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Preface

This report is a translation of the long-term safety analysis report for the repository for low- and
intermediate-level waste, SFR. The English translation is intended to enable a wider distribution
and review of the material. SKB’s license to operate the facility is based on the Swedish version
of the report, which has been reviewed in accordance with SKIFS 2004:1.

The Swedish regulatory authorities (SKI and SSI) were reorganized during 2008, after this
report was produced in its Swedish version. This is therefore not taken into account in the trans-
lation. Today the sole regulatory authority in the field of nuclear safety and radiation protection
is the Swedish Radiation Safety Authority — SSM (Stréalsékerhetsmyndigheten).

Not all references found in this report are publicly available, but those supporting the safety case
in the report are.

Stockholm, December 2008

Anna Gordon
Project leader, SFR 1 SAR-08
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1 Introduction

An updated assessment of the long-term safety of SKB’s final repository for radioactive
operational waste, SFR 1, is presented in this report. The report is included in the safety analysis
report for SFR 1. The most recent account of long-term safety was submitted to the regulatory
authorities in 2001 /SKB 2001a/. The present report has been compiled on SKB’s initiative to
address the regulatory authorities’ viewpoints /SSI/SKI 2003/ regarding the preceeding account
of long-term safety.

A safety assessment consists of several steps. An important step is identifying and treating
scenarios (i.e. probable future courses of events of importance for the long-term evolution and
safety of the repository) in a structured manner. SKB recently carried out a safety assessment
that deals with final disposal of spent nuclear fuel in a deep geological repository, SR-Can /SKB
2006a/. Safety functions and safety performance indicators (called “safety function indicators™)
are used in SR-Can to identify which scenarios are relevant for assessing the long-term safety
of the repository. The same method has been applied as far as possible in the execution of this
safety assessment for SFR 1.

Besides the new mode of working with safety functions there is another important difference
between the 2001 safety assessment and the current assessment: The time horizon in the current
assessment has been extended to 100,000 years in order to include the effect of future climate
changes.

The safety analysis report SAR-08 for SFR 1 covers both the operating phase and the post-
closure phase. It consists of five main parts:

* General Part 1, Facility design and operation

* System descriptions

» Type descriptions for different waste categories
* General Part 2, Long-term safety

» Safety-related technical specifications, STF

In addition there is a part where all references of importance for General Parts 1 and 2 are
presented. The overall report structure for the integrated safety analysis report can be found in
Chapter 1 of General Part 1, “Facility design and operation” (in Swedish).

1.1  Purpose

The purpose of this renewed assessment of the long-term safety of SFR 1 is to show with
improved data that the repository is capable of protecting human health and the environment
against ionizing radiation in a long-term perspective. This is done by showing that calculated
risks lie below the risk criteria stipulated by the regulatory authorities.

1.2 Background
1.2.1 Purpose and design of the facility

The final repository for radioactive operational waste, SFR 1, is located in Forsmark in northern
Uppland in the immediate vicinity of the Forsmark nuclear power plant, see Figure 1-1.

11



Figure 1-1. Overview of the surface part of the facility at the harbour in Forsmark.

SFR 1 is built to receive, and after closure serve as a passive repository for, low- and
intermediate-level radioactive waste. The disposal chambers are situated in rock beneath the
sea floor, covered by about 60 metres of rock. The underground part of the facility is reached
via two tunnels whose entrances are near the harbour. The repository has been designed so that
it can be abandoned after closure without further measures needing to be taken to maintain its
function.

The low- and intermediate-level waste in SFR 1 consists of operational waste from the Swedish
nuclear power plants and from the interim storage facility for spent nuclear fuel, Clab, as well as
similar radioactive waste from other industry, research institutions and medical care. Waste that
is disposed of in SFR 1 belongs to the category 2.1, i.e. short-lived waste, in accordance with
the IAEA’s definition /IAEA 1994/. Category 2.1 is waste with restricted long-lived radionuclide
concentrations (limitation of long-lived a-emitting radionuclides to 4,000 Bq/g in individual
waste packages and to an overall average of 400 Bq/g per waste package /IAEA 1994/.

The various parts of the repository are designed to accommodate the different types of contain-
ers and materials that occur and to provide adequate protection depending on the activity levels
present in different types of waste, see Figure 1-2 and Figure 1-3. For more information on
waste containers present in SFR 1, see Chapter 6 in General Part 1, “Facility design and opera-
tion”. Activity levels and waste types in the different parts of the repository are shown below.

» Silo — for intermediate-level, solidified waste.

*  BMA — for intermediate-level, mostly solidified waste.

» 1BTF and 2BTF — for dewatered and relatively low-level ion exchange resins.

» BLA — for low-level solid waste such as trash and scrap.

12



Figure 1-3. SFR, the rock vaults. Shown from left to right are the chambers for 1BTF, 2BTF, BLA and
BMA.

1.2.2 The toxicity of the waste

The waste in SFR 1 is short-lived low- and intermediate-level waste. The decay of the activity
of the waste from the time of closure of the repository up to around 100,000 years after closure
is depicted graphically in Figure 1-4. After 100 years the activity is less than half, and after
1,000 years only about 2% of the original activity remains.

13
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Figure 1-4. Relative activity of the waste in SFR 1 at different times after closure. Activity is expressed
as a percentage of the total activity at closure. To illustrate how activity declines in a longer time
perspective, the figure contains two graphs with different activity scales.

The nuclides that make the greatest contributions to the total activity are shown in Figure 1-5.
The radionuclide Ni-63 dominates from the start, but after about 1,000 years the activity
consists mainly of Ni-59 together with inorganic and organic C-14. The nuclides that have the
highest activity are not necessarily those that contribute most to the radiotoxicity of the waste.
The radiotoxicity of different nuclides is dependent on the type and energy of the radiation they
emit.

For example, the radiation from [-129 has a much higher energy than that from Ni-59. By
radiotoxicity is meant in the figures dose via oral intake (ingestion). Radiotoxicity as a function
of time has been calculated as a percentage of the total radiotoxicity of the waste at closure in
2040. Calculations of radiotoxicity are presented in Appendix C. Figure 1-6 shows the relative
radiotoxicity over time and the nuclides that contribute most to the radiotoxicity of the waste.

Over short spans of time, 0—100 years, short-lived nuclides (physical half-life < 30 years) such
as Cs-137 dominate the radiotoxicity, but as they decay the radiotoxicity will be dominated by
more long-lived radionuclides. After 1,000 years Am-241, inorganic and organic C-14, Pu-239
and Ni-59 contribute most to radiotoxicity.
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There are three types of rock vaults and one silo in SFR 1, intended for waste with different
activity contents. Most of the activity is placed in the silo, which has the most elaborate
engineered barriers. Only low-level waste is placed in BLA, which has no engineered barriers.
The radiotoxicity of the waste is illustrated in Figure 1-7.

The fact that the relative radiotoxicity of the waste declines with time is shown by Figures 1-6
and 1-7, but the figures say nothing about how toxic the waste in SFR 1 is in absolute terms.
Figure 1-8 shows the radiotoxicity of the waste in SFR 1 compared with the radiotoxicity of the
naturally occurring radionuclides in the rock mass that corresponds to the excavated volume of
rock in SFR 1. The natural uranium content of the rock has been set at 4 ppm in the calculations.
The uranium content is based on airborne surveys over the area undertaken by SGU (Geological
Survey of Sweden).

/SGU 2008/. It has also been assumed that radiometric equilibrium prevails in the rock mass,
i.e. that daughter nuclides of uranium are present in the natural concentrations that result when
the uranium has been present for a long time in the bedrock. For the waste in the repository,
the chain decay of U-238 has been taken into account, see Figure 1-7 where the relative
radiotoxicity of U-238 and its daughter nuclides increases with time for BLA. The calculations
are presented in Appendix C.

After about 300 years, the radiotoxicity of the waste is equivalent to that of the excavated rock
in SFR 1, see Figure 1-8.

Also important for the repository’s long-term safety is the mobility of the radionuclides, which
affect the transport of the nuclides from the repository to the biosphere. A nuclide with high
radiotoxicity whose transport is effectively retarded by sorption in the repository and the
surrounding rock may in reality contribute less to the long-term consequences of the repository
than a mobile nuclide with lower radiotoxicity.
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Figure 1-7. Percentage contributions to the total radiotoxicity from the different repository parts in
SFR 1. The contribution from BLA increases with time due to the creation of daughter products from the
decay chain of U-238.
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Figure 1-8. The radiotoxicity of the waste compared with the radiotoxicity of normal rock.

1.2.3 Regulatory requirements on assessment and safety

The format and scope of a safety assessment, and in particular the criteria to be used to judge
the safety of the repository, are stipulated in regulations from SKI and SSI. The regulations are
based on three framework laws: the Environmental Code, the Nuclear Activities Act and the
Radiation Protection Act. National legislation, and here Sweden’s is no exception, is influenced
by international rules recommendations.

When it comes to the long-term safety of a final repository for nuclear waste, there are two
regulations of particular importance, issued by SSI and SKI:

» “SSI’s Regulations on the Protection of Human Health and the Environment in connection
with the Final Management [disposal] of Spent Nuclear Fuel and Nuclear Waste” (SSI FS
1998:1) and guidelines of the application of these regulations (SSI 2005:5).

» “SKI’s Regulations concerning Safety in connection with the Disposal of Nuclear Material
and Nuclear Waste” (SKIFS 2002:1). General recommendations concerning the application
of the regulations are contained in the same document.

Essential portions of these three documents are reproduced in Appendix A. The appendix also
indicates how the requirements in the regulations are handled in the safety analysis report by
references to relevant sections or by a description. In this way SKB wishes to show how the
regulatory requirements are met in the safety assessment.

Final disposal of spent nuclear fuel, SSI 1998:1

The portions of SSI FS 1998:1 most relevant to the assessment of long-term safety state the
following:

» Protection of human health shall be ensured by fulfilment of a risk criterion stipulating that
“the annual risk of harmful effects after closure does not exceed 10 for a representative
individual in the group exposed to the greatest risk”. By “harmful effects” is meant cancer
and hereditary defects. According to SSI, this risk limit is equivalent to a dose limit of about
1.4:1075 Sv/year, which is about one percent of the natural the background radiation in
Sweden.

* As far as environmental protection is concerned, biological effects of ionizing radiation due
to releases of radioactive material from a repository to important habitats and ecosystems
shall be described based on available knowledge.

17



» The consequences of intrusion into a repository shall be reported and the protective capabil-
ity of the repository after intrusion shall be described.

* SSIrequires a more detailed assessment for the first 1,000 years after closure of the final
repository than for subsequent periods.

SSI has also issued guidelines with respect to application of SSI FS 1998:1 (SSI 2005:5). One
guideline regarding the criterion for individual risk is that:

» If the exposed group only consists of a few individuals, the criterion of the regulations for
individual risk can be considered to be complied with if the highest calculated individual risk
does not exceed 107 per year.

Safety in connection with the disposal of nuclear waste, SKIFS 2002:1

The most relevant portions in SKIFS 2002:1 for the assessment of long-term safety state the
following:

» The safety assessments shall comprise features, events and processes which can lead to
the dispersion of radioactive substances after closure.

» A safety assessment shall comprise as long a time span as barrier functions are required,
but at least ten thousand years.

» Reporting of the following is required:
— methods for system description and system development,
— methods for selection of scenarios, including a main scenario the that takes into account
the most probable changes in the repository and its environment,
— the applicability of models, parameter values and other premises used in the analyses,
— management of uncertainties and sensitivity analyses.

» with respect to the analysis of post-closure conditions, a description is required of the evolu-
tion in the biosphere, the geosphere and the repository for the selected scenarios.

SKIFS 2002:1 also contains guidelines (“general recommendations™) concerning the application
of the regulations. These recommendations include more detailed information on, for example,
classification of scenarios and uncertainties.

1.2.4 Review comments concerning 2001 safety assessment

The views of the regulatory authorities concerning the preceeding safety report /SKB 2001a/
and the requirements on supplementary information from SKB are presented in SKI’s and SSI’s
review /SSI/SKI 2003/ of the 2001 safety report.

The regulatory authorities requested the following supplementary information, see Appendix B
for all requirements made in decisions from SKI and SSI:

* An account of requirements made on barriers and barrier functions at different points in
time and how they comprise, together with the scenarios, a basis for the justification of
consequence analyses performed.

* An account of the uncertainties in the nuclide inventory, above all for the difficult-to-
measure nuclides C-14, Ni-59, Ni-63 and 1-129.

* An account of the importance of long-term climate changes and the repository’s protective
capacity for times beyond 10,000 years after closure.

* An assessment of the long-term degradation of the concrete and bentonite barriers.

* An account of uncertainty and sensitivity analyses of dose and risk with respect to the
uncertainty of input data, including groundwater flows, sorption data, biosphere evolution,
radionuclide content, etc.

18



1.2.5 Priority areas for in-depth analysis for 2008 safety analysis report

The present safety analysis report is based on a complete safety assessment and thereby
supersedes the previous safety assessments, including the safety report from 2001 /SKB 2001a/.
Important improvements introduced in this safety analysis report are:

» Safety functions and preliminary safety performance indicators for SFR 1 have been defined
and applied in the scenario analysis, see Chapter 5.

* New correlation factors have been determined for C-14, Ni-59, Ni-63, 1-129, C1-36, Tc-99,
Mo-93 and Cs-135. Furthermore, uncertainties in the inventory have been estimated
/Almkvist and Gordon 2007/.

» Degradation of the concrete and bentonite barriers has been studied for times up to 100,000
years after closure /Cronstrand 2007, Emborg et al. 2007/.

* A generic hydrogeology model has been constructed for times between 10,000 and 100,000
years /Vidstrand et al. 2007/.

» A probabilistic approach is applied in the model for migration calculations. Parameters dealt
with probabilistically include length of flow paths and sorption data /Thomson et al. 2008a/.

1.3 Report structure

The report on long-term safety comprises eleven chapters. Following is a brief description of
the chapters. In order to be able to assimilate all the information in SAR-08, General Part 2,
“Long-term safety”, a general knowledge of the layout, installations and principles of operation
of the SFR 1 may be helpful. See Chapters 5 and 6 of the safety analysis report in General Part
1, “Facility design and operation”.

Chapter 1 — Introduction. The chapter describes the purpose, background, format and contents
of SAR-08, applicable regulations and injunctions, and the regulatory authorities’ previous
review comments. Furthermore, definitions are given of terms and abbreviations used in SAR-
08, General Part 2, “Long-term safety”.

Chapter 2 — Method. The chapter provides an overall description of the method used for the
safety assessment and some aspects of the methodology are presented, such as time periods,
safety principles, management of uncertainties, quality assurance and risk management.

Chapter 3 — Identification, ranking and handling of FEPs. The chapter systematically
describes the factors to be taken into account in the assessment in the form of features, events
and processes (FEPs). Interaction matrices are used to structure the information.

Chapter 4 —Initial state in the repository and its environs. The chapter describes the initial
state, defined as the expected state of the repository and its environs, at closure in 2040. The
description of the initial state is based on the technical design of the repository, present-day
knowledge concerning conditions in the repository and its environs, and the expected evolution
of the repository up until 2040.

Chapter 5 — Safety functions and safety performance indicators. Safety functions and safety
performance indicators are identified and described in this chapter. A safety function is a role by
means of which a repository component contributes to safety.

Chapter 6 — Reference evolution for the repository and its environs. This chapter describes
the reference evolution of the repository and its environs and how the safety functions of the
repository can be affected by this evolution up until 100,000 years after closure.

Chapter 7 — Selection of scenarios. This chapter describes how scenarios are selected based on
safety performance indicators and interaction matrices. The selected scenarios illustrate the most
important processes leading to the migration of radionuclides in the repository and to exposure
of man and environment. The description of the processes is based on the evolution of the
repository’s properties, its environs and the biosphere.

19



Chapter 8 — Description of calculation cases. This chapter describes the calculation cases that
are used to illustrate the radiological consequences of the scenarios that have been judged to be of

importance in the scenario analysis.

Chapter 9 — Radionuclide transport and dose calculations. The results of radionuclide

transport and dose calculations are reported in this chapter.

Chapter 10 — Assessment of risk. This chapter presents an integrated account of calculated risks
and a comparison with criteria stipulated by the regulatory authorities.

Chapter 11 — Conclusions. The conclusions of the present safety assessment are presented in this
chapter, and major changes made compared with previous safety assessments are summarized.

Finally, a Reference list and Appendices A - D are submitted.

1.3.1

Important background reports for long-term safety

Specific reports of central importance for the conclusions and analyses in the main report have
been used in the assessment of long-term safety. The most important background reports are

shown in Table 1-1.

Table 1-1. The most important background reports for judging the long-term safety of SFR 1.

Title

Reference list

Low and Intermediate Level Waste in SFR 1. Reference Waste
Inventory 2007.

Models used in the SFR 1 SAR-08 and KBS-3H safety assess-
ments for calculation of C-14 doses.

Dose assessments for SFR 1.

Modelling the long-term stability of the engineered barriers of SFR
with respect to climate changes.

Langtidsstabilitet till féljd av frysning och tining av betong och
bentonit vid forvaring av 1ag- och medelaktivt karnavfall i SFR 1.

Project SAFE Complexing agents in SFR.

Modelling the geochemical evolution of the multi-barrier system of
the Silo of the SFR repository. Final report.

Update of priority of FEPs from Project SAFE.
Modelling of Future Hydrogeological Conditions at SFR, Forsmark.
Details of predicted flow in deposition tunnels at SFR, Forsmark.

SFR inverse modelling. Part 2. Uncertainty factors of predicted flow
in storage tunnels and uncertainty in distribution of flow path from
storage tunnels.

Modelling of long-term concrete degradation processes in the
Swedish SFR repository.

Description of surface systems. Preliminary site description
Forsmark area — version 1.2.

Microbial features, events and processes in the Swedish final
repository for low- and intermediate-level radioactive waste.

Characterisation of bituminised waste in SFR 1.
Project SAFE Scenario and system analysis.

Project SAFE Compilation of data for radionuclide transport
analysis.

The biosphere at Forsmark.
Model summary report for the safety assessment SFR 1 SAR-08.
Radionuclide release calculations for SFR 1 SAR-08.

Hydrogeological flux scenarios at Forsmark — Generic numerical
flow simulations and compilation of climatic information for use in
the safety analysis SFR 1 SAR-08.

Almkvist L, Gordon A, 2007
Avila R, Proehl G, 2008

Bergstrom U, Avila R, Ekstrom P-A,
de la Cruz |, 2008

Cronstrand P, 2007

Emborg M, Jonasson J-E, Knutsson S,
2007

Fanger G, Skagius K, Wiborgh M, 2001
Gaucher E, Tournassat C, Nowak C, 2005

Gordon A, Lindgren M, Léfgren M, 2008
Holmén J G, Stigsson M, 2001a
Holmén J G, Stigsson M, 2001b
Holmén J, 2007

Hoglund L O, 2001
Lindborg, T editor, 2005
Pedersen K, 2001

Pettersson M, Elert M, 2001
SKB, 2001b
SKB, 2001c¢c

SKB, 2006b
SKB, 2008
Thomson G, Miller A, Smith G, 2008a

Vidstrand P, Naslund J-O, Hartikainen J,
Svensson U, 2007
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1.4 Terms and abbreviations

Following are definitions of terms and abbreviations that occur in the running text in SAR-08,
General Part 2, “Long-term safety”. The terms coincide with the terminology used in applicable
legislation and regulations. Designations used in the text that are not conventional are also

explained.

Barrier

Becquerel (Bq)

Rock vaults

BLA

BMA

BTF

BWR

Detrivores
Operational waste

Effective dose
Equivalent dose
External exposure
Closure

Post-closure phase
Disposal chamber

IAEA
ICRP
Internal exposure

Collective dose

Critical group

Low-level waste

Intermediate-level waste

Periglacial

Sl
PWR
Radioactivity

SAR

Physical confinement of radioactive substances (SKIFS 2004:1).
The purpose of the barrier is to confine the facility’s content of radioactive
substances. If one barrier is breached, the next should take over.

The special name of the unit of radioactivity. One becquerel is equal to one
disintegration per second.

“Rock vaults” generally refers to BMA, BLA and BTF (BTF 1 and 2).
Rock vault for low-level waste

Rock vault for intermediate-level waste

Rock vault for concrete tanks

Boiling Water Reactor

Decomposers such as fungi and bacteria.

Waste from the operation of nuclear reactors and Clab, and radioactive
waste from Studsvik.

The sum of all equivalent doses to organs or tissues, weighted for their
different sensitivity to radiation (SSI FS 1998:4).

