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PREFACE
The Swedish Industry program for deep geological disposal of spent nuclear fuel and high-level
radioactive waste is now in the early stages of the site selection process, with feasibility studies
underway in 5 to 10 municipalities. According to the Swedish Nuclear Fuel and Waste
Management Co., SKB (SKB RD&D Programme, 1995), the ongoing siting process involves
selection of two sites for surface-based investigations by around the year 1998, and submission
of a licence application for detailed underground investigations and for commencement of
construction of a deep repository, at one of these sites, in the first years of the next century.
In preparation for upcoming reviews of licence applications, the Swedish Nuclear Power
Inspectorate, SKI, has developed an independent expertise for conducting performance
assessments. The foundation for SKI's capability was laid in SKI's previous performanceassessment exercise, Project-90, published in 1991. SITE-94, which commenced in 1992, builds
on the methodology developed in Project-90, but is focused on further development in specific
areas, such as handling of site-specific data and analysis of systems and scenarios. The
developments in SITE-94 have provided SKI with expertise and analysis tools that, with limited
updating, can be applied as a regulatory tool in SKI's future work. This report summarises the
results of the four-year SITE-94 programme.
The work with SITE-94 has involved staff members of the Office of Nuclear Waste at SKI, led
by the office head, Soren Norrby, and a number of Swedish and foreign consultants. The SKI
project group consisted of:
Johan Andersson1
Bjorn Dverstorp
Fritz Kautsky
Christina Lilja
Rolf Sjoblom2
Benny Sundstrom
Oivind Toverud
Stig Wingefors

(project manager 1992-1995; scenarios)
(project manager 1995-1997; hydrogeology, data management)
(geology, rock mechanics)
(near-field radionuclide release and transport, canister)
(canister)
(far-field radionuclide transport, graphics)
(disposal concept)
(geochemistry, radionuclide chemistry, bentonite)

1) now at QuantiSci
2) now at AF Energi Stockholm

For the project, a steering committee (within SKI) and an advisory expert group were formed.
The members of the expert group were Mick Apted, Neil Chapman (QuantiSci) and Ghislain
deMarsily (Universite de Paris).
A large number of external consultants, as cited throughout this report, have contributed to the
successful completion of the project. Karin Pers (Kemakta) assisted with near-field radionuclide
release and transport calculations at SKI. The final report was written by the SKI project group,
assisted by Neil Chapman and Joel Geier (Golder Associates/Clearwater Hardrock Consulting).
Technical reviews of the manuscript by Timo Vieno (Technical Research Center of Finland) and
Philip Maul (QuantiSci) helped greatly in the final editing of the report.
Stockholm, December 30, 1996

Hogberg
Director General

Bjorn Dverstorp
Project Manager
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1

INTRODUCTION

This report concerns the SITE-94 repository Performance Assessment research project,
conducted by the Swedish Nuclear Power Inspectorate (SKI) between 1992 and 1996. The
function of SITE-94 is to provide SKI with the capacity and supporting knowledge needed
for reviewing the Swedish nuclear industry's research and development programmes and
for reviewing license applications, as stipulated in Swedish legislation. It is SKI policy that
conducting independent Performance Assessment is a fruitful means of attaining the
necessary competence for these tasks. The project is based on information (regarding site
data and disposal concept) that was available in 1992; more recent information has not been
taken into account.
The SITE-94 report is structured as a Performance Assessment exercise of the type whose
results would be expected to provide input to decisions regarding repository safety, but the
SITE-94 project is not a safety assessment or a model for future assessments to be
undertaken by the Swedish Nuclear Fuel and Waste Management Company, SKB. The
focus is on building institutional competence and expertise and on the methodology
development deemed necessary to fulfill future needs. The specific project objectives of
SITE-94, which were derived from the regulatory needs of SKI and from experiences from
previous Performance Assessments, comprise site evaluation, Performance Assessment
methodology and canister integrity.
The report gives a detailed description of the many inter-related studies undertaken as part
of the research project. It is hoped that it will be of interest to Performance Assessment
professionals in Sweden and other countries with programmes for the development of deep
repositories for radioactive waste. In Section 1.1 the background to the project is given,
leading into a description of the project's objectives, scope and organisation in Section 1.2.
Section 1.3 gives reading instructions and describes the way in which the report is
structured.

1.1

BACKGROUND TO THE SITE-94 PROJECT

In order to judge the role of the project properly, as well as the conclusions drawn from it,
it is necessary to understand some aspects of Swedish legislation concerning nuclear waste
and the plans of the Swedish nuclear industry for development of a final repository for the
spent nuclear fuel from the Swedish nuclear programme. The project has built on past SKI
research experience, in particular the preceding Performance Assessment exercise,
Project-90.

