFRO1
than in RFRO2 (see Figure 5-7).

Rock domain RFR02

Rock domain RFRO2 is defined by the belt of high but variable magnetic intensity that extends with
a NW-SE trend across the local model area. It was modelled to include all sub-surface geological
data in the local SFR model volume that do not occur in RFRO1. It is far more heterogeneous relative
to rock domain RFRO1 (Figure 5-13). The dominant rock type is the fine- to finely medium-grained
metagranodiorite (to granite) (101057), which is commonly indistinguishable from the felsic-to-
intermediate metavolcanic rock (103076) (Figure 5-13b). In consequence, it needs to be emphasised
that there is a considerable uncertainty in the exact estimate of the two rock types.

Other volumetrically important rock types (Figure 5-13b) are pegmatitic granite and pegmatite (24%),
younger granite (15%), amphibolite (6%) and aplitic metagranite (4%). A large-scale heterogeneity of
this domain is reflected in the fact that the proportions among the subordinate rock types also differ
between the southern and northern parts of the domain, especially for the younger granites, which
occupy 18% of the boreholes in the northern part and 7% in the southern part.

The domain is characterised by both compositional heterogeneity and structural anisotropy, due to
the volumes of rock types with moderately to strongly developed planar fabric. This is also reflected
in the proportion of foliation-parallel fractures (cf. Section 5.2.5). As presented in Appendix 14 in
Curtis et al. (2011), ductile planar structural data from RFR02 define a rough girdle distribution
pattern in a stereographic projection, where steeply dipping structures with a WNW-ESE strike
predominate. Mineral lineation data from the domain show a mean orientation of 151°/84°, with

a Fisher « value of 12.

Rock domain RFR03

Geological data from RFRO03 are completely lacking and there is no information available other

than the magnetic total field for modelling of the boundary between RFR02 and RFRO3. The low
magnetic belt that forms the surface expression of RFR03 has been treated as a composite result of
oxidation related to brittle structures and volumes dominated by pegmatitic granite and pegmatite
(101061). The parts of the low magnetic belt that lie directly above the SFR facility are, for example,
inferred to be the due to minor fractures zones rather than to differences in lithology.

The character of the boundary between rock domains RFR02 and RFRO03 is unknown, but the
magnetic signature resembles that of RFRO1. For this reason, it was modelled so as to define the
core of a major fold structure. Based on 1) the fact that no parts of the SFR underground facility
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merit inclusion within RFR03 and 2) the magnetic inversion model, the boundary is inferred to be
rather steeply dipping and a rough approximation used in the modelling work is the mean orientation
of the mineral lineation data from RFRO02. The geometrical extension of this domain towards the east
and southeast remains uncertain in the absence of geological data. A connection with rock domain
RFRO1, outside the local model volume and beneath the pier, cannot be excluded according to the
magnetic total field.

Rock domain RFR04

Geological data from RFR04 are completely lacking and there is no information available other
than the magnetic total field for the location and orientation of the boundary between RFR02 and
RFRO4. For this reason, and in order to simplify future interactions with both the SFR local model
and the regional rock domain model for Forsmark stage 2.2 (Stephens et al. 2007), it was decided to
follow the contact between RFM021 and RFM033 as the boundary between RFR02 and RFR04. On
the basis of the magnetic total field data, the boundary is tectonic, at least in its northwestern part.
The close resemblance of the general magnetic signatures of RFR04 and RFR02 suggests that the
bedrock character of RFR04 is similar to that of RFR02.

5.4 Deformation zone model

Separate local and regional deformation zone models have also been created in model version 1.0.
The local model contains all modelled deformation zones that have a size corresponding to a trace
length on the ground surface of > 300 m. The regional model contains only local major and larger
zones, i.e. zones with a trace length on the ground surface of > 1,000 m. This section summarises the
overall character of the zones belonging to different orientation groups. Details concerning the indi-
vidual deformation zones in the local model volume, including their physical character, geometries
and terminations, are provided in Appendix 4.

The orientation of each zone is defined by a numerical strike and dip using the right-hand-rule
method. However, the letters WNW, NW, NNW, NS, NNE, NE and ENE in the deformation zone
name provide a general indication of the strike and they do not follow the right-hand-rule rule
procedure. The zones in the different sets (e.g. NE) may dip in both directions (e.g. NW and SE)
and can also be described as sub-