An absorbed dose to an organ or tissue, weighted by factors that take
into account the biological effect of the particular type of radiation (SSI FS
1998:4).

Irradiation from a radiation source situated outside the body (SSI FS 1998:4).

Sealing of a repository opening after it has been filled with waste or when no
additional waste will be deposited

The phase that begins when SFR has been totally closed and sealed.

An opening in the final repository in which waste is emplaced for final
disposal.

International Atomic Energy Agency
International Commission on Radiological Protection

Irradiation from radioactive substances after intake into the body via
the respiratory passages or the gastrointestinal tract or through the skin
(SSI FS 1998:4).

The sum of the effective dose equivalent for all individuals in a given region
or belonging to a given region or belonging to a given population group or
vocational group or performing a certain type of work (SSI FS 2000:10).

A group of individuals who are exposed to relatively uniform irradiation from a

source that can be regarded as being representative of the irradiation to which
the most exposed individuals in the population are exposed (SSI FS 2000:12).

Waste from, for example, nuclear facilities and hospitals. Includes protective
clothing, tools, filters and other items that may have been contaminated with
radioactivity.

Consists primarily of process waste from the nuclear power industry, such
as ion exchange resins. The waste may contain rather high concentrations
of short-lived radionuclides and must therefore be radiation-shielded
during handling. It also sometimes contains small quantities of long-lived
radionuclides.

Physical land processes that occur in the cold climate immediately outside
glaciers and ice sheets. The cold climate creates permafrost, permanently
frozen ground.

Site Investigation
Pressurized Water Reactor
The property of a substance whereby it emits ionizing radiation.

Radioactivity is a property, not a physically measurable quantity. It can be of
different types: alpha, beta, gamma or neutron radiation.

Safety Analysis Report
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Seismic class

SFR
SFR 1
Sievert (Sv)

Silo

Silo repository
SKB

SKI
SKIFS
Final repository

SSli
SSIFS
Standard

Total closure

Entails a classification of buildings, systems and subsystems based on the
extent to which they must function during and after a design earthquake.

Final repository for reactor waste.
Final repository for radioactive operational waste

The unit that is used to indicate how harmful (toxic) radiation is.
Radiation doses are normally given in thousandths of a sievert, millisieverts
(mSv).

Disposal chamber (concrete cylinder) in SFR 1 intended for the operational
waste that has the highest activity content.

Includes the silo and the bentonite around the silo.

Svensk Karnbranslehantering AB (Swedish Nuclear Fuel and Waste
Management Co)

Statens karnkraftinspektion (Swedish Nuclear Power Inspectorate)
The Swedish Nuclear Power Inspectorate’s Regulatory Code

A repository for the final disposal of radioactive waste which can, after the
waste has been deposited, be closed and then abandoned without requiring
any additional measures.

Statens stralskyddsinstitut (Swedish Radiation Protection Authority)
Swedish Radiation Protection Authority’s Regulatory Code

Guideline published by a national or international body governing product
design or testing. Conformance is voluntary.

The closure (sealing) of the entire repository that occurs when all waste
has been deposited. After total closure the repository is supposed to act
as a passive system and no human interventions should be necessary to
guarantee long-term function.
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2 Method

2.1 Introduction

This chapter provides an overview of the method that has been used for the safety assessment of
SFR. The method is based in part on the method that was used for SR-Can and is described in
SR-Can’s Main Report /SKB 2006a/.

The main purpose of this safety assessment for SFR 1 is to show whether the final repository
can be considered to be radiologically safe in the long term. This is done by comparing
estimates of radiation doses from calculated releases of radionuclides from the repository with
regulatory criteria. In a long-term perspective, the primary safety function of SFR 1 is to retard
the migration of nuclides from the waste. This gives most radionuclides time to decay before
they risk reaching the biosphere. An important purpose of the present safety assessment is to
show that this retardation is sufficient to ensure safety under many different conditions for a
long time.

It is important to be able to support all claims and assumptions in the assessment with scientific
and technical arguments in order to lend credibility to the calculated results. Demonstrating
understanding of the final repository system and its evolution is an important part of every
safety assessment.

The repository system — broadly defined as the deposited nuclear waste, the waste containers,
the engineered barriers, the host rock and the biosphere surrounding the repository — will change
with time. The future state of the system will depend on the following:

 the initial state of the system,

* anumber of thermal, hydraulic, mechanical and chemical processes that act internally in the
repository system over time (internal processes),

» outside forces acting on the system (external processes).

Internal processes include, for example, groundwater movements and chemical processes

that affect engineered barriers. Another example is production of gas as a result of oxidation

of metals. If gas production takes place in the silo, there is a possibility that the gas pressure
could force radioactive water out into the silo’s concrete wall. External processes include future
climate and climate-related processes, for example glaciation and land uplift, or the current
process of global warming. Future human interventions could also affect the repository.

An AMF (Assessment Model Flowchart) has been used to schematically represent the models
and data that are used to quantify the processes that occur in and around the repository (internal,
external and geosphere) and how they are interlinked, see Figure 2-1. In addition to the models
presented in the flowchart, smaller calculations have been carried out such as pretreatment of
input data and post-calculations for results. These processes and calculations are not visible in
the AMF.

The initial state, the internal and external processes and the ways in which these factors

together determine the evolution of the repository can never be fully described or understood.
Uncertainties of various kinds are therefore associated with all aspects of the repository’s evolu-
tion and thereby with the safety assessment. How these uncertainties are managed is therefore of
central importance in all safety assessments.

The next section provides a brief overview of the analysis method.
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Figure 2-1. AMF (Assessment Model Flowchart): schematic representation of how models and data
are used for SFR 1 in SAR-08. GIA, Glacial Isostatic Adjustment, gives land subsidence and uplift as a
result of the advance or retreat of an ice sheet.

2.2 Steps in the method

A nine-step method based on the method developed for SR-Can has been used. It is summarized
in Figure 2-2. The nine steps are described in greater detail in the following sections.

2.21 FEP processing

The initial step in a safety assessment is to identify all the factors that are important for the
evolution of the repository and that should be studied in order to gain a good understanding of
the evolution and safety of the repository. This is done in a screening of all features, events and
processes (FEPs) that are of importance for the evolution of the repository. This screening has
been conducted in two steps. The first step was taken in the SAFE project in 2001 and covers
the period up until 12,000 AD /SKB 2001b/. The second step involves a screening of FEPs to
take into account the extended time perspective comprised by this analysis, in other words times
up to around 100,000 years after closure /Gordon et al. 2008/.

An FEP analysis in the SAFE project was arrived at via a series of expert group meetings in
accordance with a method based on interaction matrices. This method comprises a systematic
identification of processes and interactions between processes that act in the system and
documented expert assessments of the importance of these processes and interactions for the
evolution of the system. Three coupled matrices were used to describe the repository system
in SFR 1: one for the repository itself, one for the geosphere and one for the biosphere. The
content of the matrices was checked against international lists of FEPs in order to ensure as far
as possible that all relevant FEPs have been included.

In the second and supplementary FEP analysis, the prioritization of the interactions according to
importance done in the first analysis was re-evaluated based on the longer time perspective. In
addition, a cross-check was carried out against new regulations from the regulatory authorities
(SKIFS 2002:1 and SSI FS 2005:5), the regulatory review of the SAFE project, and the FEPs
arrived at by SKI for SFR 1 /Miller et al. 2002/.
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Figure 2-2. Overview of the nine steps in the method used in the present safety assessment.

The handling of the features, events and processes (FEPs) that must be studied provides a good
understanding of the evolution of the repository, and the material that is gathered is used in both
the description of the reference evolution and scenario selection (see below).

The FEP analysis and its results are described in greater detail in Chapter 3.

2.2.2 Description of initial state

The initial state of the system is described based on the state of the repository, the rock and
the biosphere at the time of closure, in the year 2040, and comprises the point of departure for
the further analyses. The description of the initial state is based on the technical design of the
repository and present-day knowledge of conditions in the repository and its environs. The
initial state is described in greater detail in Chapter 4.

2.2.3 Safety functions

This step consists of identifying and describing the system’s safety functions and how they can
be evaluated with the aid of a set of safety performance indicators that in principle consist of
measurable or calculable properties of engineered barriers, geosphere and biosphere.

A safety function is a property by means of which a repository component, such as a barrier,
contributes to the long-term safety of SFR 1. There are two overall safety principles for
SFR 1 — limited quantity of radioactivity in the waste and retardation of radionuclide
transport.
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Figure 4-3. Example of closure of silo, upper part (cupola) /SSR system 192/.
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Figure 4-4. Example of plugging of waste deposition tunnel for silo and rock vaults /Gunnarsson 2005/.
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Figure 4-5. Example of closure of silo, bottom part.
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4.2.2 Rock vault for intermediate-level waste, BMA

The rock vault for intermediate-level waste contains much less activity than the silo,
approximately 20% of the total in SFR 1. The packages consist mainly of moulds or
drums, see Figure 4-10, and the repository consists of a number of storage compartments
/SSR system 138/.

The building’s loadbearing structural parts are founded on solid rock. The bottom slab is
founded on a base of shot rock levelled with gravel. The bottom slab, walls and floor structures
are made of in-situ cast reinforced concrete. The walls and roof of the rock vault are lined with
shotcrete /SSR system 130, SSR system 138/.

A prefabricated concrete lid is put in place after the compartments are filled with waste.
The lids provide radiation shielding and fire protection. Another concrete layer is cast on top
of the prefabricated lids to give the structure added stability and tightness.

BMA has three barriers. The innermost barrier consists of the waste package. Then come the
compartments in BMA and finally the surrounding rock.

Closure of BMA

As soon as a compartment in BMA is full, it is closed with a concrete lid and concrete is
poured over the lid, see Figure 4-6. It is also possible to backfill the compartments in BMA
with e.g. concrete. The closure measures planned for BMA entail that the rock cavern outside
the concrete structure is backfilled.

15600
O Poastis wand B Sand W Conoeie pack Bl Conoreie sructures L] Moulds

Figure 4-6. Cross-section of BMA. Gravel may be used instead of sand as a backfill material. Gravel
and sand are judged to be equivalent backfill materials and provide the same water flow through the
waste.
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When BMA is full and ready for closure, machines and other equipment are removed. A con-
crete plug is cast against the rock vault tunnel, after which the rock vault is filled with gravel
from the transverse tunnel at the other end. Gravel or sand is filled into the loading-in part, the
longitudinal control aisles to support the concrete walls, and as backfill of the top. When this
filling work is finished, concrete plugs are cast against the tunnel junctions on either short side
(Figures 4-4 and 4-8). These plugs are about 5 m thick, and their purpose is to prevent water
flow via the tunnel system and direct contact between different rock vaults. A support fill of
e.g. till and shot rock is placed on the outside of the plugs /SKB 1999c¢/.

4.2.3 1BTF and 2BTF

The concrete tank repositories have been designed primarily for storing concrete tanks and
drums with very low activity /SSR system 136/, see Figure 4-10.

The concrete tank repositories have a concrete floor, and rock walls and roofs are lined with
shotcrete /SSR system 130/. The waste containers in the concrete tank repositories are grouted
with concrete /SSR system 136/.

The concrete walls in the actual waste package and the surrounding rock constitute barriers.

Closure of BTF

The closure measures planned for BTF entail backfilling of BTF. In BTF, concrete plugs

are cast against the rock vault tunnel, the concrete grout around the waste containers is
supplemented so that the concrete tank repositories are filled up above the waste packages

and a porous backfill is emplaced at the walls, see Figure 4-7. The top of the concrete tank
repositories is backfilled with sand or gravel. Concrete plugs are then cast against the transverse
tunnel /SKB 1999¢/. The concrete plugs are cast in the same way as for BMA, see section 4.2.2.
for more information.

g
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COzand OGrout B oncrets plank B oncrete slab [ Concrete tank

Figure 4-7. Cross-section of BTF.
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Figure 4-8. Layout of SFR 1 with the concrete plugs for the rock vaults marked in black. Loading-in
and transloading tunnels are marked in blue /Fredriksson 2000/.

4.2.4 Rock vault for low-level waste, BLA

The rock vault has a concrete floor, and the rock walls and the roof in the rock vault are lined
with shotcrete. The waste packages are standard shipping containers, see Figure 4-10.

The BLA barrier consists of the surrounding rock.

Closure of BLA

The closure measures planned for BLA entail leaving the rock vault unfilled.

In BLA, concrete plugs are cast in both ends of the rock vault against the connecting tunnels.
No concrete backfill is planned for this chamber /SKB 1999¢/.

4.2.5 Closure of access tunnels and boreholes

Closure of the access tunnels, together with closure of the rock vaults, controls the water flow in
the disposal chambers in a predetermined manner. Another function of the closure of the access
tunnels is to hinder future inadvertent intrusion in the facility.

In the calculations of the long-term performance of the repository, it is assumed that the access
tunnels are provided with approximately 100-metre-long plugs between the Singé Zone and
the repository area /SKB 1999¢/. These plugs are assumed to have the same water permeability
as the surrounding rock mass. This can be achieved with concrete, see Figure 4-9. Compacted
bentonite could possibly be used as an extra seal against the rock. Experience from the work
with the final repository for spent nuclear fuel will prove useful in the closure work.

The planned extension of SFR 1 to accommodate decommissioning waste is taken into consid-
eration when planning the closure of the tunnel system. Final planning of the plugs in the tunnel
system is only possible when the total scope of rock vaults and tunnels in the facility is known.
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Figure 4-9. Example of plugging of the access tunnels to SFR 1 /Gunnarsson 2005/.

The plugs can then be used in combination with hydraulic connections in tunnels, shafts and
water-conducting zones to equalize future hydraulic gradients over the disposal chambers. In the
present safety assessment, the planned extension of SFR 1 is not taken into consideration.

The boreholes that were included in the preliminary investigations of the rock in the repository
area have been closed so that they are no more water-permeable than the rest of the bedrock.
This includes holes drilled from the harbour pier and from a platform above the disposal
chambers. Sealing and plugging of the boreholes as described in /SKB 1982/ and /SKB 1983/
included the following:

1. Sealing by grouting with cement after drilling to about 40 m below sea level (—40 m).
2. Filling-up with cement to about 38 m below sea level (—38 m).
3. Installation of bentonite-filled, perforated copper tubes to a total length of 10—15 m.

4. Filling-up with cement from the top of the copper tube string up into the casing.

The boreholes that have been drilled from the tunnels during the construction period are closed
when they are no longer needed to monitor the groundwater situation in the repository area.
Closure will be done according to the same principles as for the boreholes drilled from the
ground surface. At the time of repository closure, all boreholes will have been closed.

4.3 The waste in SFR 1

This section about the waste in SFR 1 constitutes a brief summary of the information provided
in General Part 1, “Facility design and operation”, Chapter 6, “Radioactive substances and
waste in the facility”.

4.3.1 Origin of the waste

Most of the waste in SFR 1 comes from the Swedish nuclear power plants. The source of the
radioactive waste is nuclear fission in the reactor core, which gives rise to fission products such
as Cs-137 and I-131, but also neutrons. The neutrons in turn create new fission products, but
the neutron radiation also activates the uranium in the fuel. As a result of neutron absorption
and transformation of the uranium in the fuel, transuranic elements such as are plutonium and
americium are formed. Like the fission products, these transuranics are formed in the fuel itself
and will only contaminate the reactor water if the fuel cladding is damaged.
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However, the largest activity quantities in the reactor water derive from activation of substances
outside the fuel rods. These substances may be dissolved or dispersed in the reactor water and
come from corrosion of material surfaces, but they may also come from substances on surfaces
near the core that are activated directly and then transferred to the reactor water.

The reactor water in the primary circuit undergoes continuous cleanup to remove the radio-
active substances. The reactor water is purified in the reactor’s cleanup circuits by means of
ion exchange resins that absorb radionuclides that occur as ions in the reactor water. The ion
exchange resins also remove “crud”, dispersed particles consisting of oxides/hydroxide of
engineering materials.

Even though most of the radionuclides that have left the core are thus separated in the cleanup
system, small amounts will be spread to other systems. Relatively large volumes of ion
exchange resins and mechanical filter resins are used in the boiling water reactors for cleanup
of the water that condenses in the condenser. Due to the fact that small quantities of radioactive
substances are carried from the reactor to the turbines, this water and its filter resins become
weakly radioactive.

Additional waste consisting of ion exchange resin, mechanical filter resin and precipitation
sludge arises in the water cleanup system.

Some radioactive substances have also been released from the spent fuel stored in the storage
pools at the nuclear power plants and at Clab. These pools also have cleanup systems with ion
exchange resins that are used in roughly the same way as in the reactor water cleanup systems.

Solid waste is also generated at nuclear facilities. Compared to the wet waste, the volume of the
solid waste is usually much greater, but its activity is often much lower. The solid waste consists
of components of the primary system or other active systems, but most consists of material that

has been brought into a classified area, used, contaminated and discarded.

4.3.2 Material types

Much of the activity in SFR 1 is present in the wet waste. The wet waste consists for the

most part of bead resin, powder resin, mechanical filter aids and precipitation sludge. The ion
exchange resins consist of organic polymers with acidic or basic groups, making them capable
of cation or anion exchange.

A large portion of the waste volume in SFR 1 consists of metals, above all carbon steel and
stainless steel. Scrap metal arises mainly during maintenance outages when equipment is
discarded, modified or renovated.

The largest volume of raw waste consists of combustible solid waste. As a result of incineration
in Studsvik or local at-plant disposal, the volume remaining for disposal in SFR 1 is compara-
tively small, however. The waste consists mainly of cellulose (paper, cotton and wood) and
plastics (e.g. polystyrene, PVC, polyethylene, polypropylene, etc).

Other materials occurring in the waste include mineral wool (used for insulation), concrete and
brick. Various additional materials are also included in smaller quantities.

62



4.3.3 Waste packaging

Waste to SFR 1 is mainly packaged in the following containers:

Concrete moulds (with cement-solidified ion exchange resins, filter aids and evaporator
concentrate as well as concrete-stabilized trash and scrap metal).

Steel moulds (with cement- or bitumen-solidified ion exchange resins or concrete-stabilized
trash and scrap metal).

Steel drums (with cement-stabilized ash drums).
Standard containers (mainly with trash and scrap metal).

Concrete tanks (with dewatered ion exchange resins).

There may be certain other odd containers, and in some cases large items of waste (components)
may be deposited without containers. Figure 4-10 shows the different waste containers. For
more detailed information about the different packaging types, see General Part 1, “Facility
design and operation”, Chapter 6, “Radioactive substances and waste in the facility”.

ISO container,
full height

Concrete tank

Mould (cement, steel)

Steel drum

Figure 4-10. Waste containers in SFR 1.
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4.4 Material quantities and activity content in different parts
of the repository
Material quantities for the silo and the other rock vaults in SFR 1 are presented in this section.

The material quantities are taken from /Almkvist and Gordon 2007/. The amount of activity in
SFR 1 is presented in Chapter 8.

441 Waste in the silo

Table 4-1 shows the quantities of materials expected to be present in 2040 /Almkvist and
Gordon 2007/. Materials and quantities in the table include the waste itself, conditioning
materials and packaging (containers).

4.4.2 Waste in BMA

Table 4-2 shows the quantities of materials expected to be present in 2040 /Almkvist and
Gordon 2007/. Materials and quantities in the table include the waste itself, conditioning
materials and packaging (containers).

Table 4-1. Material quantities in the silo repository.

Material Weight (kg) Area (m?) *
50 years’ 50 years’
operation operation

Iron/steel 2.79E+06 1.22E+05

Aluminium/zinc 4.02E+02 7.60E+01

Cellulose (wood, paper, cloth) 5.57E+03

Other inorganic 1.91E+04

Other organic (plastics, rubber, cable) 3.22E+04

lon exchange resins 1.80E+06

Sludge 2.00E+04

Bitumen 1.04E+06

Cement and concrete 1.56E+07

* “Area” means the area exposed to groundwater and thereby to corrosion after closure of SFR 1.

Table 4-2. Material quantities in BMA.

Material Weight (kg) Area (m?) *
50 years’ 50 years’
operation operation

Iron/steel 2.68E+06 1.24E+05

Aluminium/zinc 7.09E+03 1.02E+03

Cellulose (wood, paper, cloth) 1.44E+05

Other inorganic 3.43E+04

Other organic (plastics, rubber, cable) 2.85E+05

lon exchange resins 1.63E+06

Sludge 5.86E+04

Evaporator concentrate 6.20E+05

Bitumen 1.76E+06

Cement and concrete 1.25E+07

* “Area” means the area exposed to groundwater and thereby to corrosion after closure of SFR.
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4.4.3 Waste 1BTF

Table 4-3 shows the quantities of materials expected to be present in 2040 /Almkvist and
Gordon 2007/. Materials and quantities in the table include the waste itself, conditioning
materials and packaging (containers).