1.1.1

SITE-94 and the Overall Regulatory Duties of SKI

In Sweden, the nuclear power utilities are responsible for the safe operation of the nuclear
power plants. The utilities are also responsible for the safe handling and final disposal of
spent nuclear fuel and radioactive waste. SKI is the authority which ensures that the nuclear
power utilities actually assume their responsibility. SKI is the Swedish government
regulatory body under the 'Nuclear Activities Act' (SFS 1984:3) and the 'Financing of

Future Expenses for Spent Nuclear Fuel Act (etc)' (SFS 1981:669). It should be noted that
radiation protection matters are not handled by SKI; the Swedish Radiation Protection
Institute (SSI), under the 'Radiation Protection Act' (SFS 1988:220), is the competent
radiation protection authority.
SKI examines and evaluates the nuclear power utilities' research and development
programme for the handling and final disposal of spent nuclear fuel and the
decommissioning of nuclear power plants. When the utilities submit their application to
construct a repository for the final disposal of spent nuclear fuel (or other nuclear facilities),
SKI will also have the task of examining the application according to the Nuclear Activities
Act and advising the Government of its recommendations on the matter, before the
Government makes a decision.
In order to be able to carry out its tasks, SKI conducts research on nuclear waste safety.
SITE-94 is such a research project. In general, the main purpose of the SKI research
programme is to provide SKI with sufficient competence to fulfill its regulatory duties. It
is not intended to assist in the development of safe disposal solutions, a task that is the sole
responsibility of the utilities. It is important to view the SITE-94 report in this context.

1.1.2

SITE-94 in the Context of Swedish Nuclear Industry Plans for
a Deep Geological Repository

According to the requirements of the Nuclear Activities Act, the reactor owners have the
full responsibility for the safe handling and disposal of spent nuclear fuel and other nuclear
waste. The utilities have formed a joint company, the Swedish Nuclear Fuel and Waste
Management Co., SKB, to meet this requirement. Since the 1992 SKB Research,
Development and Demonstration Programme (SKB, 1992), SKB work on final disposal of
spent fuel has moved from a stage dominated by research and entered a phase of pre-siting,
design and engineering. SKB has presented plans for an Encapsulation Plant and a Deep
Geological Repository. An important step in the latter plan is the identification of sites for
'Site Investigations'. According to the SKB plans, two sites will be explored by surfacebased investigation methods, including various borehole tests. After completion of these
Site Investigations, SKB plans to submit an application to conduct 'Detailed
Investigations', including shafts and exploratory tunnels, at one of these sites.
Many aspects of the Encapsulation Plant lie outside the scope of STTE-94. SKI (1995) has
formulated stipulations, confirmed by Government decision (1995-05-19), which state,
among other things, that a license application for the Encapsulation Plant must include a
safety assessment of the complete repository concept. The Detailed Investigation (see
above) will be seen as a first step in the development of the Deep Repository and is thus
seen as an integral part of a nuclear facility. Both applications will be reviewed under the
Management of Natural Resources Act (SFS 1987:12) and the Nuclear Activities Act, as
well as other acts. The licensing decisions are made by the Government, which takes advice
from SKI. SKI will thus need to review a license application to construct a Deep
Repository, where the site-specific information is based on surface-based site
investigations. According to present plans (SKB, 1995), such an application will be
submitted by 2003.

In order to fulfill its duties as a licensing authority, SKI has decided to develop independent
competence and capacity to conduct Performance Assessments. This work started with the
review of the KBS-3 project (SKI, 1984). In 1991 SKI completed its first independent
Performance Assessment, Project-90 (SKI, 1991), which had been initiated in 1986.
The main reason for SKI to develop its own competence in Performance Assessment, rather
than simply following the development of that of the implementor, is that a Performance
Assessment is complex and involves many judgmental aspects. By gaining its own
experience, SKI's capabilities to review judgements made by SKB in their assessments
increase substantially. Other regulatory agencies, notably the USNRC and the UKDOE
(now the UK Environment Agency), have adopted similar approaches to Performance
Assessment (e.g. Coplan et al., 1992). The NRC issued an in-house Performance
Assessment of a repository at Yucca Mountain in 1991 and a second iteration of this
assessment was presented in 1995 (NRC, 1995).
The present project, SITE-94, builds on SKI's experiences from Project-90, but there is a
much stronger emphasis on developing an adequate tool for reviewing future license
applications. SITE-94 has a strong emphasis on the evaluation of surface-based site
investigation data and its use in the Performance Assessment as this is the type of sitespecific information that is likely to be part of the license application for the Deep
Repository, as discussed previously.
The specific objectives and set-up of SITE-94 are described in Section 1.2. In practice,
SITE-94 is set up as a post-closure Performance Assessment of a repository for spent
nuclear fuel constructed according to the methodology outlined in the KBS-3 project
(SKBF/KBS, 1983) and in the SKB 1992 RD&D plan. The repository is hypothetical^
placed at the Aspo Hard Rock Laboratory (Wikberg et al., 1991), which is operated by
SKB.
At the present time no decisions have been made on the methods which will eventually be
used for the final disposal of the spent fuel or where to locate a repository. Aspo is a
research facility and not a proposed repository site. Clearly, the KBS-3 method, or a
variation of it, is still the focus of the industry and both SKI (1993) and the Swedish
Government (M93/2225/6, 1993-12-16) have accepted the KBS-3 method as the main
option in the ongoing research and development work. However, further development work
is needed and the industry has to show, in a license application, that the method and the site
finally selected will constitute a safe solution. Consequently, SITE-94 is not a safety
evaluation of an existing or well defined technical facility, but it can explore safety-related
issues relevant to the technical concept which is being developed. It is expected that the
knowledge and competence gained by SITE-94 will also be of great value for SKI when
reviewing the research and development programmes of the industry, although it does not
address several issues which would be of importance in a license application by the
industry, such as system and site selection.

1.1.3

Use of Previous Experience in Formulating the Objectives of
SITE-94

One source of information used in formulating the objectives and scope of SITE-94 is
SKI's past research experience in Performance Assessment. In particular, Project-90
highlighted a range of issues for future consideration.

1.1.3.1

SKI Conclusions from Project-90

Project-90 involved an assessment of a hypothetical repository system with KBS-3
(SKBF/KBS, 1983) features (i.e. spent fuel stored in copper canisters surrounded by a
bentonite buffer emplaced at approximately 500 m depth in saturated crystalline rock)
located at a synthetic reference site. The reference site was purely hypothetical and was
described by a data set that was meant to represent 'typical Swedish crystalline rock'.
A large part of the effort was to identify and characterise the underlying uncertainties and
scenarios involved in evaluating repository behaviour. This evaluation covered geology,
hydrogeology, mechanical stability, geochemistry, coupled near-field effects, near-field
transport, far-field transport and the biosphere. Project-90 indicated that, in most situations,
only small amounts of radionuclides will be released from a KBS-3 type repository, but it
also indicated that potentially important uncertainties remained.
The analyses indicated that only a few geosphere parameters influence repository
performance, but this conclusion was built partly upon ad hoc assumptions on the structure
of the Project-90 reference site. Thus, a serious limitation of Project-90 was that it was
based on a hypothetical site. It was understood that future analyses would need to include
interpretation of real site-specific data.
Only very limited efforts were devoted to analyses of mechanisms that could potentially
lead to canister failure and no aspects of canister manufacturing or quality control were
considered. Of the processes studied, no mechanism leading to early canister failure was
identified in Project-90, but it was noted that the distribution of the times for canister
failures may be of great importance for the assessment. For this reason, further efforts in
exploring possible mechanisms leading to canister failure were thought to be highly
desirable.
The scenario analysis in Project-90 started with an identification of individual features,
events, and processes (FEPs) that may affect a repository. Based on this analysis, a suite of
potentially important external impacts leading to scenarios covering climate changes,
human actions and canister defects were identified and analysed. It was felt, however, that
further development in the scenario and system analyses technique would be necessary.
Very limited efforts were devoted to biosphere evaluation in Project-90, this being a
radiation protection issue, where SKI is not the competent authority. Clearly, this was an
undesirable limitation which prompted closer co-operation with the Swedish Radiation
Protection Institute in SITE-94.

Finally, Project-90 also showed that there is a need to develop methods for Quality
Assurance within a Performance Assessment.

1.1.3.2

Review of Project-90 by an OECD/NEA Team of Experts

After the conclusion of Project-90, SKI asked the OECD/NEA to set up an international
team of experts to review the project. After reading the report, this review team also met
with SKI staff. In summary, the reviewers stated (NEA, 1992) that Project-90 was a good
piece of work but some problems and development requirements were identified. In
general, the reviewers thought that the report should have a clearer formulation of
objectives and a better description of the relations between objectives, actual work, and
conclusions drawn. In SITE-94, the obvious ambition is to improve upon these points.
The reviewers felt that Project-90 was over-pessimistic regarding the barrier properties of
the far-field and stated that a site-specific assessment was needed. On the other hand, the
reviewers thought that Project-90 was too optimistic regarding canister integrity. SKI did
not necessarily agree with all these views, but acknowledged the need for a site-specific
assessment and the need to explore different mechanisms that could potentially lead to
canister failure.
The reviewers noted that the scenario analysis in Project-90 was a good first step, but that
further developments were needed. They thought that the Project-90 scenarios should more
properly be termed useful 'what-if calculations.
When structuring and conducting SITE-94, SKI's ambition has been to take care of all the
relevant points raised during the NEA review.