4.4.4 Waste in 2BTF

Table 4-4 shows the quantities of materials expected to be present in 2040 /Almkvist and
Gordon 2007/. Materials and quantities in the table include the waste itself, conditioning
materials and packaging (containers).

4.4.5 Waste in BLA

Table 4-5 shows the quantities of materials expected to be present in 2040 /Almkvist and
Gordon 2007/. Materials and quantities in the table include the waste itself, conditioning
materials and packaging (containers).

Table 4-3. Material quantities in 1BTF.

Material Weight (kg) Area (m?) *
50 years’ 50 years’
operation operation

Iron/steel 4.20E+05 4.54E+04

Aluminium/zinc 3.00E+04 1.19E+04

Ashes 1.48E+05

Cellulose (wood, paper, cloth) 1.68E+03

Other organic (plastics, rubber, cable) 1.31E+04

Other inorganic 4.65E+03

lon exchange resins 1.77E+05

Sludge 9.31E+03

Cement and concrete 1.98E+06

* “Area” means the area exposed to groundwater and thereby to corrosion after closure of SFR.

Table 4-4. Material quantities in 2BTF.

Material Weight (kg) Area (m?) *
50 years’ 50 years’
operation operation

Iron/steel 6.39E+05 3.72E+04

Aluminium/zinc 2.59E+03 1.44E+03

Ashes 2.53E+04

Cellulose (wood, paper, cloth) 1.66E+02

Other organic (plastics, rubber, cable) 6.03E+04

Other inorganic 4.65E+03

lon exchange resins 8.11E+05

Sludge 4.38E+04

Cement and concrete 3.75E+06

* “Area” means the area exposed to groundwater and thereby to corrosion after closure of SFR.
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Table 4-5. Material quantities in BLA.

Material Weight (kg) Area (m?) *
50 years’ 50 years’
operation operation

Iron/steel 3.78E+06 2.20E+05

Aluminium/zinc 5.58E+04 8.36E+03

Cellulose (wood, paper, cloth) 4.33E+05

Other organic (plastics, rubber, cable) 1.48E+06

Other inorganic 1.05E+05

lon exchange resins 9.77E+04

Bitumen 1.17E+05

Cement and concrete

* “Area” means the area exposed to groundwater and thereby to corrosion after closure of SFR.

4.5 Integrity and condition of the barriers

The rock vaults in SFR 1 have different engineered barriers. The engineered barriers in the
repository retard releases of radionuclides. The engineered barriers in each repository part and
the expected condition of the engineered barriers at closure are described below.

4,51 Corrosion

Oxygen is available during the operating period, which means that aerobic corrosion can occur
/Hoglund and Bengtsson 1991/. Corrosion of iron is extensive in the environment, with moisture
and oxygen available, that prevails in most of the repository during the operating period.
Corrosion is so rapid that it can be expected that containers, steel moulds and certain older
drums will be extensively corroded during the operating period. Anaerobic corrosion can occur
in parts of the silo where oxygen is not present during the operating phase, see section 4.5.3.
There are no requirements with regard to long-term function for containers made of of iron.

Aluminium is covered by a passivating oxide layer, and alkaline conditions cause the oxide to
dissolve. Alkaline conditions can only be obtained after groundwater has reacted with concrete.
Since the repository is drained by pumping during the operating period, the aluminium waste
will be covered by its passivating oxide layer. Corrosion of aluminium is therefore negligible
during the operating period, while it is extensive after closure.

4.5.2 Mechanical evolution

Continuous inspection and scaling of any loose rock material from the repository takes place
during the operating period. Extra rock bolts and shotcrete are applied where necessary. The
rock caverns are therefore expected to be intact at the end of the operating period.

Some cracking of concrete barriers can occur during the operating period. The reason for this
may be thermal stresses caused by hydration of the concrete, shrinkage due to the fact that parts
of the concrete dry out, or settlement due to movements in underlying material. Cracking is not
expected to be extensive, and is to some extent detectable on inspection.

Concrete as well as bentonite barriers are not expected to be affected in a way that would
degrade their long-term function of limiting advective transport in the repository.

66



4.5.3 Silo

Most of the waste in the silo is solidified in concrete or bitumen matrices, which in themselves
constitute engineered barriers. In addition the waste is surrounded by the following engineered
barriers:

*  Waste package
* Grouting concrete and compartment walls
* Concrete silo walls

* Bentonite or sand/bentonite buffer

Condition of the barriers

The waste packages (moulds and drums) in the silo are grouted with (embedded in) concrete.
This means that the condition of the waste packages cannot be inspected afterwards. If the waste
packages corrode in the silo under anaerobic conditions, hydrogen may be formed. Simulations
of corrosion of the waste packages show that the hydrogen concentration in the air will increase
/Moreno et al. 2001/.

Other barriers are expected to be in perfect condition at closure in 2040.

Settlement in the silo

Measurements are made regularly of settlement in the silo. The annual reports on measurements
of movements in the silo up until 1999 described the background to the prediction of the
settlement process and the results of the measurements from the start in 1987. The 1999 report
concluded that the settlement process was so slow and predictable that its progress could be
checked and reported on at longer intervals than 1 year, for which reason an interval of 3 years
was chosen /Hokmark and Pusch 2002/.

Figure 4-11 shows predicted settlement for the cases “unloaded silo” and “load increase by
1,600 tonnes per year”. The actual load increase, including grout, averages about 850 tonnes
per year. This means that the temperature effects that are assumed to have had an impact on

the movement of the top of the silo have decreased, and that its subsidence was expected to

be 15-17 mm in 2002. Actual subsidence has followed the prediction very closely, and from
the end of September 1999, i.e. 12 years after completion of the silo, until 1 October 2002 the
movements amounted to about 15 mm. By far the biggest contribution to settlement is the com-
pression of the 1.5 m thick bottom bed, but some contribution also comes from the bentonite
backfill. The temperature effects are small and cause a slight rise in the silo top /Hokmark and
Pusch 2002/.

Settlement in the silo up to 2040 has been estimated by extrapolation of the present curve in
Figure 4-11 to be 50 mm.

Subsidence since 1994 has been uniform and diminishing. Actual subsidence has followed the
prediction closely and is of the originally estimated order of magnitude /Hokmark and Pusch
2002/.
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Figure 4-11. Expected and actual movement of the silo top. The upper branch of the curve represents
expected subsidence at an average annual load increase of 1,600 tonnes. The lower branch of the curve
pertains to an unloaded silo. Year 1 is 1987 /Hokmark and Pusch 2002/.

Vertical movements of the top surface of the bentonite fill

Small vertical movements occur of the top surface of the bentonite fill at the silo. These small
movement show that no significant wetting has yet occurred of the bentonite wall fill, which in
turn suggests that the wall drainage is functioning as intended /Hokmark and Pusch 2002/.

Pressure build-up in the wall fill

A number of pressure cells for measurement of the swelling pressure in the wall fill are installed
at the silo. Pressure gauges are installed at floor level, mid-height level (25 m above the floor)
and at silo top level (50 m above the floor). The most recent readings are from 2002 and show
roughly the same values as the preceding measurement occasions (1992, 2000 and 2001), see
Table 4-6.

At the uppermost measurement level, the values have decreased slightly and are well below the
pressure that should have been generated when the fill was applied. At mid-height the gauges
show considerably lower values than that corresponding to the silo pressure. The pressures at
the bottom of the silo are also much lower than predicted. This indicates more effective dewater-
ing of the surface rock and drainage than had been assumed at the design stage /Hokmark and
Pusch 2002/.
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Table 4-6. Readings from the pressure build-up in the wall fill /Hokmark and Pusch 2002/.
For information on the location of the pressure cells, see /Pusch 2003/.

Cell Level Open. pr.* 1992 2000 2001 2002 Comment

G4 Wall-low** 0.130 0.055 0.070 0.065 0.070 Stable

G5 Wall-low 0.140 0.030 0.050 0.050 0.050 @ Stable

G6 Wall-mid*** 0.330 0 0 0 0 No pressure

G7 Wall-mid 0.340 0 0 0 0 No pressure

G8 Wall-high**** 0.080 0.045 0.050 0.050 0.030  Slightly diminishing
G9 Wall-high 0.050 0.015 0.035 0.030 0.015  Slightly diminishing

* Pressure required for Glotzl piezometer to open. If the actual pressure is lower it is set as 0. Where pressure
values are given they represent the excess pressure above the opening pressure and thereby the actual pres-
sure (difference between measured pressure and opening pressure).

** The gauges are located at silo floor level (silo floor level).
*** The gauges are located at silo mid-height level (25 m above the floor).

**** The gauges are located at silo top level (50 m above the floor).

454 BMA

In BMA the radioactive waste is stored in concrete compartments that are covered with
prefabricated concrete blocks and overcast with concrete. The engineered barriers are the
waste packages and the concrete walls.

Condition of the barriers

The waste packages in BMA are made of concrete or steel. The steel waste packages will prob-
ably eventually start to rust, while the concrete waste packages are expected to be intact and in
perfect condition in 2040, at the closure of SFR 1.

455 BTF

The waste packages placed in BTF are made of concrete or steel. The walls of the concrete
tanks comprise the technical barrier here.

Condition of the barriers

The steel waste packages will probably eventually start to rust, while the concrete waste
packages are expected to be intact and in perfect condition in 2040, at the closure of SFR 1.

456 BLA

ISO containers are placed in BLA, see Figure 4-10. There is no engineered barrier in BLA.

Condition of the barriers

The steel waste packages will probably eventually start to rust.
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4.6 Climate

It is assumed that the present-day climate in the Forsmark area will still prevail at the time of
closure. The possible impact of the greenhouse effect on the climate in the Forsmark area has
not been taken into account for the initial state. For more information on the climate in the
Forsmark area, see General Part 1, “Facility design and operation”, Chapter 2, “Site”. The mean
annual temperature in the Forsmark area is about 5.5°C (1961-1990), compared with 5.0°C at
the weather stations in Risinge and Films Kyrkby /Johansson et al. 2005/. Virtually all mean
annual temperatures since 1988 have been higher than this value.

Due to the geographic location of the Forsmark area on the coast, the amount of precipitation

is lower than inland. Two local meteorological stations, Hogmasten and Storskéret, in the

area around the Forsmark nuclear power plant are used to obtain representative values for e.g.
precipitation. In calculating the 30-year mean precipitation for the Forsmark area, the values for
SMHTI’s stations at Osthammar and Risinge were corrected to arrive at values for the stations

at Hogmasten and Storskéret of 568 and 549 mm, respectively (1961-1990) /Johansson et al.
2008/.

The maximum intensity of the precipitation varies greatly with the duration of the precipitation
occasion. It can be very high in connection with brief thundershowers /Johansson et al. 2005/.

The prevailing meteorological conditions in the area affect water currents and thereby water
turnover in Oregrundsgrepen (See section 4.7.2).

4.7 Surface ecosystems

Surface ecosystems in Forsmark have been described in connection with the site investigations
for the deep repository for spent fuel at Forsmark /Lindborg 2005, SKB 2006b/ and in several
studies of the surface ecosystems conducted in the previous SAFE study /Kautsky 2001/. In
conjunction with the latter study, knowledge was compiled from previous studies in the area
from the construction of the Forsmark NPP and from the Biotest basin. Studies of importance
for the present safety assessment include a field survey of the marine environment above the
repository /Kautsky et al. 1999/, models of the turnover of materials /Kumblad 1999, 2001,
Kumblad and Kautsky 2004/ and water turnover in the marine area /Engqvist and Andrejev
1999/ and of compilations of lakes in the area /Brunberg and Blomqvist 1999, 2000, Brunberg
et al. 2004/. The process of land uplift and the sedimentation environment are described in
/Brydsten 1999a, 1999b, 2004/. All data presented below and used in the safety assessment are
based on published data for the SR-Can safety assessment /SKB 2006a/.

The land area around Forsmark is relatively flat and slopes slightly to the east. Most of the area
is less than 20 metres above sea level /Werner et al. 2007/. The highest point has been situated
above the highest coastline since the last glaciation. Today’s landscape is strongly influenced
by ongoing shoreline displacement at a rate of about 6 mm/year /Ekman 1996/. A large portion
of the surrounding terrestrial environment has risen above sea level during the past 1,000 years,
which means that processes such as chemical weathering and peat formation have been taking
place during a relatively short period. The till and glacial clay contain a great deal of calcium
carbonate from Ordovician limestone, which occurs frequently on the sea floor north of the
Forsmark area /SKB 2006a/.

The properties in surface ecosystems that are most important for the long-term safety assess-
ment are described below.
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4.7.1 Population and living habits

There are no permanent residents in the area around Forsmark, covering 19.5 km? around

the Forsmark nuclear power plant. There are only five vacation homes in the area and three
uninhabited farms, one of which is in use. This farm, specializing in beef cattle, is located at
Storskiret and uses the land for grazing and feed production. The predominant cereal crop is
barley. The land used for agriculture constitutes only 4% of the total land in the area /Milander
et al. 2004/.

The area around Forsmark is utilized for outdoor activities in the form of hunting, fishing and
berry and mushroom picking. There is more hunting around Forsmark and in the Osthammar
hunting district than in the county as a whole. An average of nearly 1.5 times as many moose
have been taken in the parish than in the county as a whole since the 1999/2000 season
/Milander et al. 2004/.

The biggest job sector is electricity production. But there is considerable in-commuting of
people to the parish during the daytime. Most of them work at Forsmarks Kraftgrupp /Milander
et al. 2004/.

There are approximately 20 licensed commercial fishermen in Osthammar Municipality. They
are occupied with small-scale coastal fishing for consumption and sell their catch to local buyers
/Milander et al. 2004/.

4.7.2 The marine area

Most of the area above SFR 1 is covered by the sea today. The marine area is the southernmost
part of the Bothnian Sea and consists of a large open bay, Oregrundsgrepen. The bay opens to
the north into largely open sea stretching nearly 400 km. In the southeast there is a long, narrow,
shallow strait at Oregrund stretching more than 15 km southward to Singé (Figure 4-12). Since
Oregrundsgrepen is exposed to the open sea, the mean retention time of the water is short, about
12 days, except for the deepest water, which has a much longer mean retention time /Engqvist
and Andrejev 1999/. A southward current dominates in the strait, but it accounts for only a small
portion of the water turnover. The salinity in Oregrundsgrepen is about 3.9%o in the surface
water /Nilsson et al. 2003/. The salinity in the Aland Sea is slightly higher and more stable

than in Oregrundsgrepen. During the winter when Oregrundsgrepen can be covered with ice,
the salinity of the surface water can go down to less than 1%o due to the fact that fresh water

is accumulated in the ice. The halocline and thermocline in Oregrundsgrepen are weak and
temporary and dissolve quickly when the weather changes /Kautsky 2001/.

The coast at the western part of Oregrundsgrepen is flat and shallow, about 5 metres deep at
SFR 1, and the sea floor above SFR 1 consists to a great extent of bouldery till with occasional
outcrops. In the area above SFR 1, the thickness of the till varies between 4 and 14 metres,
while the thickness of the clay varies between 0 and 4 metres. The floor of Oregrundsgrepen

is dominated by clay, about 55%. This clay is covered by a thin layer of gyttja, sand, stone and
gravel /Lindborg 2005/. Along the eastern part towards Gréso is a deep area with a depth of
40-60 m. The coast here is steeper and the bottom is dominated by clay and rocks.

The area immediately above SFR 1, about 11 km?, which has been used as a model area for
study of current and future conditions (Figure 4-12), is very open today and subjected to wave
exposure of the same magnitude as the rest of Oregrundsgrepen. The average and maximum
depths in the area are around 10 m and 19 m, respectively, see Table 4-7 /Lindborg 2005/. The
average age, i.e. the average time an individual water parcel spends in a particular basin from
the time of its inflow, is very short, around 0.66 day /SKB 2006b/. The material in the bottom

is a wave-washed till with very little fine material /Sigurdsson 1987/, which has also been
confirmed by the expanded survey of the sea bottoms in connection with the site investigations
/Elhammer and Sandkvist 2005/. The total sedimentation is limited in this area but has prospects
of increasing /Brydsten 1999a/.
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Marine basins in Forsmark
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Figure 4-12. Map of Forsmark and Oregrundsgrepen. Forsmark model area (Basin SAFE area).

Table 4-7. Oceanographic and morphometric data for the model area at SFR 1 and
Oregrundsgrepen.

Parameter Parameter value Reference
Model area

Average depth 10m /Lindborg 2005/
Max. depth 19m /Lindborg 2005/
Area 11.5 km’ /Lindborg 2005/
Average age of water 0.66 day /SKB 2006b/
Oregrundsgrepen

Average depth 11,2m /Kautsky 2001/
Max. depth 60 m /Engqvist and Andrejev 1999/
Area 456 km” /Kautsky 2001/
Average age of water 6.3 days /SKB 2006b/
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The bottoms above SFR 1, which are more or less hard and relatively stable, have a rich fauna
and flora that are characteristic of hard bottoms, i.e. algae and sedentary animals. There are
large populations of vascular plants on the more fine-grained bottoms (from gravel and finer
sediments) in the area. The quantity of plants and animals is of the same order of magnitude

as in the Gris6-Singd area. But in the latter area there is much more bladderwrack (Fucus
vesiclosus) and blue mussels (Mytilus edulis). These two species prefer rocky but also bouldery
bottoms, which are less common in the area above the final repository. The very small amounts
of blue mussels may also be due to the fact that the area is affected more by Bothnian Sea
conditions (above all slightly lower salinity) and Graso-Sing6 than by conditions typical of the
Baltic Proper. The moss Fontinalis dalecarlica is common in the area, which indicates a strong
influence from the Bothnian Sea /Kautsky et al. 1999/.

A marine inventory of the plant and animal communities in different areas in Oregrundsgrepen
was undertaken in conjunction with the site investigations. The inventory shows that the plant
biomass is dominated by Vaucheria sp. and that the snail Hydrobia sp. and the Baltic mussel
Macoma baltica dominated the detrivore biomass /Borgiel 2005/.

The fish fauna has been studied in the area around Forsmark, particularly with respect to pos-
sible effects of cooling water discharge, special studies at the Biotest basin, and environmental
monitoring at the nuclear power plant. An inventory of the fish population in the Forsmark area
was conducted in conjunction with the site investigations. The dominant fish species in terms of
share of catch frequency included perch, ruffe, roach and Baltic herring /Heibo and Karés 2005/.

There are periodically large numbers of diving ducks in the area around Forsmark, such as eider,
as well as other sea birds such as cormorant, arctic skua, etc. Birds of prey such as osprey and
white-tailed eagle are also found there. The number of different bird species recorded during the
period 2002-2004 was 96 /Green 2005/.

4.7.3 Terrestrial environs

The vegetation is affected by the bedrock, the Quaternary deposits and human use of the land.
The bedrock in Forsmark consists for the most part of granite. The Quaternary deposits consist
for the most part of wave-washed till. The till is covered in most cases by forests, which are
dominated inland by pine and spruce. But there are quite a few hardwood species as well,

such as alder, aspen, ash, rowan, and birch, especially near water /Lindborg 2005/. The till is
lime-rich, which means that the undergrowth is luxuriant with rare species such as orchids.

In protected locations, the flat shore often results in coastal meadows rich in vegetation that
are periodically flooded. In locations exposed to wave action the shore is sometimes boulder-
strewn, stony and gently sloping.

In parts of the catchments, lakes and wetlands make up a large portion. The wetlands cover
10%, 12% and 17% of the main catchments Forsmark 1, 2 and 8§, respectively. In some of the
subcatchments, wetlands comprise between 2% and 3% of the area, see Figure 4-13. Many

of the wetlands are often classified as rich or extremely rich fens, due to the lime-rich water
flowing through them. These fens are dominated by brown mosses (Scorpidium scorpioides)
/SKB 2006a/. The vegetation contains many herbaceous plants, such as orchids. On high-lying
areas there are peat bogs with sphagnum moss /Lindborg 2005/. In these areas it is also possible
to find fens, but they are rare, mainly due to the short time that has passed since the area rose
from the sea. The wetlands can be roughly classified into two types: those that accumulate
peat and those where there is a high rate of decomposition, thereby minimizing peat formation
/SKB 2006a/.
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Figure 4-13. Different types of wetland areas around Forsmark /SKB 2006a/.