1.2

OBJECTIVES, SCOPE AND ORGANISATION OF SITE-94

Based on the principal reason for carrying out SITE-94, that it should provide SKI with the
capacity and supporting knowledge needed for its regulatory duties, two types of objectives
are derived for SITE-94.
The first type concerns development needs in SKI's capability to conduct Performance
Assessments and covers issues such as Performance Assessment methodology, methods for
site evaluation and methods for evaluating canister integrity. These issues are identified
from the forthcoming regulatory needs of SKI and from deficiencies in previous work. The
other type of objective concerns training of SKI staff and general guidance to SKB. As
previously stated, evaluating the safety of a site or a concept are not objectives of SITE-94.

1.2.1

Objectives Concerning Development Needs

The development needs identified in SKI's capability to conduct Performance Assessments
concern site evaluation, Performance Assessment methodology and canister integrity.

1.2.1.1

Site Evaluation

The main focus and the principal objective of SITE-94 is to determine how site-specific
data should be assimilated into the Performance Assessment process and to evaluate how
uncertainties inherent in site characterisation will influence Performance Assessment
results. Specifically, the intention is to:
•

Improve traceability of site-specific information: A considerable amount of
information is gathered during any site investigation, but the way in which any of
this (from general descriptive information to specific data and parameter values) is
sifted, evaluated and translated into the Performance Assessment could probably be
much better defined. Furthermore, a lack of traceability makes it difficult to review
the data assimilation process.

•

Suggest and test means of handling data and model uncertainty: A critical review
of the data available from site characterisation is the starting point for estimating
uncertainties in the form of parameter ranges or alternative models of site properties
or behaviour. These uncertainties need to be identified and their effect accounted for
and propagated through the assessment process.

•

Strive for consistency between geology, hydrogeology, rock mechanics and
geochemistry in describing the long-term evolution of the site: The long-term
evolution of the surface environment and the deep system is of primary interest in
repository performance and, in particular, the geochemical and rock mechanical
interaction with the near-field; understanding the long-term evolution is necessary
in order to achieve a satisfactory understanding of the present state of the site. The
long-term evolution depends on couplings between geology, hydrogeology, rock
mechanics and geochemistry and this makes it necessary to strive for consistency
between description and predictions of these processes.

The site evaluation objectives are motivated both by the forthcoming demand for the review
of license applications, which will be based on site-specific data, and the fact that SKI did
not have any earlier experience of its own. The issues listed should also be of interest to a
wider technical community.

1.2.1.2

Performance Assessment Methodology

Another objective of SITE-94 is to develop Performance Assessment methodology.
Specific sub-objectives are to:
•

develop and test a rigorous systems approach on which to base a safety assessment
capable of both generating scenarios of future system evolution and tackling the
associated uncertainties,

•

develop an approach to safety assessments that allows traceability of information,
decisions and activities in a way that can eventually be incorporated into a quality
assurance plan.

The motivation for these sub-objectives may be found in SKI's previous experience from
Project-90 and reviewing other Performance Assessments. A Performance Assessment is
a complex undertaking and means of improving the logic and traceability are judged to be
important, both in SKI's own assessments and in order to allow for a focused review of
assessments carried out by others.

1.2.1.3

Canister Integrity

The last development objective of SITE-94 is to identify and, as far as currently possible,
to analyse mechanisms influencing canister integrity. The motivation for this objective is
based both on the potential importance of the canister and the need to increase knowledge
on potential canister failure mechanisms in order to make judgements on canister longevity.
The knowledge base, as presented in Project-90, is regarded as being clearly insufficient for
this purpose.

1.2.2

Objectives Concerning Training of SKI Staff

A further objective of SITE-94 concerns training. The intention is to:
•

gain experience in conducting or supervising the various activities included in a
Performance Assessment,

•

test further the SKI capability of carrying out radionuclide release and transport
calculations, as they form the core of any assessment and the results of such
calculations are also useful in determining the relevance of uncertainties identified
in other subtasks and,

•

document the project in a format that follows the SKI general advice to SKB
concerning the content of a safety assessment and assess whether this is feasible.

1.2.3

Project Organisation

The project is set up as a Performance Assessment of a hypothetical repository as this is
believed to be the only practical way of judging the success of the developments within the
context of actual assessments. In order to meet the specific objectives, different sub-projects
are organised.

1.2.3.1

Analysis of a Hypothetical Repository

In order to work with a concrete example, and to be able to work with real and relevant
field data, SITE-94 is set up as an assessment of a repository for spent nuclear fuel
hypothetically placed at the Aspo Hard Rock Laboratory.