Most lakes in the area are oligotrophic hardwater lakes, in other words nutrient-poor, clear lakes
with a high pH and a lot of buffering carbonates. They are often rich in stoneworts, which,
together with blue-green algae, form the “algal gyttja” characteristic of these lakes /Brunberg
and Blomqvist/, see also /Andersson 2005/. Since the area is flat it is very suitable for studying
the process of land uplift and the isolation and silting-up of lakes in the area. An example is
Lake Fiskarfjarden just SW of SFR 1, which is of national interest /Brunberg and Blomqvist
1998/.

Most of the wetlands and lakes have been subjected to drainage and water regulation projects
aimed at gaining arable land or running water for the iron mills in northern Uppland /Brunberg
and Blomgqvist 1998/.

Two major rivers, Forsmarksan and Olandsén, drain into Kallrigafjarden Bay south of Forsmark.
The annual average discharge from the Forsmarksan River (catchment: 375.5 km?) is 3.0 m3/s
and from the Olandsén River (catchment: 880.9 km?) 6.5 m®/s /Larsson-McCann et al. 2002/.

The most commonly occurring large mammal in the area around Forsmark, with the greatest
number of individuals, is roe deer /Cederlund et al. 2003/.
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Wells

There are both drilled and dug wells in the Forsmark area. Analyses of the well water show that
the water quality varies from potable to non-potable. There are wells drilled in rock that exhibit
salinities above the taste limit and relatively high calcium and iron contents. Another common
problem is infiltration of surface water, which gives a humus taste to the water. Most of the
vacation homes in the area have dug wells. The water quality in most of these wells is also poor
or non-potable, especially in wells that are not in use. The water quality in a microbiological
sense has been judged to be non-potable or of impaired potability due to a very high concentra-
tion of coliform bacteria and/or E. coli. Chemically speaking, the water quality in all wells has
been deemed to be of impaired potability due to high concentrations of organic substances, iron,
manganese, chloride etc /Ludvigsson 2002/.

The groundwater level generally lies very close to the ground surface in the Forsmark area.
Measurements in the area have shown that the groundwater level in the soil layers is no deeper
than one metre below the ground surface, while it is slightly deeper in the bedrock. The gradient
is thus directed downward at many places, except in pronounced discharge areas. However, it

is not only the groundwater level that is important for locating wells; geology is also of great
importance for well yield. The permeability of the bedrock or the Quaternary deposits must be
sufficiently high so that water can run to the well. Well yield can be good in both recharge and
discharge areas. The flat topography in the Forsmark area makes it possible to locate wells in
both local high-lying areas and low points /SKB 2006a/.

Data on well yield, well depth and the specific capacity for rock wells have been compiled by
/Gentzschein et al. 2006/.

Table 4-8 is taken from the report and shows information on the wells, which is also shown in
Figure 4-14. Green and black dots in the figure represent data from rock wells stored in the Well
Archive /Gentzschein et al. 2006/, for further information see www.sgu.se. Red dots represent
data from the site investigation in Forsmark, modelling phase 1.2 /Gentzschein et al. 2006/.
What distinguishes the green and black dots is nearness to the candidate area in Forsmark. The
location of the green and black dots reflects where people live. The depth to which wells have
been drilled in the rock at different places depends on a number of factors, of which the risk of
salt water intrusion is significant. This risk increases with depth. Another factor of importance is
the water need, a third is the possibility of finding water-conducting fractures.

Interesting parameters are well yield, well depth and specific drawdown. The latter indicates
how much water the well yields per metre drawdown of the groundwater level, i.e. Q/s where Q
is the well yield in litres per hour and s is the drawdown in metres when Q was measured. Q is
usually determined at full drawdown, i.e. when the groundwater level is at the same level as the
bottom of the well, i.e. s = D where D is well depth.

Table 4-8. Well yield (Q), depth (D) and specific capacity (Q/D) for wells in Osthammar
Municipality /Gentzschein et al. 2006/. OM (Osthammar municipality) = black dots;
GZ (Guard zone) = green dots; FA (Forsmark area) = red dots.

Variable Category Number of wells Median Average Min. Max.
Q (I/n) oM 1,664 500 1,184 1 27,000
Gz 281 700 1,467 1 10,000
FA 22 12,300 19,141 216 72,000
D (m) oM 1,664 52 58.6 7 180
GZ 281 50 52.5 7 131
FA 22 143 144 26 300.55
Q/D (I/h/m) oM 1,664 9,211 30.78 0 1,687.5
Gz 281 15 46.04 0 1,142.86
FA 22 70.95 196.64 2 901.317
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Figure 4-14. Wells in northern Uppland /Gentzschein et al. 2006/.

4.7.4 Turnover of organic material

Turnover of organic material can provide a measure of how certain radionuclides, especially
C-14, can be spread and cycled in the biosphere, which is why the mass balance and turnover
of carbon for the Forsmark area has been studied for both the terrestrial environment and the
marine area /Lindborg 2005, Kumblad 2001, Kumblad and Kautsky 2004/.

The studies of carbon turnover in the surface ecosystems show that the residence times for
carbon vary widely /Lindborg 2005/. Carbon turnover in the sea was modelled initially for

the SAFE study, after which an update has been done /Kumblad and Kautsky 2004/. In the
terrestrial ecosystem, the theoretical residence time for carbon is long, up to 10,000 years, while
it is much shorter for the aquatic areas, and only a few days for outer near-coastal areas. Mean
residence times for fresh water systems can, however, vary widely depending on sediment
layers and water residence times /Lindborg 2005/. Accumulation of radionuclides in organic
material and water can therefore take place during no more than 10,000 years in the present-day
Forsmark area.
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4.8 Geology

A large number of geophysical, geological-structural and hydrogeological investigations have
been carried out in the Forsmark area (see below) in conjunction with the construction of the
nuclear power plant and SFR 1 and during the site investigation for the final repository for spent
fuel:

(i) Preliminary investigations and investigations in conjunction with the construction of the
power plant (units F1, F2, F3) and cooling water tunnels.

(i1) Preliminary investigations and supplementary preliminary investigations for siting of SFR 1.
(ii1) Detailed characterization of encountered fracture zones at SFR 1.

(iv) Geological follow-up of tunnels and rock caverns in SFR 1 and measurement of surround-
ing groundwater pressures and inflows in the tunnel system in SFR 1.

(v) Site Investigations in Forsmark for the final repository for spent fuel.

The results of these investigations are presented in the following reports:

»  With respect to geophysics and geology, the fundamental results are presented in /SKB 1982,
Carlsson et al. 1986, Tirén 1989, SKB 2005/.

»  With respect to hydrogeology, the fundamental results are presented in reports where
groundwater pressures have been recorded in boreholes, see /Arnefors and Carlsson 1985,
Carlsson et al. 1986, Andersson et al. 1986, Danielsson 1985, 1986, Danielsson and Larsson
1988, Johansson et al. 2005/.

4.8.1 Quaternary deposits

Investigations of the sea floor at SFR 1 have shown that the rock is for the most part covered by
bouldery till with occasional outcrops, see also section 4.7.2.

4.8.2 Existing rock types

The bedrock around SFR 1 is composed of three main rock types /Bodén and Lundin 2007,
SKB 2006e/:

(i) Felsic to intermediate metavolcanic rocks formed early during the Svecofennian orogeny.
These rock types comprise the area’s oldest bedrock and dominate the uppermost
600 metres of the access tunnels.

(il) Granitoids of Svecofennian age, more or less foliated. The granitoids dominate in the
northern half of the repository area and also constitute the dominant rock type in adjacent
land areas.

(iii) Pegmatites (coarse-grained rocks) of at least two generations infuse the rock mass. The
older pegmatite is partially granitic and constitutes the dominant rock type from about
600 metres into the access tunnels up to the southern part of the repository area.

4.8.3 Fracture zones

The bedrock in the Forsmark area is fractured in a general block-like pattern. The deformation
zones (the fracture zones) can be divided into regional (larger than 10 km) and local zones
(smaller than 10 km) /Andersson 2003/. The Sing6 Zone is a steeply dipping regional zone,
longer than 10 km. Zones 3, 6, 8 and 9 are steeply dipping local fracture zones. Zone H2 is a
local subhorizontal fracture zone, see Figure 4-15. The local zones have been interpreted on
the basis of results from investigation boreholes in the near-field and observations in tunnels.
Zone 6 intersects four of the disposal tunnels (1BTF, 2BTF, BLA and BMA); zone H2 lies sub-
horizontally beneath the facility, while the other local zones lie around the facility. The fracture
zones around the facility are shown in Figure 4-15.
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Figure 4-15. Interpreted fracture zones around SFR 1 and the tunnel system at SFR 1 /Holmén and
Stigsson 2001a/. FRACTURE ZONES: Purple = H2. Dark blue = 3. Dark red = 6. Yellow = 8. Green
= 9. Light blue = Singo Zone. TUNNELS: Grey = Access. Red= Silo. Dark blue = IBTF. Light blue =
2BTF. Green= BLA. Yellow= BMA.

The fracture zones in the rock around SFR 1 are modelled in the deformation zone model
/SKB 2006¢/. The fracture zones are also presented in the reports /Holmén and Stigsson 2001a/.

4.8.4 Rock mechanics

The mechanical properties of the rock have been determined on the basis of seismics, mapping
and testing of drill cores as well as rock stress measurements. Based on these measurements,

a rock mechanical analysis was performed of the rock nearest the silo with connecting tunnels
/Stille et al. 1985/.Table 4-9 summarizes some of the values used there for the initial mechani-
cal properties of the rock. The rock mass was judged to be of good quality, which was also
confirmed by experience from the rock cavern works when different rock support measures
were carried out. Rock vaults and tunnels are reinforced with rock bolts and fibre-reinforced
shotcrete. The bolts are made of untreated rebar grouted with cement paste.

A thorough mapping of fractures and fracture zones in the tunnels was done in connection
with the geological follow-up after the completed rock construction works /Christiansson and
Bolvede 1987/. The mapping showed that most of the fractures contain some type of fracture-
filling mineral, usually calcite, chlorite and laumontite.

Table 4-9. Estimated values of the mechanical properties of the rock mass /Stille et al. 1985/.

Parameter Estimated value MPa
Maximum horizontal stress 10
Minimum horizontal stress 5
Tensile strength of rock mass 10
Deformation module of rock mass 20,000
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4.9 Hydrogeology

4.9.1 Near-surface groundwater conditions on land

Till is the dominant type of Quaternary deposit, covering about 75% of the Forsmark area.
Boulders occur frequently, but cover only about 5% of the area. Hydraulic conductivity is a
measure of the permeability of the rock. Investigations show as expected that hydraulic conduc-
tivity is much higher in the upper part of the till than further down. The hydraulic conductivity
in the upper part of the till is estimated at 10°-10~* m/s, while the specific yield is estimated at
between 10 and 20%, with the higher values nearer the surface. Based on the measurements of
the total porosity of the upper part of the till, the total porosity has been estimated to be between
30 and 40% /Werner et al. 2007/.

Below the uppermost metre in the till, the total porosity and the specific yield are estimated
at 20-30% and 2—5%, respectively. Data from the site investigations at Forsmark in conjunc-
tion with SR-Can suggest a higher hydraulic conductivity in the contact zone between the
Quaternary deposit and the rock than in the till itself. The hydraulic conductivity has a
geometric mean value of 1.3-10° m/s, while the value for the till is 1.2-10°° m/s /Werner et al.
2007/.

In Forsmark, precipitation is the main source of water for recharging the groundwater.
During the summer, however, the lakes in the area can serve as a source for groundwater
recharge in the aquifer in the till in the area immediately surrounding the lakes. Due to low
vertical conductivity in the bottom sediments, however, this water exchange is low. The
Baltic Sea can also serve as a source of groundwater recharge, especially during periods
of high water level /Juston et al. 2007/.

In the Forsmark area, the groundwater levels are near the surface in the soil layers,

since there is plenty of water for groundwater recharge during most of the year, small
topographical gradients and relatively low hydraulic conductivity. The diurnal variations in
groundwater levels clearly show the effect of evapotranspiration on the groundwater during
dry periods. An interesting observation is that where it is possible to compare groundwater
levels in the soil layers with those in the rock at the same place, the groundwater level in the
rock is often considerably lower than in the soil layers. This means that there is a downward
groundwater flow /Werner et al. 2007/.

The low regional topographical gradients and the local small-scale topography, in combina-
tion with the sharp decline in hydraulic conductivity with depth, both in the Quaternary
deposits and in the rock, leads to the formation of local groundwater flow systems. The
shallow and highly dynamic groundwater levels in the Quaternary deposits also give rise

to variations in time of the size of the recharge and discharge areas in the local shallow
groundwater systems /Werner et al. 2007/.

4.9.2 The hydraulic conductivity of the rock

The rock at SFR 1 is a fractured crystalline rock. The groundwater flow in such rock takes place
in open fractures in the rock mass, so that the hydraulic conductivity is dependent on the proper-
ties of a large number of interconnected open fractures. Thus, the hydraulic conductivity of a
given rock volume is dependent on the fracture system inside the studied volume /Gustafson

et al. 1989, Wikberg et al. 1991/.

Since the integrated properties of the fracture system vary with the size of the studied rock
volume, conductivity is scale-dependent /Holmén and Stigsson 2001a/.

A large number of hydraulic tests have been conducted in the rock mass surrounding the tunnels
at SFR 1. The interpreted fracture zones surrounding SFR 1 have been tested hydraulically by
straddle-packer tests (3 m between the packers). Twenty such tests have been carried out in
zone H2, while fewer tests have been performed in the other zones (two to five tests per zone).
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The tests show that zone 3 is the most permeable zone; the three tests performed in this zone
give a geometric mean value of the hydraulic conductivity of 2.9-10°m/s /Holmén and Stigsson
2001a/. The hydraulic conductivity from previous studies has been summarized in /Holmén and
Stigsson 2001a/ for all fracture zones and is presented in Table 4-10.

An analysis of the uncertainty in the calibration of the hydrogeological model constructed in
/Holmén and Stigsson 2001a/ is presented in /Holmén 2005/. This study is an inverse modelling
of (i) the inflow of groundwater to the tunnel system at SFR 1 and (ii) the estimated hydraulic
conductivity for zones and rock mass defined with an uncertainty range. The study shows that
the current inflow of groundwater to SFR 1 can be reproduced by hydrogeological models

with very different combinations of hydraulic conductivity values for zones and rock mass.
Considerable deviations from the estimated hydraulic conductivity values can occur.

A representative mean value of the hydraulic conductivity of the rock mass is dependent on
both the studied scale and flow direction of the groundwater. The conductivity of the rock
mass between the fracture zones also depends on how fracture zones are defined. One should
therefore be careful in giving a general value for the conductivity of the rock mass. However,
by studying the inflow of groundwater to the tunnel system for the current situation with
drained tunnels, it is possible to estimate an equivalent conductivity (representative mean) for
radial flow towards the tunnels. Such a value is applicable on the scale given by the size of
the disposal tunnels and the distance to the sea floor. For the rock mass around the tunnels and
between the interpreted fracture zones, the hydrogeological model study /Holmén 2005/ gives
a hydraulic conductivity value between about 210~ m/s and about 7-10 m/s. For the rock
mass nearer the sea floor (from the sea floor to a depth of about 25 m beneath the sea floor),
the conductivity is estimated to be an order of magnitude greater; these hydraulic conductivity
values can be described as equivalent conductivity for the rock mass between fracture zones in
the near-field of SFR 1 and for radial flow towards the tunnels /Holmén and Stigsson 2001a,
Holmén 2005/.

4.9.3 Groundwater inflow

Measurements of groundwater seepage inflow in SFR 1 are performed according to a monitor-
ing programme. The previously noted declining trend in total pumped-out volumes of water
appears to have levelled off. The total flow, which was 44 m3/h in 1988, has declined to a stable
value of about 20 m*h in 2006, see Table 4-11, Figure 4-16 and Figure 4-17 /Bodén and Lundin
2007/. The increased inflow in BMA during 2006 (see Table 4-11) can in all probability be
explained by the fact that a new water meter was installed in early 2006.

Table 4-10. Hydraulic conductivity and thickness /Holmén and Stigsson 2001a/.

Zone Hydraulic conductivity [m/s] Approximate thickness Number of
(geometric mean) of the zone (m)] tests

H2 3.4-107 6 20

3 29-10° 6 3

6 2.1-107 2 2

8 51-107 9 5

9 9.8-10° 3 4
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Lower drainage basin (NDB)

Figure 4-16. Overview of underground part of SFR 1 /Bodén and Lundin 2007/.
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Figure 4-17. Groundwater inflow to SFR during the period 1988-2006 (UB = maintenance building,
NDB = lower drainage basin) /Bodén and Lundin 2007/.

4.9.4 Groundwater chemistry

Sampling of the groundwater at SFR 1 is done according to a special monitoring programme
/SKB 1988/ started in the late 1980s. The samples are taken in boreholes specially intended

for analysis of hydrological conditions and chemistry (see Figure 4-18). The holes are fitted
with packers that make it possible to study different borehole sections, for example particularly
conductive zones. A plastic hose leads from each packered-off section to the mouth of the hole,
where the sampling equipment is connected. Annual chemical samplings have been performed
since 1996 in four observation points located in four different boreholes. Every fifth year a more
extensive sampling is performed that includes all boreholes and borehole sections that yield
water. The results are summarized in annual reports for SFR 1, see for example /Nilsson 2005/.
The most recent major sampling took place in the autumn of 2006 /Nilsson 2007/. Samplings of
the more extensive kind were also performed in 2000 and 1995.

Figure 4-18. Three-dimensional presentation of the tunnel system in SFR 1 with deformation zones and
boreholes. The location of the four boreholes included in the monitoring programme is shown by the

red arrows in the figure /Nilsson 2007/. A description of the different zones is provided in /Holmén and
Stigsson 2001a/.
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When all values obtained since the start of the monitoring programme in 1989 are compared,
only small changes are found in the water composition in the different monitoring points
(Table 4-12). The chemical analyses show the changes occurring in the groundwater system
around SFR 1. Each of the sampled boreholes represents a special situation. A short description
of the different boreholes follows below:

KFRO1 (HK 1): The hole enters the conductive Singd Zone, and the water samples show a
stable composition with very slightly declining salinity. The change may be
due to the fact that the water turnover in the zone is affected by the access
tunnels, due to either a very small input of fresh water and/or a slightly larger
input of water from Oregrundsgrepen. The very weak transient in the chloride
concentration for the Singd Zone shows that its flow regime is only slightly
affected by the drawdown in the facility. Since the lowest values of the chlo-
ride ion concentration were measured in around 2000/2001, the chloride ion
concentration has increased slightly again and now lies around 3.4 g/l /Nilsson
2005/.

KFR7A (HK 7): The borehole represents the conductive zone H2, which is located underneath
the facility. Due to the water inflow, deeper and more saline water was
initially drawn into the facility. The salinity increased from 5 to 5.5 g/l by
1989. The salinity then declined very slowly until 2000, when it stabilized
at a constant level. The slow change is probably due to the fact that a larger
fraction of water from Oregrundsgrepen gradually replaces the water that was
previously present throughout the rock mass, causing a decline in salinity.

KFRO8 (HK 8): The hole enters zone 8, which is in contact with zone H2, and thereby gives
a picture of how water from Oregrundsgrepen penetrated into the rock (the
zone) long before the water could be detected at greater depths /Wikberg
1999/. Of all the boreholes studied, the groundwater in KFROS has the salinity
and water composition that most resembles the water in Oregrundsgrepen.
Furthermore, the salinity has remained more stable than in the other bore-
holes.

KFR10 (HK 10): The hole represents the situation in the rock (central in facility at mid-height
of silo). Up until 1991 the situation in the borehole was more or less steady-
state. The change after 1991 has taken place very slowly and resembles the
change in KFRO1 and KFR7A, i.e. it appears as if a very slow intrusion of
water takes place from Oregrundsgrepen, but just as in the case of KFR01
the decrease in chloride ion concentration has levelled off and even started
to increase slightly again (cf. Table 4-12).

Groundwater is a blend of waters with different origins when considered over a long enough
period of time. Consistently high magnesium concentrations indicate that the groundwater in
SFR 1 is mainly of marine origin. In the cases when the chloride concentrations are moreover
higher than in Oregrundsgrepen, this indicates that the groundwater contains a considerable
fraction of connate marine water from the Littorina Sea (about 7,000 years ago). Relatively
high concentrations of O-18 also suggest a marine origin. The boreholes that exhibit the lowest
concentrations of O-18 and tritium are all located in rock between zones and often relatively
deep down. Here there is probably a larger fraction of glacial meltwater and possibly also more
deep salt water not of marine origin. Moreover, low tritium concentrations indicate that the
fraction of modern surface water is very low.