The Aspo laboratory is a research facility operated by SKB and has been extensively
explored (Wikberg et al., 1991). In reality, this site will not be considered for waste
disposal, but it is, and will be, used by SKB for investigating groundwater flow and radionuclide transport in crystalline rock, development of tunnel construction methods and
development of canister handling and emplacement methods. All tests are made with
inactive material. Consequently, the data assembled at Aspo are considered to represent a
good example of the kind of data that will be available at the time for the review of a real
license application for detailed site investigations. As a courtesy of the Swedish Nuclear
Waste Management Co. both raw data and interpretations of raw data (Almen and Zellman,
1991, Wikberg et al., 1991 and Gustafsson et al., 1991) from the pre-excavation phase of
the Aspo Laboratory have been made available to the SITE-94 project. Most of these data
are, however, independently re-interpreted by SKI as part of the project.
The hypothetical repository is constructed according to a KBS-3 design, where the spent
fuel is placed in the composite copper/steel canister described by SKB (1992). It should be
made clear that this is still a research concept under development. In reviewing the SKB
R&D Programme 1992 (SKB, 1992), SKI (1993) accepted that a 'KBS-3 type' canister was
used as the main alternative in the ongoing research and development work. This view was
also confirmed by the Swedish Government in its decision (M93/2225/6, 1993-12-16) on
the SKB 1992 R&D Programme. However, no decision has been taken by the authorities
that such a canister can be used in a repository. In reviewing SKB's amendment (SKB,
1994) to the R&D Programme 1992, SKI (1995) concluded that substantial development
work still lies ahead and that this may lead to design changes. These facts, as well as other
unresolved issues with regard to the system design, have also had a direct impact on what
type of analyses could be done within SITE-94.
The SITE-94 analyses do not consider a specific size of the repository, but when evaluating
spatial variability of rock mass properties or in discussing issues such as the evolution of
the Engineered Barriers and the near-field rock, there is sometimes a need to refer to the
size of the repository as well as to the repository emplacement in the rock mass. This means
that different sections in the report will evaluate different sizes of the repository (see
Section 5.5.1). In particular, the radionuclide release and transport calculations in SITE-94
(Chapter 16) only consider single canister releases, implying that the size of the repository
does not directly enter into these calculations.

1.2.3.2

SITE-94 Sub-projects

In order to fulfill the project objectives SITE-94 is organised into four different subprojects,
addressing site evaluation, Performance Assessment methodology, canister evaluation and
radionuclide release and transport calculations, respectively. Each sub-project had a
designated leader who formulated a sub-project plan and ensured that activities within the
sub-project were integrated and that the interfaces with other subprojects were taken care
of.

1.3

STRUCTURE OF THE SITE-94 REPORT

The full documentation of the SITE-94 project consists of this report, two summary reports,
in English and Swedish respectively, and a suite of supporting SKI reports (for a
compilation see Appendix 1, at the end of Volume II of this report). References to these
supporting reports are made in many places.
Chapter 2 contains a detailed description of the Performance Assessment methodology
which was developed within the project. It discusses objectives of Performance Assessments and the relationship between Performance Assessment and acceptance criteria. In
addition, it describes the system analysis approach adopted, the classification and treatment
of uncertainties, including scenarios and the practical techniques developed in order to
describe and analyse the system. Concrete examples of how the technique was used in the
project are found elsewhere in the report. The general Performance Assessment
methodology in SITE-94, explained in Chapter 2, consists of System Identification,
Scenario Identification, Modelling and Consequence Analysis. The SITE-94 report also
follows this structure.
Chapters 3 to 8 cover System Identification and contain a description of the full repository
system, starting out with the characteristics of spent nuclear fuel (Chapter 3) and ending
with a description of the site characteristics (Chapter 7) and the Engineered Barriers
(Chapter 8). These latter chapters, in particular, contain a considerable amount of
evaluation and analysis. This is a reflection of the fact that one important uncertainty in
assessing the performance of a repository is that the system (particularly the geological
barrier) will ever be only partially observed and described.
Chapter 9 covers Scenario Identification and defines the external conditions of the
repository system that are analysed. Such scenario-generating conditions, together with
processes inside the system, result in different potential evolutions of the disposal system.
Chapters 10 to 15 cover Modelling and describe the evolution of the system with time (the
biosphere, far-field rock, the near-field rock and the Engineered Barriers) for the scenarios
identified in Chapter 9. The chapters describe how different processes interact and how they
affect the conditions for release of radionuclides and their transport from the repository,
through the rock and into the biosphere. Limitations and uncertainties are evaluated and
documented or, at least, discussed. The chapters define a suite of calculation cases for the
actual evaluation of radionuclide release and transport.
Chapter 16 covers Consequence Analysis and reports on the radionuclide release and
transport calculations defined by Chapters 10 to 15.
Discussion of project results and their implications for different important issues is found
in Chapter 17. Chapter 18 contains the overall project conclusions.
Some sections of this report (for example on 'repository design') were not part of the
SITE-94 project, but have been included where information is needed for the studies that
were undertaken. The most detailed sections of the report are generally those where
substantial new work has been conducted; a particular example is the parts of the report
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concerned with hydrogeological modelling. The amount of detail given does not reflect the
relative importance for a safety assessment.
The report contains descriptions of a large number of inter-related pieces of work, and
another way of looking at its structure is to consider the main information flows between
report chapters. These flows are shown schematically in Figure 1.3.1. For example, a
central part of the SITE-94 project involves the calculation of the evolution of the near- and
far-fields at the Aspo site in Chapters 10 and 11; this depends upon the scenarios identified
in Section 9, information on the engineered barrier systems given in Chapter 8 and the
hydrogeological, geochemical and rock mechanical models developed in Chapter 7. The
information obtained from these calculations is used in the studies of radionuclide
chemistry in Chapter 12, defining the important processes to be modelled in the performance assessment models in Chapter 13 and in the definition of the release and transport
calculations to be undertaken in Chapter 15. Similarly, the performance assessment
calculations undertaken in Chapter 16 require the models described in Chapter 13, the
calculation^ cases defined in Chapter 15, the biosphere factors calculated in Chapter 14
and various detailed items of information including the radionuclide inventories given in
Section 3.
For readers who wish to study particular parts of the SITE-94 project and who do not wish
to read the whole report, Figure 1.3.1 can be used to help indicate the relevant chapters and
their inter-relationships.
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PERFORMANCE ASSESSMENT
METHODOLOGY

Performance Assessment (PA) provides a basis for decisions on issues related to repository
safety. The demands on Performance Assessment may differ among the parties involved
in the development and siting of a repository, but common to all is that PA is a tool to help
decision makers. PA should thus be open to scientific review and fulfill stringent criteria
for scientific and technical quality. However, when it comes to the focus of PA, it serves
the need of the decision maker, not the scientific community. These aspects are kept in
mind when developing the SITE-94 Performance Assessment Methodology, outlined in the
present chapter.
Owing to the fact that development of Performance Assessment methodology is part of the
SITE-94 project objectives, all aspects of the methodology described in this chapter are not
applied in full in SITE-94. However, the principle aspects of the methodology are applied
and shown to work.

2.1

SAFETY REQUIREMENTS AND ACCEPTANCE
CRITERIA

The general safety objective for SKI's nuclear waste regulatory programme, as specified
by the government in their annual Letter of Appropriation, is that spent nuclear fuel and
nuclear waste should be emplaced in a disposal system that aims at containing the
radioactive substances indefinitely and where the potential for releases of those that cannot
be contained is below acceptable levels. When assessing safety, Performance Assessment
results are related to general performance criteria and safety requirements.

2.1.1

General Performance Criteria for the Repository

The Nuclear Safety and Radiation Protection authorities in Sweden are currently developing
regulations for the disposal of spent nuclear fuel and other nuclear waste. These regulations
will build on the general safety and radiation protection requirement in the Act of Nuclear
Activities (SFS 1984:3) and the Radiation Protection Act (SFS 1988:220). Although the
regulations are still in a developing stage, considerable guidance can be obtained from a
document issued by The Nordic Safety and Radiation Protection Authorities (Nordic,
1993). This document considers criteria for disposal of high-level nuclear waste. As a
background its main guidelines and recommendations are summarised in Table 2.1.1.
However, it must be clearly stated that the regulations which finally will be adopted by the
Swedish authorities may deviate significantly from some of these guidelines and
recommendation s.
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Table 2.1.1 Summary of main guidelines and recommendations considered by the Nordic
Safety and Radiation Protection Authorities (Nordic, 1993). However, it should be noted
that regulations now (1996) being considered by SKI and SSI may deviate significantly
from these guidelines and recommendations.
General objective

The disposal of high level waste shall aim at protecting human health and
the environment and at limiting the burden placed on future generations.

Long-term safety

The risk to human health and the effects on the environment from waste
disposal, at any time in the future, shall be low and not greater than would
be currently acceptable. The judgement of the acceptability of a disposal
option shall be based on radiological impact irrespective of any national
boundaries.

Burden on future
generations

The burden on future generations shall be limited by implementing, at any
appropriate time, a safe disposal option that does not rely on long-term
institutional control or remedial actions as a necessary safety factor.