The results of the most recent water analyses in 2006 for the most important components from
all boreholes are given in Table 4-13 /Nilsson 2007/. Drainage of the facility is expected to lead
to a gradual change towards the composition in the sea above the repository.
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Table 4-12. Measured chloride ion concentration (mg/l) /Nilsson 2007/.

Year KFRO1 (HK1) KFR7A (HK7) KFRO8 (HK8) KFR10 (HK10)
1989 4,090 5,380 3,170 4,430
1990 3,950 5,300 3,100 4,210
1991 3,870

1992 3,840 5,240 3,150 4,030
1994 3,840 5,190 3,120

1995 3,767 5,045 3,106 4,180
1996 3,660 4,850 2,950

1997 3,630 4,670 2,920

1998 3,590 4,590 2,840

1999 3,550 4,700 3,230 3,860
2000 3,530 4,460 3,160 3,905
2001 3,300 3,900 2,800 3,400
2002 3,400 4,000 2,800 3,700
2003 3,430 3,960 2,920 3,870
2004 3,442 3,950 2,823 4,017
2005 3,359 3,940 2,821 4,010
2006 3,421 4,030 3,033 4,138

Table 4-13. Chemical composition of the groundwater in all investigated boreholes in SFR 1
and in Oregrundsgrepen in 2006 (ion concentrations in [mg/l] unless otherwise stated)
INilsson 2007/.

Parameter Measured values 2006
SFR 1 Oregrundsgrepen

pH 74-7.6 7.8
HCO; 69-133 80
SO, 170-480 430
Cl 2,790-4,200 2,900
F 1.01-1.50 -
Na 1,320-1,610 1,600
K 6-33 63
Ca 320-1,050 90
Mg 106-190 200
Mn 0.7-2.9 -
Fe 0.43-3.5 -
Tritium (°*H) 1.7-10 13
60-18 (%0 SMOW)* —-8.0--13.9 -8

* SMOW = Standard Mean Ocean Water.
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5 Safety functions and safety
performance indicators

5.1 Introduction

The terms “safety functions” and “safety performance indicators” (called safety function
indicators in SR-Can) were introduced in the safety assessment of the KBS-3 repository for
spent nuclear fuel, SR-Can /SKB 2006a/, where a more detailed description than the following
one is provided. Safety functions and safety performance indicators pertain to the period after
the repository has been closed (the post-closure period).

In this chapter, similar terms and methods are applied to the final repository for radioactive
operational waste, SFR 1. In contrast to a KBS-3 repository, where safety is largely based on
total isolation of the radionuclides, safety in SFR 1 is based on a limited quantity of activity
and retardation of the radionuclides by the engineered barriers and the surrounding rock. This
retardation is achieved by means of limited water flows and sorption on different materials.

A general description of the use of safety performance indicators is provided in section 5.2.
The safety functions of SFR 1, along with the safety performance indicators, are presented
in section 5.3. Section 5.4 discusses which processes in the evolution of the repository are
important to analyze based on the safety performance indicators.

5.2 Safety functions, safety performance indicators and
criteria for safety performance indicators — general

The overall criterion for evaluating repository safety is SSI’s risk criterion, which requires that:
“the annual risk of harmful effects after closure does not exceed 107 for a representative indi-
vidual in the group exposed to the greatest risk”. An evaluation of this overall criterion is based
on lots of detailed analyses where the final risk is an integrated result of a number of different
evaluations which in turn use a large set of input data.

5.2.1 Safety functions

A complete description of how the principal safety functions of limitation and retardation

are achieved by various components in the repository system is required for a detailed and
quantitative understanding and evaluation of repository safety. Based on an understanding of
the properties of the components and the long-term evolution of the system, a number of safety
functions that are subordinate to limitation and retardation can be identified in SR-Can.

In this respect, a safety function is defined as the qualitative role whereby a repository
component contributes to safety. An example is the bentonite in the silo walls, which contributes
to reducing advective transport of solutes out of the repository. The safety function is then the
ability to restrict advective transport.

5.2.2 Safety performance indicators

In order to be able to evaluate safety, it is desirable to be able to express or relate the safety
functions to measurable or calculable quantities. In the case of the ability of the bentonite wall
to restrict advective transport, hydraulic conductivity is a suitable quantity to use to judge
whether this safety function is upheld. The hydraulic conductivity of the bentonite is therefore
defined as a safety performance indicator for this safety function. A safety performance
indicator is thus a measurable or calculable quantity by means of which a safety function

can be evaluated.
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5.2.3 Criteria for safety performance indicators

In order to determine whether a safety function is upheld or not, it is desirable to have a quanti-
tative criterion against which the safety performance indicator can be evaluated over the period
of time covered by the safety assessment.

However, the situation is different from other kinds of technical safety evaluations in one impor-
tant respect: the performance of the repository components does not generally change in discrete
increments. The repository will change continuously and there is no clear distinction between an
acceptable and a deficient performance for the individual barriers. It may therefore be difficult
or impossible to define relevant criteria for several safety performance indicators.

Therefore, no criteria for safety performance indicators have been defined for SFR 1 in this
assessment. The main purpose of the safety performance indicators is to guide the definition of
scenarios. This has been done by comparing the state of the performance indicator with what
has been assumed in the reference evolution. In principle, this means that alternative scenarios
are generated by the fact that the safety performance indicators deviate from the state in the
reference evolution.

5.2.4 Derivation of safety functions and safety performance indicators

In order for the safety functions and the safety performance indicators to be useful in the evalu-
ation of long-term safety, they should include as many aspects of long-term safety as possible.
It is therefore important to have a systematic approach to arriving at the safety functions.

The cornerstones in the derivation of the safety functions are:

1. The two main safety functions of limitation and retardation on which the design of SFR 1
is based.

2. The knowledge base that exists on the long-term evolution of SFR 1.

5.2.5 Summary
The following definitions have been introduced:
» A safety function is a role by means of which a repository component contributes to safety.

» A safety performance indicator is a measurable or calculable property of a repository
component that is used to indicate the extent to which a safety function is fulfilled.

Safety functions contribute to the safety evaluation, but they are neither necessary nor sufficient
to establish that the repository is safe.

5.3 Safety functions for SFR 1

In contrast to a KBS-3 repository for spent nuclear fuel, where total isolation of the waste is

the most important overall safety principle, safety in SFR 1 is based on the limited quantity of
activity in the waste and retardation of releases of radionuclides by the engineered barriers and
the geosphere. The conclusions from the use of safety performance indicators in SR-Can /SKB
2006a/ were that it is simpler and more straightforward to define criteria for safety functions that
pertain to isolation than those that pertain to retardation. This is due to the fact that isolation is
either intact or breached, while retardation changes gradually so that it is difficult or impossible
to define what acceptable performance is.

However, the method employing safety functions and safety performance indicators has proved
to be a good tool for analyzing the future function of a repository and for arriving at a compre-
hensive set of scenarios. This section presents a set of safety functions and safety performance
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indicators for SFR 1. The main idea here is to express the original safety philosophy for SFR 1,
supplemented with newfound knowledge of the long-term evolution of the repository, as a set of
safety functions.

The safety functions of SFR 1, in contrast to those of KBS-3, are not general for the entire
repository. The different repository parts have different safety functions. The low flow in the
geosphere and the repository’s location relative to the shoreline are the same for all parts.
The different safety functions in the different repository parts are:

1. BLA: Limited waste quantity.

2. BTF repositories: Limited waste quantity and hydraulic and chemical function of concrete
tanks.

3. BMA: Limited waste quantity and hydraulic and chemical function of concrete structures.

4. Silo: Limited waste quantity, hydraulic function of silo wall of bentonite and chemical
function of concrete structures.

The engineered barriers or other components that have a safety function are illustrated in Figure 5-1.

Waste

Concrete structures

i el
Concrete \Silo ri'
Silo wall—— 3

Concrete tanks Waste

Figure 5-1. Illustration of the engineered barriers or other components that have a safety function in
SFR 1. The waste in BLA has the safety function “limited waste quantity”; in the BTF repositories, there
is a limited waste quantity and hydraulic and chemical function of concrete tanks. In BMA, there is a
limited waste quantity and hydraulic and chemical function of concrete structures. In the silo there is a
limited waste quantity, hydraulic function of the silo wall of bentonite and chemical function of concrete
structures. The geosphere and the position of the shoreline are also associated with safety functions.
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5.3.1 The waste

The limited quantity of activity that may be deposited in SFR 1 is a prerequisite for the safety
of the repository, and the quantity of activity in the different waste parts has therefore been
selected as a performance indicator. Table 5-1 shows the activity quantity stipulated in the
radiation protection requirements /SSI 2003b/. Exceeding this quantity could be classified as
an unfulfilled safety function. The reason for the choice is that this activity has resulted in a
“safe repository” according to previous analyses.

5.3.2 Geosphere

A low groundwater flow through the repository is a prerequisite for its safe function. This is
particularly true of BLA, which lacks other retardation functions. Two safety performance
indicators that control the groundwater flow in the geosphere have been considered:

Hydraulic gradient

The site of SFR 1 was selected partly because of the low hydraulic gradient. The direction and
magnitude of the gradient change due to shoreline displacement, however. Today, when SFR 1
is below the sea floor, the gradient is slightly upward-directed. After about 1,000-2,000 years
the gradient is expected to increase and be more horizontal. In this later phase the gradient is
also expected to be controlled more by the local, rather than the regional, topography.

Table 5-1. The limitations that apply to SFR 1 /SSI 2003b/.

Nuclide Total silo BMA BTF BLA
[Ba] [Ba] [Ba] (1BTF+2BTF)  [Bq]

H-3 1.3-10" 1.3-10™

C-14 7.2:1072 6.8-102 2.9-10" 1.3-10" 2.6:10°
Fe-55 8.3-10™ 7.1-10% 1.0-10% 1.7-10% 2.3:10%
Ni-59 8.0-10% 6.810" 1.0-1072 1.5-10" 2.3:10
Co-60 2.1-10 1.8-10" 2.6:10™ 4.0-10" 5.8:102
Ni-63 7.3-10™ 6.3-10™ 8.8:10" 1.5-10% 1.9-10%
Sr-90 2.6:10™ 2.510% 6.5-102 2.7:1072 7.1-101
Nb-94 8.0-10° 6.8:10° 1.0-10° 1.5-108 2.3107
Tc-99 3.4-10" 3.3-10" 8.8:10° 3.6:10° 1.1-108
Ru-106 6.3-10" 6.1-102 1.7-10" 6.2:101 2.1-10°
1129 2.0-10° 1.9-10° 4.7107 2.2:107 6.4-10°
Cs-134 8.2:10™ 8.1-10™ 2.2:10% 1.1-10% 2.6:10"
Cs-135 2.0-10% 1.9:10 5.3-10¢ 2.2:10¢ 6.4-10°
Cs-137 5.1-101 4.9-10' 1.3-10% 5.3-10" 1.7-10%
Pu-238 1.2:10" 1.2:10% 3.1-101 1.7-10% 4.7-10°
Pu-239 4.0-10" 3.8-10" 1.2:10% 6.9:10° 1.9-108
Pu-240 8.1-10" 7.810" 1.9-10% 1.1-10% 2.9-10¢
Pu-241 4.3-10" 4.2:10" 9.4-10" 5.4-10" 1.5-101
Am-241 1.0-10" 1.0-10% 2.4-10" 1.3-10" 3.8:10°
Cm-244 1.2:10" 1.2:10" 2.810° 1.5-10° 4.410°
Total 1.0-10' 9.2:107 6.0-10™ 1.4-10% 1.2:10%
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Large local gradient variations can be expected within the repository. The gradient inside

a permeable tunnel is very small, while the gradient in the rock outside the tunnel is large.
Furthermore, water flows in and out through the tunnels in different sections, which naturally
means that the gradient varies inside the tunnel system as well. Given these facts, it is not
judged meaningful to define any criterion for the gradient, nor is this required according to the
introduction to section 5.3. The performance indicator “limited gradient” marks that this is an
important factor that affects the flow and thereby, by extension, the function of the repository.

Fracture transmissivity

The flow through the different parts of the repository is dependent on, among other things, the
transmissivity of the fractures in the rock, the connectivity of the fracture network, and how this
network is interconnected with the repository area. However, fracture transmissivity and con-
nectivity vary in the rock, which means that it is practically impossible to define any meaningful
criterion. The performance indicator “limited fracture transmissivity” marks that this is an
important factor that affects the flow and thereby, by extension, the function of the repository.

5.3.3 Engineered barriers — hydraulic function

The different engineered barriers in the repository constitute obstacles to the release of radio-
nuclides. Nuclides that are enclosed in moulds and other closed packages must first diffuse out
of the packages. In the repository parts that are designed as closed volumes, such as the silo,
transport is further hindered by the low hydraulic conductivity of the outer walls. A property that
all engineered barriers have in common is that they contribute to safety by means of the safety
function “limited advective transport”, and they have a common safety performance indicator,
hydraulic conductivity.

The low flow through BTF and BMA is partially controlled by the hydraulic conductivity of
concrete tanks and compartments. Increased conductivity results in increased flow, but there is
no exact value where the function can be regarded as lost.

BLA

In BLA the engineered barriers do not have any safety function.

BTF

Concrete tanks with dewatered ion exchange resins and steel drums with ashes are placed in
BTF. Concrete tanks are set up so that they form rooms with ash drums. The containers are
grouted with permeable concrete. The concrete walls in the tanks, together with the grout,
constitute the engineered barrier here and the low hydraulic conductivity in the walls of the
concrete tanks constitutes the safety performance indicator.

BMA

In BMA the radioactive waste is stored in concrete compartments that are covered with
prefabricated concrete blocks and overcast with concrete. The engineered barriers are the waste
package — consisting of waste, drums and moulds — and concrete walls. All these parts restrict
the transport of water through the waste. In this analysis, however, only one safety function

is defined for the concrete walls. The low hydraulic conductivity in the concrete is the safety
performance indicator.
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In intact concrete, the conductivity is so low that diffusion is the dominant transport mechanism.
But concrete is not a self-healing material in the same way as bentonite, and the possibility
cannot be excluded that there are cracks in the concrete walls, which could dominate the mass
transport.

Silo

Most of the waste in the silo is solidified in concrete or bitumen. The waste is surrounded
by the following engineered barriers:

* Waste package

» Grouting concrete and compartment walls
* Concrete silo walls

» Bentonite or sand/bentonite buffer

In the silo, a safety function can be attributed to the concrete walls and the bentonite buffer.
But the main limitation comes from the bentonite, so no safety function is used from the con-
crete (although the concrete walls could be handled in the same way as the walls in BMA, see
above). The hydraulic conductivity of the bentonite comprises a safety performance indicator.
The buffer in the walls can in principle be taken into account in the same way as the bentonite
buffer in a KBS-3 repository, which is described in /SKB 2006f, section 2.3.2/.

In order that the silo will retain its physical integrity and the water will not be pressed out due

to gas pressure, gas generated by corrosion and degradation of the waste must be able to escape
without causing any appreciable pressure build-up. If the gas pressure exceeds 50 kPa, there is a
risk that the silo will not perform as intended /Pusch 1985/. Gas pressure is a safety performance
indicator for limited advective transport in the silo.

Temperature

A prerequisite for the engineered barriers to retain their hydraulic function is that they do not
freeze. Frost damage can occur in concrete if the freezable water quantity is greater than 5 1/m?
/Emborg et al. 2007/. Already at temperatures below —5°C, the freezable water quantity in the
concrete is 17 1/m? in SFR 1, which means that it will suffer permanent damage. Temperature is
a safety performance indicator for limited advective transport in the silo.

All water in the bentonite in the silo does not freeze at 0°C; the fraction of water that freezes
increases with decreasing temperature. In clays, this is mainly due to the surface effects of
the clay particles /Emborg et al. 2007/. In the case of temperatures in the range —5 to —10°C,
the expansion caused by gradual freezing of a fraction of the water in the bentonite will not
cause any appreciable volume increase in the bentonite. The volume increase causes water to
be forced out of the bentonite as the frost front passes the repository and ice is formed. As far
as the bentonite itself is concerned, its function will probably not be appreciably altered by its
having frozen and subsequently thawed.

In addition to the fact that some of the water in the bentonite freezes when the temperature falls
below 0°C and thereby expands, and in this case is gradually forced out of the bentonite, the
reverse process also takes place. This entails that water is sucked into the freezing bentonite,
where it accumulates in ice layers that gradually grow in thickness. The ice layers normally
grow in a direction parallel to the heat flow. In this case, where we can expect a largely hori-
zontal frost front, the ice layers will therefore grow in thickness vertically. The driving force for
this process comes from the unfrozen water, which has a potential that is lower than that in the
surrounding free water. This lower potential is a consequence of the fact that the water does not
freeze at 0°C but at a lower temperature. The phenomenon is common in natural soil layers and
is then termed frost heave. The magnitude of frost heave is dependent on several factors.
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The most important ones are:

* the temperature gradient and thereby the speed of the frost front,
» the supply of water,

» the composition of the soil material that freezes,

* overburden pressure,

+ time available for freezing.

The frost heave in the silo can therefore not be linked directly to a certain temperature. In order
for it to have any appreciable effect in SFR 1, a long time is required for freezing. The important
thing here is not the absolute value of the frost heave, but the realization that it is necessary

to take into consideration the possibility that frost heave will occur in the repository and that
the rock mass above the repository may be lifted. This can open up both new and old fractures
in the rock mass. During a glaciation, these fractures are filled with ice and are not likely to
increase radionuclide transport around the silo. When the permafrost thaws, the ice melts.
During this process it is not likely that all fractures will close completely. This means that they
will not have the same appearance, thickness and conductivity as before freezing. Frost heave
can be of great importance for the performance of the silo, but the process cannot be expressed
with a specific performance indicator.

Waste packages

The waste packages in SFR 1 belong to the engineered barriers. They contribute to safety

by retarding the outward transport of radionuclides. Concrete moulds can contribute with
considerable retardation, while the effect of steel drums is more limited. However, the most
important engineered barriers are the tanks, the compartments and the silo walls, as mentioned
above. The properties of the waste packages are therefore not counted as a safety function in
this assessment.

5.3.4 Engineered barriers — chemical function

Sorption of radionuclides is one of the most important retarding safety functions in SFR 1.
Sorption takes place primarily inside the different repository parts, and is not due solely to the
design of the repository but also to the properties of the waste and the chemical composition of
the groundwater. A prerequisite for good sorption is a favourable chemical environment.

Sorption of radionuclides will occur in all repository parts and in the surrounding rock. But the
greatest potential for sorption exists in the repository parts that contain cement. The safety func-
tion “good sorption” is therefore defined as sorption on cementitious material, which includes
concrete walls, grout and waste packages. Many radionuclides sorb very strongly in bentonite,
rock and aggregate. Credit is taken for this in the nuclide transport calculations, but it has not
been defined as a safety function in this assessment because sorption on cement is assumed to
dominate compared with sorption on other materials.

The importance of the safety function “good sorption” in concrete barriers is strongly linked to
the chemical properties of the individual radionuclides. Some nuclides will not sorb under any
conditions, in which case the safety function does not exist at all. But most radionuclides can be
assumed to sorb very strongly under the conditions that exist in SFR 1. For many radionuclides,
sorption is linked to the chemical environment in the repository, and several safety performance
indicators are therefore based on the properties of the chemical environment. The different
nuclides will, however, be affected in different ways by the chemical environment. The
nuclide-specific values of the sorption coefficients are linked to a number of chemical safety
performance indicators, see Table 5-2.
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Table 5-2. Sorption coefficients for cement and concrete (kg/m?) /Cronstrand 2005/.

Great influence Great influence of  Great influence of
of pH redox potential complexing agents

Corg

C inorg

Cl

Co

Ni X
Se

Sr

Mo

Nb X
Tc(IV) X X
Ag

Sn X

Cs

Ho X

Np(IV) X X
Pu(IV) X X
Am

X X X X

High pH

In general, cations sorb best at higher pHs, while the opposite applies to anions. In natural
waters, however, where organic ligands and carbonates occur, it is not certain that sorption
increases with pH, since these ligands bind cations and thereby reduce their sorption, and com-
plexation also increases with pH. The chemical environment in the cement pores, high pH and
high calcium concentrations, necessarily means that the carbonate concentration is low, since it
is regulated by the calcite equilibrium. Carbonate is otherwise a strong complexing agent and
could prevent the sorption of numerous radionuclides. In the same way, high pH values and high
calcium concentrations keep the concentration of numerous other ligands low, such as oxalate.
Other ligands, such as a-isosaccharinic acid, sorb to cement, possibly by complexation with
calcium-rich solid phases. In summary, due to its unique chemical properties, cement has proved
to be excellent for keeping down the concentration of ligands that can prevent the sorption of
numerous radionuclides. As long as the cement matrix is not degraded, the pH in the pores will
be higher than about 10.5, and high pH is therefore an indication that the sorption properties in
SFR are favourable.