Justification of practice

No practice involving exposure to radiation should be adopted unless it
provides sufficient benefit to the exposed individuals or to society to
offset the radiation detriment it causes.

Optimisation

Radiation protection related to waste disposal shall be optimised. In doing
so, radiation and risks must be compared and balanced against many other
factors that should influence the optimised solution.

Individual protection

Up to reasonably predictable time periods, the radiation doses to
individuals from the expected evolution of the disposal system shall be
less than 0.1 mSv/year. In addition, the probabilities and consequences of
unlikely disruptive events shall be studied, discussed and presented in
qualitative terms and, whenever practicable, assessed in quantitative terms
in relation to the risk of death corresponding to a dose of 0.1 mSv per
year.

Long-term environmental
protection

The radionuclides released from the repository shall not lead to any
significant changes in the radiation environment. This implies that the
inflows of the disposed radionuclides in the biosphere, averaged over long
time periods, shall be low in comparison with the respective inflows of
natural alpha emitters.

Safety Assessments

Compliance of the overall disposal system with the radiation protection
criteria shall be convincingly demonstrated through safety assessments
which are based on qualitative judgement and quantitative results from
models that are validated as far as possible.

Quality Assurance

A quality assurance programme for the components of the disposal system
and for all activities, from site confirmation through construction and
operation, to closure of the disposal facility shall be established to achieve
compliance with the design bases and pertinent regulations.

Multibarrier Principle

The long-term safety of waste disposal shall be based on passive
multibarriers so that deficiencies in one of the barriers do not substantially
impair the overall performance of the disposal system and so that realistic
geological changes are likely to only partly affect the system of barriers.
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2.1.2

Technical Criteria

Safety requirements and acceptance criteria set up demands for the performance of the
disposal system as a whole. In a licensing process, they are the principles that guide the
decision on repository safety. However, they are not operational, i.e. there are no
instructions on how they should be turned into verifiable criteria for the performance of
specific components of a specific repository at a specific site. Verifiable criteria, or
technical criteria, are criteria that can be proven to be satisfied or not satisfied through a
finite series of physical operations such as testing, observations and experiments. Examples
of technical criteria would be acceptable ranges of chemical parameters for the site or
maximum size of grains in the copper canister.
The technical criteria are of great importance in specifying the requirements on the
repository components in the licensing process. They may also provide important guidance
in concept development and siting processes. They will, however, be site and concept
specific and cannot necessarily be transferred between sites or concepts. In addition, they
must never be dissociated from total system performance. Experience shows that too great
a reliance on technical criteria may be counter-productive.
The safety of the repository is based on the multibarrier concept. The criteria for one
component cannot be specified without considering the functions of other components, i.e.
the total safety of the repository cannot be compartmentalised. This raises the question
about the links between the general safety requirements and acceptance criteria on the one
hand and technical criteria on the other hand. Even if an extended discussion on these
matters lies outside the scope of SITE-94, it is important to recognise that Performance
Assessment techniques and results have an important role if such a linking is to be
successful. PA is not used only for assessing the overall safety of the system, but also to
assess the relevance of proposed technical criteria for safety requirements and consistency
with acceptance criteria.
Although a detailed description of the legal situation lies outside the scope of SITE-94, it
is necessary to re-emphasise the different roles of the regulatory authorities and the
implementor. As already mentioned, Swedish legislation states that it is the sole
responsibility of the waste producer to provide the means for safe disposal of nuclear waste
and to demonstrate that the suggested solutions are safe, whereas the authorities formulate
general safety requirements (based on the legislation) as well as making sure that the
solutions suggested by industry are indeed safe.
Accordingly, it is not the role of SKI to formulate technical criteria, as this would restrict
the design options available to the implementor. However, SKI needs to make sure that the
implementor develops feasible and justified technical criteria. SKI should be able to answer
the question as to whether technical criteria suggested by the waste producer will comply
with the general safety requirements. It is also foreseen that the implementor will discuss
technical criteria during different phases of the development work. At present (1995) such
discussions are part of the SKI guidance to SKB when evaluating their research and
development programme, but more detailed discussions are expected during the prelicensing and licensing process. Eventually, technical criteria will form a background to
stipulations in a potential license for a repository. Consequently, the Performance
Assessment of SITE-94 will not address technical criteria, but the results may potentially

16
be used for discussing safety aspects of the different repository barriers. This is covered in
part in the concluding assessment of Chapter 17.

2.2

PERFORMANCE ASSESSMENT ELEMENTS

The previous section pointed out some design and regulatory decisions for which PA
provides a basis. They include overall safety of the repository at a specific site and
verifiable technical criteria as a means of ensuring that safety is maintained. A decision
maker involved directly in the actual design of a repository would need other foci for PA,
such as a detailed hydrological description to decide on alternative layouts of canister
positions. Decisions on alternative technical concepts for a repository need yet another type
of PA, with a broad scope.