Reducing conditions

Some of the radionuclides are redox-sensitive, and for some sorption is much weaker under
oxidizing conditions. A low redox potential in the engineered barriers is expected to be main-
tained by the presence of metallic iron and organic material. Sorption of uranium, plutonium,
neptunium and technetium would decrease considerably under oxidizing conditions.
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Low concentrations of complexing agents

Organic compounds from degradation of the waste form (particularly cellulose) could form
complexes with the radionuclides and in this way compete with sorption on solid surfaces. It is
important to keep the quantity of complexing agents at low levels. The most important organic
complexing agent is isosaccharinic acid /Cronstrand 2005/.

Available sorption surface

Sorption always takes place on the surfaces of solid phases. Cement has a relatively large poros-
ity, and several of the solid phases of which cement consists are amorphous and have a large
specific surface area, which favours sorption. With time, most of the solid phases in cement
are slowly transformed into more crystalline substances, and a decrease in sorption capacity
can be expected. Degradation of cement that results in precipitations that reduce porosity
can also contribute to a reduction in sorption capacity.

5.3.5 Wells

In a relatively long time perspective, all outward transport of radionuclides is expected to end up
in the Baltic Sea. This is generally positive for the risk from the repository, but is not regarded
as a safety function. In the planning of SFR 1, however, a location beneath the Baltic Sea was
considered to be favourable in the sense that no wells could be drilled down to the repository
before the process of land uplift had reached the point where the repository is beneath land.

The absence of wells in the actual repository is therefore considered to be a safety function.
The performance indicator is the location of the repository in relation to the shoreline.

5.4 Summary, important process to evaluate over time

The methodology of safety functions and performance indicators from SR-Can /SKB 2006a/
has been applied in somewhat modified form to SFR 1. SFR 1 has been divided into a number
of components (barriers), each of which has been ascribed one or more safety functions. One
or more safety performance indicators have been defined for the safety functions. They are
summarized in Table 5-3.

Table 5-3. Components, safety functions and safety performance indicators.

Component Safety function Performance indicator
Waste Limited quantity of activity Activity in repository part
Geosphere Low flow in repository parts Hydraulic gradient

Fracture transmissivity
Engineered barriers Limited advective transport Hydraulic conductivity of concrete tanks in BTF
— hydraulic function Hydraulic conductivity of concrete walls in BMA
Hydraulic conductivity of bentonite
Temperature (bentonite)
Temperature (concrete)
Gas pressure in silo
Engineered barriers Good sorption in concrete barriers ~ High pH
— chemical function Reducing conditions
Low concentrations of complexing agents
Available sorption surface area

Biosphere No wells Location in relation to shoreline
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The safety functions and the safety performance indicators provide guidance on what processes
to study in the assessment. The quantity of activity in the waste will decrease with time. But it
is important to take into account the uncertainties in inventories and their distribution between
repository parts. In the geosphere it is important to study the heterogeneity of the flow in the
repository and the change in the hydrological conditions with time. For the engineered barriers,
degradation with time is one of the most important processes. Sorption is strongly linked to
changes in the chemical conditions in the repository.

In a very long time perspective, it is obvious that a number of the safety functions in SFR 1
will be lost. It is therefore necessary to carry out the assessment of repository performance on
different time scales. This is described in Chapter 6, section 6.1.
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6 Reference evolution for the repository and
its environs

6.1 Introduction

The reference evolution is a reasonable example of how the repository may evolve in the
future and what consequences this evolution will have for repository safety. In order to keep
this chapter from being too large, radionuclide transport and dose calculations are left until
Chapter 8. The chapter instead begins with a presentation of the external conditions that con-
stitute the basis for the description of the repository’s evolution. The description of the external
conditions or the evolution of the environs concerns shoreline displacement and the evolution
of the climate. This is followed by a description of how the surface ecosystem is expected to
evolve. An important time scale for climate evolution is the time for a complete glacial cycle,
which is around 100,000 years. The reference evolution described here offers two alternatives:
one where the latest glacial cycle, including the Weichselian glaciation, is repeated and one
where the anthropogenically increased greenhouse effect is taken into consideration /SKB
2006a/.

In the opinion of both SKB and the regulatory authorities, the first thousand years are the most
important period and require the most detailed analysis, see section 2.3.1. We have chosen to
divide the subsequent time into two periods in order to shed light on the changes in climate an
ice age would entail. The presentation of the evolution of the repository has thus been divided
into a total of three periods:

* The first 1,000 years after closure. During the first thousand years after closure the climate is
expected to remain temperate. Most of the activity will decay and the engineered barriers are
expected to retain their properties.

* The period from 3,000 AD to 20,000 AD. According to both of the alternative reference
evolutions for the climate, the climate continues to be temperate, possibly with some
sporadic shallow permafrost. During this period the engineered barriers may degrade and
the shoreline may be considerably displaced.

* The period from 20,000 AD until around 100,000 AD. During this period the repository is
expected to be frozen during long periods and the degradation of the engineered barriers to
be extensive.

For each period, a description is given of the evolution of the repository and its environs and an
evaluation is made of the status of the safety functions defined in Chapter 5. The descriptions of
the evolution of the repository have been divided into thermal, hydrogeological, mechanical and
chemical (THMC) evolution. The descriptions are comprehensive, but important information for
the continued assessment is summarized at the end of the account for each period together with
the status of the safety functions.

6.2 External conditions

The external conditions on the site affect the evolution of the repository. Shoreline displacement
and the climate are particularly important conditions for SFR 1, and they are therefore described
here. Important external conditions were identified by an examination of FEPs, see Chapter 3.

The external conditions at SFR 1 will change significantly during the period being analyzed in
the safety assessment. At the beginning of the assessment, shoreline displacement is the most
important external condition, while climate evolution is the most important in the longer term.
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Today it is not possible to forecast the evolution of the climate over the long time spans the
safety assessment needs to cover. It is, however, highly likely that the evolution of the climate
over the next 100,000 years will include periods of temperate conditions, periglacial conditions
with permafrost, glaciation and transitions between these climate domains. The reference evolu-
tion therefore includes these periods and transitions. As in SR-Can /SKB 2006a/, reconstructed
conditions for the past 120,000 years, including the Weichselian glaciation and the Holocene
interglacial, have been used as a reference evolution for the climate. The reference evolution
also includes an alternative climate evolution with an anthropogenically increased greenhouse
effect.

6.2.1 Shoreline displacement

During the last ice age, Sweden was covered by thick ice sheets. Large quantities of water were
bound in the ice sheets, which had a maximum thickness above Scandinavia of around three
kilometres /SKB 2006d/. When the ice melted the land mass was unloaded, which changed its
level, and at the same time the level of the surrounding sea. The net effect of land uplift and sea
level changed is called shoreline displacement (or migration).

Shoreline displacement and the processes it initiates, such as lake formation and terrestrializa-
tion, are among the most important changes expected to occur in the immediate future in the
surface ecosystem around the repository. An algorithm for the process of shoreline displacement
has been presented by /Passe 1997/. Parameter values have been estimated from measurements
in the Forsmark area /Hedenstrom and Risberg 2003/ in order to calculate future shoreline
displacement. The calculated shoreline displacement is presented in Figure 6-1.This shoreline
displacement was also used in the SR-Can safety assessment.

As a result of shoreline displacement, the shoreline will lie above SFR 1 in about a thousand
years.
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Figure 6-1. Calculated shoreline displacement for the Forsmark area from 8,000 BC to 8,000 AD,
based on algorithms for shoreline displacement according to /Passe 1997/ with parameter values from
/Hedenstrom and Risberg 2003/.
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6.2.2 Climate change

The following description of the evolution of the climate is a summary of a description done as
a supplement to the SAFE project /Vidstrand et al. 2007/. The supplement is in turn based on the
climate report from the most recent safety assessment for the final repository for spent nuclear
fuel, SR-Can /SKB 20064d/.

Climate evolution far in the future cannot be predicted with today’s knowledge. It is difficult to
describe a particular evolution that can be said to be the most probable. On the other hand, it is
very probable that the area above SFR 1 will undergo periods of different climate domains, and
all transitions between them. Three relevant climate domains have been identified for the site
and assessment period in question /SKB 2006d/:

* Temperate domain
* Permafrost domain

e Glacial domain

The temperature domain is defined as prevailing in regions without permafrost or ice sheets.
It is dominated by a temperate climate in a broad sense, with cold winters and either warm or
cold summers. Precipitation occurs throughout the year, as either rain or snow. The temperate
domain has the warmest climate of the three climate domains.

The permafrost domain is defined as prevailing in regions with permafrost but without an ice
sheet. Permafrost is in turn defined as land where the temperature remains at or below 0°C for
at least two years in a row. How deep the permafrost can grow is a function of such factors

as the heat balance at the ground surface, the thermal properties of the rock, the nature of the
ground surface and the geothermal gradient. The permafrost domain has a cold climate, colder
than the temperate domain, but warmer than periods with a glacial domain. Precipitation can
occur in the form of snow or rain /French 2007/.

The glacial domain is defined as a region covered by an ice sheet. The glacial domain has the
coldest climate of the three climate domains. Precipitation normally falls as snow. For a more
detailed description of climate domains, see /SKB 2006d, Vidstrand et al. 2007/.

The reference evolution is based on reconstructed conditions for the past 120,000 years, i.e.

for the latest glacial cycle with the Weichselian glaciation. The reconstruction has been done
for the past 120,000 years, but this safety assessment only covers the first 100,000 years.

The reasons for studying 100,000 years are given in section 2.3.2. The reference evolution is
therefore only described for 100,000 years. The reference evolution also includes an alternative
climate evolution with an anthropogenically increased greenhouse effect. Both of these are
described below.

Climate evolution based on the latest glacial cycle

A climate evolution based on a reconstruction of the conditions at Forsmark during the latest
glacial cycle, including the Weichselian glaciation, is illustrated in Figure 6-2. The reconstruc-
tion has been arrived at with the aid of simulations of ice sheet dynamics, isostasy and perma-
frost growth for the past 120,000 years. Descriptions of these simulations are found in SR-Can’s
climate report /SKB 2006d/. The reconstruction described for the Forsmark area applies to a
great extent to SFR 1. The calculation of permafrost depth is based on properties of the rock

on the envisioned site for a final repository for spent nuclear fuel. The siting of the repository
determines when water-covered conditions prevail. The ground surface above SFR 1 is located
today and for the next 1,000 years beneath the sea, unlike the repository in the SR-Can safety
assessment. The permafrost depths reported in this report are calculated without heat input from
a KBS-3 repository for spent nuclear fuel.
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Figure 6-2. Climate domains for the reference evolution based on reconstructed conditions at Forsmark
for the latest glacial cycle /SKB 2006d/. The upper figure shows how large a fraction of the studied time
is represented by the various climate domains. By basal frozen (cold-based) is meant that the lowermost
parts of the ice sheet are frozen to the bed, and that no meltwater is produced, while basal melting
(warm-based) means that the lowermost part is at the pressure melting point, and meltwater is gener-
ated by the ice. Note that the surface above the repository lies beneath the sea for the first thousand
years, which is not evident from the figure.

This climate evolution starts with a period of temperate climatic conditions that lasts for

8,000 years, of which roughly the first 1,000 years are under water for SFR 1. This is followed
by alternating periods of periglacial and temperate climate domains. During the glacial cycle
the climate goes gradually towards colder conditions, which is reflected in longer periglacial
periods and shorter temperate periods as time passes. Ice covers the site on two main occasions
during the glaciation, see Figure 6-3. During most of the time the ice sheet covers the site

the ice is basal melting (warm-based), i.e. unfrozen conditions prevail in the transition zone
between ice and bed, providing conditions for groundwater recharge. After the two glacial
periods the site is isostatically depressed beneath the surface of the sea after the ice has left the
area. For SFR 1, which is under water today, these periods will be slightly longer than is shown
in Figure 6-2, which applies to the proposed site at Forsmark for a final repository for spent
nuclear fuel. The time between these glaciations is dominated by periglacial conditions with
permafrost. The maximum thickness of the ice sheet is about three kilometres. For more detailed
information on this climate evolution see SR-Can’s climate report /SKB 2006d/.

The evolution in Figure 6-2 and Figure 6-3 is not a prediction of future conditions but a relevant
example of how climate and climate-related parameters covary during a glacial cycle /SKB
2006d/.

Climate evolution with increased greenhouse effect

This climate evolution describes conditions that include human-induced climate change
according to, for example, /IPCC 2001, 2007, BIOCLIM 2004/, mainly by emissions of
greenhouse gases. Both the global mean temperature and the temperature in Sweden are increas-
ing due to an increased greenhouse effect. A temperate climate domain is assumed to prevail
during the first 50,000 years, followed by the first mild period of climate evolution based on the
reconstruction of the Weichselian, Figure 6-4. The reconstruction in Figure 6-4 was done for the
proposed siting of the final repository for spent nuclear fuel in the Forsmark area. The difference
compared with the site for SFR 1 is that SFR 1 initially, and for the next thousand years, lies
under water. It is assumed that the start of the next ice age will be delayed, which means that
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Figure 6-3. Evolution of ice sheet, permafrost depth and relative shoreline displacement (relative

to today's shoreline) for the reference evolution based on reconstructed conditions at Forsmark for
the latest glacial cycle, modified from /SKB 2006d/. By basal frozen (cold-based) is meant that the
lowermost parts of the ice sheet are frozen to the bed, and that no meltwater is produced, while basal
melting (warm-based) means that the lowermost part is at the pressure melting point, and meltwater
is generated by the ice. Note that the surface above the repository lies beneath the sea during the first
thousand years, which is not evident from the figure.

the glaciation periods will be shorter than in the climate evolution based on the repetition of the
Weichselian glaciation. A total melting of the Greenland ice sheet is also assumed, which leads
to a sea level rise. According to the isostatic modellings reported in SR-Can’s climate report
/SKB 2006d/, however, land uplift (isostatic rebound) is great enough to compensate for the sea
level rise. The uncertainty in the reported shoreline displacement is relatively great, however.
Shoreline displacement takes place in this variant of the climate evolution as well, but it is less
than in the climate evolution based on the latest glacial cycle.

In summary, this results in an evolution that begins with 70,000 years of temperate climatic con-
ditions, with the first short periods of periglacial conditions coming after around 60,000 years.
Periglacial periods with heavy permafrost start after about 75,000 years. The first glacial period
with an ice sheet above SFR 1 occurs after around 100,000 years. The evolution of the ice
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Figure 6-4. Climate domains at Forsmark for the reference evolution with an anthropogenically
influenced climate with increased greenhouse effect /SKB 2006d/. The upper figure shows how large a
fraction of the studied time is represented by the various climate domains. By basal frozen (cold-based)
is meant that the lowermost parts of the ice sheet are frozen to the bed, and that no meltwater is
produced, while basal melting (warm-based) means that the lowermost part is at the pressure melting
point, and meltwater is generated by the ice. Note that the surface above the repository lies beneath the
sea during the first thousand years, which is not evident from the figure.

sheet, permafrost and shoreline displacement is shown in Figure 6-5. The climate evolution in
the variant with increased greenhouse effect should not be regarded as a prediction of what the
future will look like with an increased greenhouse effect. The initial temperate period could
be either shorter or longer than is described in this variant. More detailed information on this
climate evolution, and the simulations done to arrive at it, can be found in SR-Can’s climate
report /SKB 2006d/.

6.3 Evolution of the surface ecosystem

The conditions in the surface ecosystem vary in time depending on the influence of changed
climatic conditions. Initially, however, the main influence is from shoreline displacement (land
uplift) and the processes it initiates, such as lake formation and terrestrialization of the nearby
coastal area.

The description of the evolution of the surface ecosystem is divided into three main periods:

» The first 1,000 years after closure, which are mainly affected by the ongoing process of
shoreline displacement.

* The period from 3,000 AD to 12,000 AD, which is largely affected by the ongoing process
of shoreline displacement, but where the evolution of the climate plays a growing role with
time.

* The period from 12,000 AD until around 100,000 AD, which is largely controlled by the
evolution of the climate. The description is therefore based on the two alternative climate
evolutions described in section 6.2.2.

The result of the past shoreline displacement when the Forsmark area rose above the sea and the
consequences of the future redistribution of the proportions of sea and land in Oregrundsgrepen
and in the area immediately above SFR 1 have been modelled and are illustrated in a back-
ground report to SR-Can’s safety assessment /SKB 2006b/. Based on GIS (Geographic
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Figure 6-5. Evolution of ice sheet, permafrost depth and relative shoreline displacement (relative to
today s shoreline) for the reference evolution s alternative with greenhouse effect for Forsmark, modified
from /SKB 2006d/. By basal frozen (cold-based) is meant that the lowermost parts of the ice sheet are
frozen to the bed, and that no meltwater is produced, while basal melting (warm-based) means that the
lowermost part is at the pressure melting point, and meltwater is generated by the ice. Note that the
surface above the repository lies beneath the sea during the first thousand years, which is not evident
from the figure.

Information System), in which detailed information from models of shoreline displacement,
hydrology and the terrestrial area has been collected, the landscape at the Forsmark area has
been described with the aid of biosphere objects such as lakes, coastal basins, mires etc. These
biosphere objects are interconnected via water flows. Provided the current climate will prevail
in the future, forecasts have been made in steps of 1,000 years of the change of the objects with
time. From these studies, relevant information has been obtained regarding those objects that are
affected by calculated releases from SFR 1.

Calculations of the future formation of lakes in Oregrundsgrepen were made in the SAFE
project /Brydsten 1999b/. An inner model area, the SAFE area, situated immediately above

SFR 1, was selected on the basis of the area’s bottom topography as an expected future sub-
catchment, see Figure 6-6. This area, hereinafter called the SAFE Basin, is in direct contact with
several basins within Oregrundsgrepen. Calculations have shown that the SAFE Basin is the
initial discharge area for groundwater that has passed through the repository parts /Holmén and
Stigsson 2001a/.
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Figure 6-6. Oregrundsgrepen with the inner model area, the SAFE basin, marked by yellow line.
The outer model area comprises Oregrundsgrepen, based on /SKB 2006b/.

Detailed information on the Forsmark area with a focus on descriptive models of present-day
terrestrial and limnic ecosystems and quantification of carbon turnovers is documented in
/Lindborg 2005/. Much information has been taken from this report with regard to forecasts for
the Forsmark area assuming that future conditions are similar to current ones, a method that was
also used in the safety assessment for SR-Can.

As a result of shoreline displacement, new islands and enclosed archipelagos are formed from
the present-day basins in Oregrundsgrepen. This leads to changes in the sedimentation condi-
tions. Shallow exposed areas are left dry and the sediments are eroded, while a larger portion
of shores are protected against extensive erosion in the archipelago that is formed. The calmer
water allows increased sedimentation /Brydsten 1999a/. The archipelago that is formed reduces
water turnover in the area /Engqvist and Andrejev 2000/. The decrease in depth and water
exchange causes a shift in the marine plant and animal communities towards a larger proportion
of plants /Kumblad 2001/, but the total quantity of living organisms also decreases due to a
decrease in the water volumes and the bottom surface area.

Figure 6-7 below shows how a marine basin in Oregrundsgrepen can be affected by shoreline
displacement (land uplift) and terrestrialization.
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Figure 6-7. Suggested ontogeny with isolation and terrestrialization of future lakes in the area above
SFR 1 /Brunberg and Blomqvist 2000/.

6.3.1 The next 1,000 years

According to the climate evolution based on the latest glacial cycle with today’s prevailing
climate domain, the ongoing shoreline displacement will continue for the next 1,000 years,
see Figure 6-8.

The marine area will change during the coming 1,000 years as present-day near-shore bottoms
are transformed into land vegetated with herbaceous plants, grass and trees in sheltered areas,

while rock outcrops and boulders dominate the areas exposed to wind and water /SKB 2006a/.
Lakes have been formed along the former shoreline /Brydsten 2006/. The area above SFR 1 is,
however, still a coastal area, with reduced water area, depth and volume and with sparse near-
shore vegetation due to exposure to wind and water.

In the SAFE Basin, the area immediately above SFR 1, the water area decreases by about 20%
and the maximum depth is around six metres shallower at the end of the period /Kautsky 2001/.
This can cause a small reduction in the high water turnover. The proportion of accumulation
bottoms increases from just over 20% to just over 40%, mainly due to the fact that the eroded
areas decrease as shoreline displacement proceeds /Brydsten 1999a/.

The decrease in depth (shoaling) results in a decrease in total biomass in the area, but this
change is judged to be marginal. Studies of the model area have predicted that by 4,000 AD
the amount of biomass will have decreased by 20% from the present-day level /Kumblad 2001/.

More recent investigations of the area in conjunction with the site investigations for siting of a
final repository have not given cause for any changes in the conclusions that were drawn in the
SAFE study.
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Figure 6-8. Expected coastline at Forsmark in 1,000 years with today s climate still prevailing
(no greenhouse effect). The dashed line shows today's coastline. The lighter green colour indicates
higher land areas while the darker blue indicates greater water depths /SKB 2006a/.

Hydrogeological modelling shows that discharge areas for the groundwater that has passed
through the repository will be on the sea floor during most of the period /Holmén and Stigsson
2001a/, see also section 6.4.2. At the end of the period, when the shoreline lies above the reposi-
tory, the discharge area is the coastal area situated directly above the repository, see Figure 6-9.
After the shoreline has passed the repository, the discharge areas gradually move outward to sea.

6.3.2 The period from 3,000 AD to 12,000 AD

In the following description the period from 3,000 AD to 12,000 AD is divided into three sub-
periods: the archipelago period, the lake period and the land period, depending on the evolution
of the area as a result of shoreline displacement.

The archipelago period: 3,000 AD to 4,900 AD

As a result of continued shoreline displacement, the calculated discharge areas increasingly end
up on land (Figure 6-27), where vegetation can begin to grow. No agricultural activities to speak
of can be expected, however, due to the high incidence of boulders and stones /Elhammer and
Sandkvist 2005/.

106



Figure 6-9. Predicted discharge areas for water flows from the silo and the rock vaults after the
shoreline has passed the repository (3,000 AD) /Holmén and Stigsson 2001a/. The yellow areas mark
the location of the discharge areas. The repository with access ramp is marked with small squares and
the fracture zones are pink.

An archipelago rich in islands is formed, where bays are pinched off at the end of the period to
isolate lakes. The marine area immediately above SFR 1 shrinks, so that the sea surface area
in 4,000 AD is roughly half of what it is today /Brydsten 1999b/. In the SAFE Basin, the area
immediately above SFR 1, the water volume declines by 90%, while the water retention time
increases to around 13 days from a current retention time of less than one day /Engqvist and
Andrejev 2000/. The southern straight in Oregrundsgrepen is closed at around 3,000 AD, and
the retention time in Oregrundsgrepen is just below twice as long at 4,000 AD as it is today
/Engqvist and Andrejev 2000/.
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The proportion of shallow sunlit bottoms increases, since land uplift causes the water depth to
decrease, which affects the distribution of plant and animal communities in the basin /Kumblad
2001/. The total quantity of biomass decreases by about 20%, but the proportion of bottom
fauna and their grazers increases by 60%, while benthic fauna on soft bottoms are reduced by
50-80%. Pelagic plankton are reduced to half, though the species composition is not expected
to change /Kautsky 2001/.

The turnover of matter is also changed. The increase in bottom flora results in an increase in the
total primary production by about 10%, whereas decomposition is reduced to half /Kumblad
2001/. This means that the mass balance in 4,000 AD gives twice as great a surplus of organic
material compared with 2,000 AD. The turnover of particulate and dissolved organic carbon in
the water is reduced considerably to about 20% of the turnover in 2,000 AD. In order for the
mass balance to be correct, increased sedimentation and fixing of organic material in the sedi-
ments is then required /Kautsky 2001/. Altogether, this means that the retention of matter in the
sea is higher in 4,000 AD than in 2,000 AD.

The proportion of land areas will increase in the former marine area to half of the area of the
SAFE Basin, i.e. to about 6 km? /Kumblad 2001/. In general, deciduous forest will initially
develop in the near-shore areas, and with time coniferous forests will increase as the ground
becomes drier /Jerling et al. 2001/. In the lower areas, lakes will be formed by isolation, but
since most of them are shallow they will quickly become silted-up and turn into mires /Brunberg
and Blomgvist 2000/. Brydsten has developed a model for terrestrialization of lakes in areas
with positive shoreline displacement /Brydsten 2004/. The model showed that the size of the
lakes was strongly related to the time for terrestrialization, so that small lakes became filled with
sediments and vegetation more quickly. Mires eventually develop into forested wetlands. Since
the sediment and peat layers will be thin and the ground will have a large number of boulders,
they will probably not be drained for cultivation /Jerling et al. 2001/.

Model studies of the Forsmark area’s hydrology, water balance and transport mechanisms
/Vikstrom and Gustafsson 2006/ have shown that the hydrological conditions may change in
conjunction with peat development so that former discharge areas may become recharge areas.
This supports the results of Holmén and Stigsson /Holmén and Stigsson 2001a/, where it is
shown that the discharge area follows the shoreline and that most of the discharging water will
run out into the sea and the future archipelago.

Only after the shoreline has passed the repository, after 3,000 AD, can wells be drilled directly
into the repository. Wells are assumed to be drilled as shoreline displacement proceeds and with
the same density as that in the Forsmark area today /Kautsky 2001/. It is therefore probable

that after another 1,000 years wells may be drilled in the repository’s discharge area. From an
exposure viewpoint, the water capacity of the wells is a very important parameter. A study of
well capacities in wells situated within the Forsmark area shows that wells east of the Sing6
Zone, where SFR 1 is located, generally have capacities averaging 1.2 m? per hour /Gentzschein
et al. 2006/, see section 4.7.3.

The lake period: 4,900 AD to 7,500 AD

Around 4,900 AD, several sea bays are isolated and become lakes in the present-day Oregrunds-
grepen near SFR 1 (Figure 6-10). Lakes form in the SAFE Basin, the largest being 1.6 km?

with an average depth of 1.4 m and a maximum depth of 4.8 m /Brydsten 2006/.The lake is
deep enough so that the infilling process will proceed slowly for the next 2,000-3,000 years.
The transition to fresh water results in great changes in retention times, chemical properties

and ecosystem structure.

The retention time (water renewal time) in the lake is dependent on the size of the catchment
and the runoff and is calculated to be 89 days, assuming today’s precipitation /Brunberg and
Blomgqvist 2000/. The catchment is relatively small and no major watercourses are expected to
discharge into the lake, since the Olandsan and Forsmarksén rivers are assumed to run through
the lake system further east /Brydsten 1999b/.
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Figure 6-10. Present and future lakes that will have formed some time before 9,000 AD in the Forsmark
area. By 9,000 AD, however, most of the lakes will have dried up and grown over /Brydsten 20006/.

The lake is expected to become an oligotrophic hardwater lake, like existing lakes that have
similar catchments and morphometry /Brunberg and Blomqvist 2000/. The lake’s high alkalinity
is due to the alkaline groundwater, which has been affected by the limestone in Gavlebukten.
The oligotrophic hardwater lakes in this area are characterized by rapid sedimentation growth
with “algal gyttja” and clear, hard water. This means that the lake can be an attractive source
of drinking water and have favourable fish production, but not large numbers of fish due to
the small size of the lake. Brydsten has shown that the length of the lacustrine phase (the

time from the formation of a lake until it is completely filled) is about 3,000—4,000 years for
the smaller lakes /Brydsten 2004/. As in the premises for the SR-Can safety assessment, it is
further assumed that most of the lake has been transformed into a mire by around 7,000 AD
/SKB 2006b/. It is conceivable that the lake is of interest for drainage, since it is probably the
only place in the area where the sediments can become thick enough to be arable. If the lake is
drained, peat continues to grow.

Any radionuclides that have left the repository will have passed through the lake’s present-day
bottom or within the lake’s catchment. It is also probable that discharge will take place in

the lake during some period (see further section 6.5.2). This means that the lake bottom can
potentially accumulate radionuclides both when discharge has occurred through it and due to
the fact that eroded contaminated material at previous discharge points has resedimented in the
former sea bay that later formed the lake.
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Changes of the terrestrial vegetation in the former SAFE Basin will be moderate during this
period, since the distance to the current shoreline has become considerably longer. The shoreline
at 7,000 AD is expected to be near the island of Graso /SKB 2006a/. A succession from the
previous deciduous vegetation on the shores to a more coniferous vegetation is expected /Jerling
et al. 2001/. No agricultural activities to speak of can be expected in the former SAFE Basin,
however, due to the high incidence of boulders and stones /Elhammer and Sandkvist 2005/.

Wells may be drilled in the area with a density estimated to be the same as today’s, which
means around 0.5 well per km? /Kautsky 2001/. On the other hand, the formed lake is probably
an attractive source of water, so it is possible that the frequency of wells may be lower. In all
probability, the area resembles what can be found a kilometre or so inland today from Forsmark,
with a sparse population and a low density of wells (see Chapter 4).

The land period: 7,500 AD to 12,000 AD

After 7,500 AD, the whole former Oregrundsgrepen is expected to have become a terrestrial
area with several large, deep lakes along Grédso. The lake formed in the former SAFE Basin is
expected to have been filled in or drained. The only part of the former basin with the potential
to be cultivated is probably the former lake bed, since it is only there that sufficiently thick
sediment layers could have formed. The rest of the area is dominated by forest and mire land

in accordance with the premises for future changes that were used for the SR-Can safety assess-
ment /SKB 2006b/.

The terrestrial vegetation will naturally be dominated by trees, and with time will have an
increasing coniferous character.

During this period a transition to a colder climate is also expected, according to the reference
evolution for the climate based on the latest glacial cycle (see section 6.2.2), which has conse-
quences for the terrestrial vegetation.

6.3.3 The period from 12,000 AD until around 100,000 AD

During the period from 12,000 AD until around 100,000 AD, the evolution of the surface
ecosystem is controlled by the climate evolution. The evolution of the surface ecosystem is
described below for the two variants of the climate evolution described in section 6.2.2.

The evolution of the surface ecosystem with climate change based on the latest
glacial cycle

The following section gives an example of a reasonable evolution of the surface ecosystem at
Forsmark up until 100,000 AD, based on a reconstruction of the most recent ice age, which has
been selected as the reference evolution for the climate (see section 6.2.2). Up until permafrost
conditions appear, forest and mire land is assumed to dominate the area.

During periods with a permafrost domain, tundra conditions prevail at Forsmark. Tundra condi-
tions are characterized by low precipitation, wind, long cold winters and a short growing period
/French 2007/. The average temperature during the three growth months is generally lower
than 10°C, and the ground is usually snow-covered for the rest of the year. During the summer
the uppermost part of the land surface thaws, but there is no infiltration due to the permafrost
/French 2007/. Owing to the appearance of the area, e.g. its topography, mire/fen areas with
sedges may form, since the water cannot infiltrate. Peat production is low, however. The
constant wind and the frozen ground make it difficult for large trees to grow, and the vegetation
is dominated by dwarf birch, shrubs and grass, which are protected by the snow cover in the
winter /Oliver 2005/. This vegetation has developed extensive root systems to survive harsh
conditions /Oliver 2005/. The underlying soil in the Forsmark area is currently relatively calcar-
eous, so a species-rich flora can develop during the summer months providing the glaciations
have not altered these conditions. Plant production is low /Oliver 2005/.
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The animal life under tundra conditions consists primarily of small mammals/rodents, shore-
birds and herds of musk oxen and domesticated or wild reindeer /Oliver 2005/. The reindeer
seek warmer areas in the winter, the birds migrate while the small rodents have adapted to the
environment by overwintering beneath the snow. Larger animals such as musk oxen can endure
the harsh climate thanks to their heavy fur /Oliver 2005/.

The conditions described above have a great bearing on possible exposure to radionuclides
from the repository. If the ground is frozen all the time, there can be no outward transport of
radionuclides. Radionuclides could reach the surface ecosystem if there are taliks in the area.
Taliks are unfrozen zones that are normally associated with extensive discharge areas, such as
large lakes /SKB 2006d/.

The low primary production /Oliver 2005/ entails poor conditions for food production in the
area, which should limit human settlement. The best conditions for settlement are in the above-
mentioned talik areas. Formation of talik areas cannot be ruled out, and if this happens it can
happen in connection with the deep snow formed due to shoreline displacement, west of Gréso.
The probability of humans being exposed to radionuclides from the repository can, however, be
regarded as very low.

During the glacial periods the area is covered by an ice sheet. During the periglacial periods,
however, there may be a productive marine ecosystem that can be utilized by humans and
animals at the margin of the ice cap. The probability of permanent settlement must, however,
be considered low due to the harsh conditions. Nevertheless, there are populations today, such
as Inuit, that live under similar conditions and make a living from hunting and fishing. So such
an evolution could be possible. However, the marine influence means both large water volumes
and a high water turnover.

The evolution of the surface ecosystem in connection with climate change with
increased greenhouse effect

According to the greenhouse variant of the reference evolution for the climate (see section 6.2.2),
the warm temperate climate will persist for a very long time, up until 50,000 AD, before the
onset of the glacial cycle described above. This scenario is based on the results of international
projects /IPCC 2001, 2007, BIOCLIM 2004/, which suggest that ice-free temperate conditions
could prevail in Sweden for a long time before the next permafrost period is expected. The
average temperature will rise by about 2—3°C during the summer period, and the winters will
also be milder than today at Forsmark /BIOCLIM 2004, Rummukainen 2003/. Precipitation is
also expected to increase /SKB 2006a, p. 378/. Shoreline displacement continues in this variant
as well /SKB 2006a, p. 375/, but there are great uncertainties. The shoreline level may remain
constant or even rise. The increased precipitation may increase runoff if it is not offset by
increased evaporation /SKB 2006a/. If runoff to the Baltic Sea increases, the salinity of the Baltic
Sea may decrease, since it is dependent on the input of fresh water /Gustafsson 2004a, 2004b/.

A warmer climate could theoretically also lead to the onset of permafrost conditions in the
Forsmark area before 50,000 AD. This could occur if the general temperature increase reduces
the thermohaline circulation in the North Atlantic so that less heat is transported to Scandinavia
than now /SKB 2006d/. This possibility has low probability /IPCC 2007/, but is nevertheless
covered by the scenario for early freezing of the repository (see section 7.6.2).

Due to ongoing process of isostatic land uplift, the area will be several kilometres from the
coastline in 12,000 AD. Certain parts of the former Oregrundsgrepen may then have favourable
conditions for growing food /SKB 2006b/, and limited agriculture can be expected.

6.3.4 Summary of the evolution of the surface ecosystem

In summary, the evolution of the surface ecosystem based on climate change in accordance with
the latest glacial cycle may entail that the initial coastal area, as the recipient of radionuclides
from the repository via a lake and a mire, becomes forested, as a result of shoreline displacement.

111



However, the possibility cannot be ruled out that former sediment can be used for agriculture,
which means that accumulated activity can reach man. After the first ten thousand years the
climate deteriorates. Tundra conditions create difficult conditions for settlement and food
production, so it is assumed that exposure can only take place via a forest ecosystem. Later,
under glacial conditions, the area is ice-covered and only the aquatic ecosystems can give any
exposure. It is also the aquatic ecosystems that are of interest when the area is beneath the sea,
which is to be expected after glaciations.

If, on the other hand, the climate should get warmer and temperate conditions prevail for
extended periods, according to the alternative with increased greenhouse effect, certain areas
(especially those that were formerly accumulation bottoms) may be used for agriculture, while
the forest ecosystem is perhaps still the most likely. Both of these surface ecosystems are
therefore studied when calculating dose.

6.4 The evolution of the repository during the first 1,000 years
after closure

The evolution of the repository during the first thousand years is controlled by initial transient
processes, which is an important reason why the first thousand years after closure has been
chosen as one of the three periods for describing the reference evolution. This period also
complies with the requirements in SSI FS 1998:1 regarding reporting of different time periods,
where the first thousand years is pointed out with the requirement that the assessment of the
repository’s protective capability during this period shall be based on quantitative analyses of
the effects on man and the environment.

The activity in the waste will decay so that after 1,000 years it is approximately 2% of the
activity at closure. In the beginning the activity is dominated by the short-lived radionuclides
Ni-63, Cs-137 and Co-60, but at 1,000 years after closure the activity consists mainly of
inorganic C-14, Ni-59 and organic C-14.

Initially the Baltic Sea covers the area above SFR 1, but due to shoreline displacement the
shoreline will be located above SFR 1 in about a thousand years, see section 6.2.1.

The current period with temperate climate can be expected to extend several thousand years
ahead in time, see section 6.2.2.

6.4.1 Thermal evolution

The temperature of the repository will be determined almost entirely by the exchange of heat
with the surrounding rock and groundwater. Heat transport can essentially be expected to take
place via heat conduction and is governed by the thermal conductivity and heat capacity of the
materials.

The impact of the repository on the temperature is negligible, since there are no significant heat-
generating processes in SFR 1. Corrosion of aluminium could be an exception, but has been
found to be of no importance /Moreno et al. 2001/.

During the first thousand years after closure, no change in climate is expected that would lead
to freezing of the repository.

6.4.2 Hydrogeological evolution

The size, direction and distribution of the water flow in different parts of the repository system
and the geosphere affect radionuclide transport. Transport of other species, microorganisms

and bacteria is also controlled by the water flow. Owing to the importance of the water flow for
radionuclide transport, low flow in the repository parts is one of the defined safety functions for
the safety assessment (see Chapter 5).
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The site of SFR 1 was chosen in part because it is located in an area with a limited hydraulic
gradient and limited fracture transmissivity. The repository site was chosen in part for the
purpose of ensuring low water flows through the different repository parts. The different
repository parts have been designed with different capabilities for limiting the water flow.
The silo has the most advanced design; all waste is conditioned, all waste packages are
embedded in porous concrete, there is an internal compartment structure of concrete, the
outer walls are made of thick concrete, and above all the concrete silo is surrounded by
bentonite. All waste in BMA is also conditioned. BMA has a simpler concrete structure and
is backfilled with gravel or sand, so that the water that flows into BMA will for the most
part flow through the backfill instead of through the more watertight concrete structure.

In 1BTF and 2BTF the concrete tanks are positioned so that they form an inner structure
that is less permeable to water flow than the side and top fill of gravel or sand. BLA has no
structure that limits the water flow through the waste.

Hydrogeological calculations are needed to quantify expected water flows in the different
parts of the repository and to analyze the water flow from the repository to the surface
ecosystem. The results constitute important input data for calculating radionuclide transport
and dose.

Drainage pumping during the operating phase will cease when the repository has been
closed. The hydrogeological model /Holmén and Stigsson 2001a/ has been used to calculate
how long it takes to fill and saturate the repository with groundwater. The calculations show
that the void (porosity) inside the silo repository is saturated last and that this can take

25 years. In a study of how freezing can affect the silo repository, the time for complete
saturation of the bentonite surrounding the concrete silo has been estimated to be on the
order of 100 years /Emborg et al. 2007/. These two studies shed light on the size of the
uncertainty in the time for water saturation of the silo repository. It only takes a few years
to fully saturate BMA, BLA and BTF.

Calculations /Stigsson et al. 1998/ show that the density effects resulting from salinity
variations can be neglected, but that it is important to take shoreline displacement into
consideration.

Hydrogeological model studies have been carried out in order to estimate the future ground-
water flow at SFR 1, in the repository and in the surrounding rock /Holmén and Stigsson
2001a, Holmén 2005, 2007/. The first study comprises the foundation of the modelling and
has been supplemented with uncertainty analyses of both the water flow through SFR 1
/Holmén 2005/ and the flow paths from the silo repository and the rock vaults /Holmén
2007/.

The hydrogeological models represent the repository and the surrounding rock mass at
SFR 1 with regional fracture zones. The models that represent different-sized areas and
different degrees of detail are termed regional, local and detailed.

The regional model encompasses a larger regional area whose outer boundaries have been
selected on the basis of natural hydraulic boundary conditions. The regional model takes

shoreline displacement into account, and the results are used as boundary conditions in the
local model. The local model in turn provides boundary conditions for the detailed model.

The local and detailed models include a detailed description of the repository and the
surrounding rock mass and fracture zones. The detailed model also contains the various
structures inside the silo repository and the rock vaults.

Shoreline displacement follows an interpolation performed on the basis of data for
Stockholm and Gévle presented in /Passe 1996/, see also section 6.2.1. Compared with

the level of today’s shoreline, the shoreline at SFR 1 in 1,000 years will be six metres lower.
As a result of shoreline displacement, the shoreline will lie above SFR 1 in about a thousand
years.
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The pattern of the water flow around SFR 1 has been simulated in the hydrogeological
models. The flow paths from the repository to the ground surface have been analyzed with
the aid of notional particles that are transported with the groundwater flow. Each particle
path represents one possible flow path, and a large number of particle paths together show

a distribution of flow paths. The flow paths start at the walls, floors and roofs of the silo
repository and the rock vaults. The distribution of the starting points represents the variation
in water flow at walls, floors and roofs. Thus, many flow paths start where the water flow is
large while few start where the water flow is small. The flow paths only represent advective
transport.

Regional groundwater flow and water flow in the silo repository and the rock vaults

The size and direction of the regional groundwater flow and the water flows in the silo reposi-
tory and the rock vaults have been modelled primarily to enable advective radionuclide transport
in the repository and the geosphere to be calculated.

The local model includes the entire repository system at SFR 1. In addition to the access ramp,
the detailed model also includes the entire repository system, see Figure 6-11. The detailed
model also includes the internal structures in the silo repository and the rock vaults. Generally
speaking, the interior of the silo repository and the rock vaults consists of a volume where

the waste is emplaced, together with surrounding barriers and backfill. In the silo repository
and all rock vaults except BLA, the waste is placed in a hydraulic barrier. Figure 6-12 shows
vertical cross-sections through the silo repository and the rock vaults as they are represented
in the detailed model. In the calculations BLA is backfilled with a material that has a high
permeability, but according to current plans BLA will not be backfilled, see section 4.2.4.

Figure 6-11. Schematic illustration of the parts of the repository system that are represented in the
detailed hydrogeological model /Holmén and Stigsson 2001a/.
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Figure 6-12. Inner structures in the silo repository and the rock vaults as they are represented in the
detailed hydrogeological model. Vertical cross-sections are shown. All figures are on the same scale.
BTFE BLA and BMA have a horizontal extent of 160 m, while the silo repository is circular. Blue shades
represent structures with high hydraulic conductivity, such as top fills. Yellow represents concrete
enclosures, which have low conductivity. Red and brown represent barriers with low conductivity.

Green represents the floors in BTF and BLA, which have a relatively low conductivity /Holmén and
Stigsson 2001a/.

The calculated water flows for BLA as a whole are not appreciably affected by this, due to the
fact that the total groundwater flow through a tunnel is mainly determined by the permeability
of the surrounding rock if the backfill material in the tunnel has a much greater permeability
than the surrounding rock. The distribution of the flow inside BLA is, however, affected more
by whether the calculations are done with or without backfill. If the calculations were done
without backfill, the water would run past the waste domain to a greater extent and the flow
through the waste domain would consequently be lower.
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Table 6-1. Description of the inner structures in the silo repository and the different rock
vaults in the detailed hydrogeological model as well as their hydraulic conductivity /Holmén
and Stigsson 2001a/.

Structure Hydraulic
conductivity*
(m/s)

1BTF and 2BTF

Floor with relatively low permeability 1,3-10®
Side fill with low permeability 8,3-10-°
Concrete enclosure with low permeability that contains the waste 5.1-10-°
Top fill with high permeability 1-10°°
Loading areas at tunnel ends with high permeability 1-10°°
BLA

Floor with relatively low permeability 1.3-10°8
Side fill with high permeability 110
Waste domain with high permeability (except for the waste itself) 1105
Top fill with high permeability 1-10°°
Loading areas at tunnel ends with high permeability 1-10-°
BMA

Floor fill with high permeability 1-10°°
Side fill with high permeability 1-10-°
Concrete enclosure with low permeability that contains the waste 1.2:10°®
Top fill with high permeability 1-10°°
Loading areas at tunnel ends with high permeability 1-10°°

Silo repository
Sand/bentonite barrier beneath the concrete enclosure with low permeability 9.3-101°

Bentonite barrier outside and around (horizontally) the concrete enclosure (this barrier has the ~ 3.5-10-""
lowest permeability of all structures) and the walls of the concrete silo

Concrete enclosure with low permeability that contains the waste (not the outer walls of the 5.3-10°°
concrete silo)

Sand/bentonite barrier above the concrete enclosure with low permeability. There is also a 1-10-°
concrete lid on top of the concrete enclosure, which may be fitted with gas evacuation pipes,
giving it high permeability

Top fill on top of the concrete enclosure and sand/bentonite barrier with high permeability 1-10-°

* Geometric mean value of the components of the anisotropic hydraulic conductivity in different directions
/Holmén and Stigsson 2001a/.

The hydraulic conductivity of the structures discussed above is calculated based on the proper-
ties of the different materials that occur inside the structures, see /Holmén and Stigsson 2001a/.

A low regional water flow was calculated for the entire period. Simulations with the local model
show that the average regional water flow is 3 litres/m?-year at closure and that it increases to
5 litres/m*year after 1,000 years /Holmén and Stigsson 2001a/.

The water flows calculated with the detailed hydrogeological model for the silo repository and
the rock vaults plus their waste enclosures are given in Table 6-2 and Figure 6-13. The calcula-
tions show that the water flow through all repository parts is low. The water flows through the
enclosures in both the silo repository and BMA are very low throughout the period. In the BTF
repositories the water flow through the enclosure is higher than for the silo repository and BMA,
but compared with the water flow through the entire BTF repositories it is low. The distribution
of the water flow through the waste domain in BLA and the water flow through all of BLA is
roughly proportional to the difference in the cross-sectional area, since the hydraulic conductiv-
ity is the same throughout the repository. The increase in the water flows in the rock vaults with
time is due to an increased hydraulic gradient resulting from shoreline displacement.
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Table 6-2. Water flows in the silo repository and the rock vaults immediately after closure
and water saturation and at 3,000 AD, calculated with the detailed hydrogeological model
/Holmén and Stigsson 2001a/.

Total flow (m3/year)

Immediately after closure 3,000 AD
and water saturation

1BTF: Enclosure 24 2.7
1BTF: Whole rock vault 7.5 194
2BTF: Enclosure 24 3.0
2BTF: Whole rock vault 6.7 17.6
BLA: Waste domain 9.6 194
BLA: Whole rock vault 13.6 33.1
BMA: Enclosure 0.07 0.13
BMA: Whole rock vault 8.7 36.7
Silo repository: Enclosure 0.23 0.22
Silo repository: Top fill 0.53 1.4
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Figure 6-13. Water flows through waste enclosures and waste domain in the silo repository and the rock
vaults as a function of time calculated with the detailed hydrogeological model /Holmén and Stigsson

2001a/.
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Uncertainty analysis of water flows in the silo repository and the rock vaults

There are two main factors that contribute to the uncertainty in calculated water flows: firstly
the uncertainty in the conceptual model, and secondly the generalizations and simplifications
that were used when the formal (mathematical) model was set up. A calibration and uncertainty
analysis procedure has been used to reduce the uncertainties in the formal model. Calibration
and uncertainty analysis do not eliminate the uncertainties entirely, but they do lead to a model
for which the uncertainties are limited.

First a calibration was done by inverse modelling of the water flow into the tunnels in SFR 1
/Holmén 2005/. A large parameter variation was used in the inverse modelling, and the realiza-
tions that gave good agreement between the calculated water flow and the measured water flow
in SFR 1 were accepted. The accepted realizations were then used to calculate future water
flows. The parameter uncertainties that have been studied in the calibration of the water flows
are:

* the conductivity of the rock mass between the fracture zones,

» the transmissivity of local and regional fracture zones,

* the properties of the hydraulic skin that surrounds the tunnels,

* measured groundwater inflows to the tunnel system,

* heterogeneity of the permeability of the rock mass between the fracture zones,

* acombination of the above parameters.

After the calibration, water inflows through the silo and the rock vaults immediately after
closure and water saturation were calculated with the local hydrogeological model, see

Figure 6-14. The figure also shows the results of the previous calculations, without uncertainty
analysis with the local model. The difference between the median values for the probability
distributions /Holmén 2005/ and the previously calculated values /Holmén and Stigsson 2001a/

are mainly due to the fact that the calibration of the open repository in the latter calculations
included a hydraulic skin around the tunnels in the model.
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Figure 6-14. Probability distribution of water flows through the silo repository and the rock vaults
immediately after closure and water saturation /Holmén 2005/. For comparison, water flows calculated
previously with the local hydrogeological model hydrogeological model are also shown /Holmén and
Stigsson 2001a/.
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The uncertainty analysis that has been performed /Holmén 2005/ is based on the local hydrogeo-
logical model in /Holmén and Stigsson 2001a/. The results for the inner parts of the silo and the
rock vaults have been calculated without uncertainty analysis with the detailed hydrogeological
model /Holmén and Stigsson 2001a/. Probability distributions for the water flow through the
silo repository and the rock vaults calculated with the local model have been converted to
probability distributions for the detailed water flow through the inner parts of the silo repository
and the rock vaults by means of uncertainty factors. The uncertainty factors are calculated as the
ratio between the water flow through a rock vault for a given percentile calculated with the local
model /Holmén 2005/ and the water flow through the rock vault calculated with the local model
/Holmén and Stigsson 2001a/.By multiplying the water flow calculated with the detailed model
by the uncertainty factors, probability distributions were obtained for the detailed water flow
through the inner parts of the silo repository and the rock vaults.

Water flow between the rock vaults

Water flow between rock vaults entails that waters of different chemical compositions are
mixed, for example water flow to BLA can cause the water there to be affected by the concrete
environment as well. By analyzing in the hydrogeological model /Holmén and Stigsson 2001a/
which rock vaults occur along a flow path, it is possible to estimate the water flow between the
rock vaults. The general conclusion of these analyses is that there is little interaction. The water
flow that passes from one rock vault to another is never greater than 10 percent of the water
flow from the first rock vault /Holmén and Stigsson 2001a/. The dominant flow paths between
the rock vaults and the proportion of water that flows along these paths are given below (based
on /Holmén and Stigsson 2001b/).

»  Water flow from 1BTF to 2BTF. The flow increases during the period, and at 3,000 AD 10%
of the flow passes from 1BTF to 2BTF.

*  Water flow from 2BTF to BLA. The flow increases during the period, and at 3,000 AD 5%
of the flow passes from 2BTF to BLA.

*  Water flow from BMA till BLA. The flow increases during the period, and at 3,000 AD 6%
of the flow passes from BMA to BLA.

These results show that the chemical environment in BLA can be affected by the concrete envi-
ronment in the other rock vaults. The results also show that no flow goes from BLA to the other
rock vaults, which means that complexing agents cannot be spread directly from BLA to the

other rock vaults. The chemical interaction between the rock vaults is described in section 6.4.4.

Analysis of the flow paths from the repository

The flow paths from the repository are analyzed to be used later for calculation of radionuclide
transport through the geosphere. The discharge areas, which are important for the dose calcula-
tions, are also determined in the analysis.

Length of flow paths from repository to ground surface

Calculations with the local hydrogeological model show that as long as the sea covers SFR 1,
the flow paths from the repository to the ground surface (the sea floor) will be short and mostly
vertical /Holmén and Stigsson 2001a/.

A large number of flow paths were generated from the silo and the rock vaults. A statistical
analysis of these flow paths is shown in Table 6-3. A visualization of the flow paths immediately
after closure and water saturation and at 3,000 AD is shown in Figure 6-15. An uncertainty
analysis of the flow paths from the repository, based on parameter values for the accepted
realizations in /Holmén 2005/, was performed for two times: immediately after closure water
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and saturation, and in 5,000 AD /Holmén 2007/, see Figure 6-16. At closure the outflow from
the rock vaults takes place mainly along zone 6, which intersects them. After 1,000 years,
outflow also takes place along zone 3, which is located directly west of the repository along
BMA. The fracture zones around the facility are shown in Figure 4-12.

Table 6-3. Length of flow paths from the silo repository and the rock vaults (results from
/Holmén and Stigsson 2001a/).

Time Median length of flow paths from rock vaults to ground surface [m]
BMA BLA 1BTF 2BTF Silo

Immediately after closure and water 67 71 77 77 66

saturation

3,000 AD (1,000 y after closure) 114 89 125 99 379

Figure 6-15. Example of predicted flow paths from the rock vaults at closure (left) and 1,000 years after
closure (vight). At closure, outflow takes place mainly along zone 6, above the rock vaults and beneath
the sea. After 1,000 years, outflow also takes place along zone 3 /Holmén and Stigsson 2001a/.
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Figure 6-16. Probability distribution of the length of the flow paths immediately after closure and water
saturation (results from /Holmén 2007/).

Breakthrough times for flow paths from repository to ground surface

Breakthrough times for particles have been predicted with the aid of the local hydrogeological
model /Holmén and Stigsson 2001a, Holmén 2007/. The shortest breakthrough times are
obtained immediately after repository closure for 1BTF, after about 1,000 years for BMA, BLA
and 2BTF, and even later for the silo repository. During the initial period after repository closure
the flow paths are short, but the groundwater flow is low. Later during the period the flow paths
are still fairly short and the groundwater flow is fairly high. The results of a statistical analysis
of the flow paths calculated without uncertainty analysis are reported in Table 6-4 /Holmén and
Stigsson 2001a/. Equivalent results for the calculations with uncertainty analysis are reported in
Figure 6-17 /Holmén 2007/.

Flow paths in fracture zones from the repository

By analyzing which fracture zones occur along a flow path it is possible to estimate what
different fracture zones mean for transport from the repository. The trend is that the importance
of the fracture zones increases with time. Initially, zone 6 is the only zone of importance; no
flow paths pass any other zones. Later, several zones are of importance as flow paths from the
repository, see section 6.5.2.

Table 6-4. Median values of breakthrough times for flow paths from the silo repository and
the rock vaults calculated without uncertainty analysis (results from /Holmén and Stigsson
2001a/).

Time Breakthrough time [years]

BMA BLA 1BTF 2BTF Silo
Immediately after closure and water 248 56 58 56 313
saturation
3,000 AD (1000 y after closure) 52 18 119 44 379
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Figure 6-17. Probability distribution of breakthrough times for the flow paths immediately after closure
and water saturation (results from uncertainty analysis in /Holmén 2007/).

Discharge areas for flow paths from the repository

The discharge areas for the flow paths from the silo repository and the rock vaults change with
time according to the predictions made with the local hydrogeological model. This is due to
the fact that the groundwater flow pattern changes when the shoreline is displaced. The most
important factors for the situation at the discharge areas is the topography and the position of
the shoreline. The model predicts that the most important discharge areas are found along low-
lying areas. The largest outflow of groundwater takes place along conductive fracture zones,
especially where such fracture zones occur in low-lying areas.

According to the predictions made, the discharge areas for the flow paths from the silo reposi-
tory and the rock vaults will be situated as follows. At closure, the discharge areas are mainly
located directly above the silo repository and the rock vaults (in the sea floor). After 1,000 years,
discharge takes place chiefly near the shoreline, which is then quite near SFR 1. The discharge
areas for the flow paths from the silo repository are not exactly the same as for the rock vaults.
The flow paths from the silo repository and a small portion of the flow paths from 1BTF dis-
charge in an area east of the discharge area for the other rock vaults. The silo repository also has
its own discharge area directly above the silo repository. The locations of the discharge areas at
two different points in time are shown by Figure 6-18, while Figure 6-19 shows the results of
the uncertainty analysis /Holmén 2007/.

Distribution and dilution of discharging groundwater

The analysis of groundwater dilution in the discharge areas shows that under normal conditions,
water that has passed through the silo repository or the rock vaults only contributes a percent or
so to the total quantity of discharging groundwater in these areas /Holmén and Stigsson 2001a/.
It should be pointed out that these results are average values that represent the entire area where
the flow paths from the silo repository and the rock vaults discharge. Additional mixing and
dilution takes place in the discharge areas by dilution with surface water flows.
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Figure 6-18. Predicted discharge areas for the water flow from the silo repository and the rock vaults at
closure (left) and after 1,000 years (right) calculated with the local hydrogeological model /Holmén and
Stigsson 2001a/. The yellow areas mark the location of the discharge areas. The repository with access
ramp is marked with small squares and the fracture zones are pink.

Figure 6-19. Predicted discharge areas for the water flow from the silo repository and the rock vaults
immediately after closure and water saturation. The black-and-white areas represent discharge areas,
red shows the repository and the access ramp and pink shows fracture zones (results of the uncertainty
analysis in /Holmén 2007/).
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Local wells at SFR 1

At the end of this period, the first 1,000 years after closure, the shoreline will pass above SFR 1.
The area will be located so close to the shore that wells are nevertheless not expected until after
this period.

Summary

The hydrogeological modelling shows that as long as the sea covers the ground surface above
SFR 1, the regional groundwater flow and the water flow in the repository will be small and
mainly directed vertically upward. Due to shoreline displacement, however, the sea will recede,
and in about 1,000 years the shoreline will be above SFR 1. Due to the receding shoreline, the
groundwater flow at SFR 1 will change from a vertical upward to a more horizontal direction

out towards the sea. The size of the groundwater flow will also increase as the shoreline comes
closer to the repository. An equivalent increase in the water flow also takes place inside the
tunnels, but not inside the enclosure in the silo repository. This is because the silo repository

is much less permeable to horizontal water flow than to vertical water flow.

6.4.3 Mechanical evolution

The surrounding rock has good stability. Earthquakes can affect the stability of the rock as well
as the stability of the repository. Since it is not possible to predict when future earthquakes will
occur and what magnitude they will have, earthquakes are treated as a scenario. Background,
statistics and impact of earthquakes are dealt with in the description of this scenario in

Chapter 7.

The stability of the rock nearest the rock vaults when rock support elements such as rock bolts
and shotcrete no longer have any loadbearing strength is dependent on whether voids in the rock
vaults have been backfilled, and if so how. A description of how long a life the rock support
elements can be expected to have and what the consequences are when they lose their function
is given below.

How the stability of waste, waste packages, and concrete and bentonite barriers evolves depends
on a combination of mechanical and chemical processes. The complete description is given in
section 6.4.4.

Changes in the rock around the rock vaults cause changes in the size and direction of the water
flow, which will also affect radionuclide transport.

The life of rock support elements such as rock bolts and shotcrete is crucial for the long-term
stability of SFR 1. As long as these elements retain their loadbearing strength, the changes in
stress and deformations in the rock mass around the rock vaults are expected to be small. Rock
support elements of the type used in the construction of SFR 1 are normally expected to have
a service life of 100—120 years, but it will probably take around 200-250 years for them to
completely lose their loadbearing capacity.

When the loadbearing capacity of the rock bolts in particular has declined, rock blocks can

be expected to come detached and fall into the rock vaults. This process can continue until a
naturally stable arch is formed around the rock vault or over several rock vaults. Backfilling the
rock vaults with rigid materials provides support that reduces the loose zone that tends to form
around the rock vaults.
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In an empty rock cavern this loosening normally proceeds until the cavern has been completely
filled with fallen rock so that a support pressure is exerted against the remaining rock. The rock
volume that is loosened and falls into the rock cavern increases in volume by about 40 percent.
A pessimistic estimate of the greatest extent of the loose zone can be calculated if the size of the
volume that must be filled up before a sufficient support pressure has been built up is known.
Some loosening is expected to occur in a zone around the rock cavern even in rock caverns
backfilled with sand. The size of this zone is estimated to be about two metres. It is difficult

to estimate how long the loosening process will proceed before stable conditions are obtained.
Based on experience from cave-ins in abandoned mines, this is estimated to take 50—150 years.

In the case of SFR 1, the rock vaults are expected to remain stable for 200-250 years with the
existing rock support. After this a loosening of the rock around the rock vaults occurs that is
expected to last 50—150 years until stable conditions are obtained. A pessimistic estimate of

the maximum size of the loose zones is shown in Figure 6-20. Provided the BMA and BTF
repositories are backfilled with sand, the extent of the zone is estimated to be two metres, while
the loose zone around BLA is estimated to be five metres if the rock vault is not backfilled
/Fredriksson 2000/. The size and shape of the loose zone can vary by about 50 percent depend-
ing on the variation in rock quality and the direction of the fractures in relation to the rock
vaults.

The analysis by /Fredriksson 2000/ shows that BMA should be top-filled so that a connection

is not formed between BMA and BLA. Furthermore, in conjunction with the closure of BLA,
measures should be considered to reduce the void volume and thereby limit the size of the loose
zone. Closure is arranged in such a manner that a direct connection is not created between BLA
and BMA.

Z2BTF

BMA

Figure 6-20. The figure shows that in rock vaults that are backfilled with sand (BMA and BTF), the
depth of the loose zone (shaded) is generally expected to be about two metres. The size of the loose zone
around BLA has been estimated to be five metres if BLA is not backfilled /Fredriksson 2000/.
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