2.2.1

Output from a Performance Assessment

The idea common to all versions of PA is to describe the repository and its surrounding
environment as an integrated system in order to evaluate circumstances under which
radionuclides disposed in the repository may be released and transported to the environment
and to people. The problem is complicated by the fact that the state of the system, as well
as its future evolution, is subject to uncertainty. Therefore, treatment of uncertainty and
models for description of complex systems have prominent positions in PA methodology.
These two issues are discussed in Sections 2.3 and 2.4.
A PA decision basis is structured according to the needs of the decision maker. A typical
basis may include:
•

a description of how the system constituting the repository and its surrounding
environment may evolve in time and how that affects radionuclide release and
transport,

•

a description of how the system may release and transport radionuclides as a
function of time,

•

estimates of various safety indicators, such as potential radiation doses or risks of
adverse health effects to individuals or groups of people over different periods of
time in the future in a deterministic or a probabilistic framework,

•

ranking of factors that contribute negatively to (enhance) radionuclide release and
transport,

•

ranking of different design or siting options.
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2.2.2

Systems Analysis Approach to Performance Assessment

In order to provide the desired decision basis, it should be recognised that a Performance
Assessment is a systems analysis and, as such, can be performed on different analysis
levels. The SITE-94 the analysis levels are:
•
•
•

LEVEL 1: System Identification and Definition
LEVEL 2: Scenario Definition
LEVEL 3: Model Selection
LEVEL 4: Consequence Analysis

Each level involves different activities and has its own associated types of uncertainty. The
treatment of the four analysis levels and the associated categories of uncertainty within
SITE-94 is thoroughly discussed by Chapman et al. (1995) and is outlined in the following
sections.

2.2.3

System Identification

2.2.3.1

General

Identifying the relevant system, or System Identification, is an important initialising activity
in using systems engineering methods for problem solving. PA uses such methods to
investigate the behaviour of a complex of natural and engineered components which are left
unmanaged to interact with each other over a long period of time. System Identification
involves defining the boundary of the relevant system and identifying the components
within the system boundary and their relations among themselves and to the system
environment (see, for instance, Churchman, 1968; Flood and Carson, 1988). Everything
outside the system boundary, by definition, belongs to the system environment.
System Identification is called an 'initialising activity' in order to indicate that, although
it seems a natural starting point for a formal PA, it is an ongoing process which leads to
more stringent identification of the relevant system. Defining the system boundary requires
considerable knowledge about both the problem and the system and appropriate
methodological tools. In most earlier studies, system identification has been informal and
implicit through the selection of analysis models.
In SITE-94, system identification is a formalised, defensible level of analysis. This
improves the control over model linking, model use and scenario generation. Formalised
System Identification is possible through two methodological landmarks: the use of
Features Events and Processes (FEPs) to define the Process System (SKI, 1991) and
introducing a Process Influence Diagram (PID) to identify relations (Sumerling et al.,
1993).
The conceptual basis for the System Identification in SITE-94 is that the repository can be
described as a system of interdependent FEPs (Cranwell et al, 1990) that directly, or
indirectly, influence the release and transport of radionuclides from the repository to the
environment and to man. Following the vocabulary introduced in Project-90 (SKI, 1991),
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the system is called the Process System (PS). The list of FEPs explicitly included in the
Process System then defines the system boundary. The ambition in SITE-94 is to describe,
and include in the analysis on the modelling level, all internal FEPs and their
interdependencies. Outside the Process System, only those FEPs which directly influence
the Process System will be described. Such FEPs are called External FEPs (EFEPs).
The primary interest in the analysis is to determine the evolution of the Process System. The
system may evolve as a consequence of processes within the Process System, but also as
a consequence of direct influences from the external FEPs. This implies that the System
Identification with the definition of the Process System will affect the classification and
treatment of uncertainty. This aspect is elaborated further in Section 2.3.

2.2.3.2

The System Boundary

It is very important to set a clear system boundary. The appropriate size of the system is
decided by the PA analyst, based on the specific purpose of the assessment. It is important
that the setting of the boundary is openly documented and reviewed from different
perspectives, for example:
•

Legal and other pre-specified requirements: Clearly, analyses can only be made for
the part of system contained within the system boundaries. This factor may influence
the time frames studied, the need for biosphere modelling, sub-system analyses (e.g.
the US subsystem criteria, 10CFR60), etc.

•

Defensibility of analysis: Even if predictions are only needed for a limited system,
it may be a strong motivation to analyse a larger system, as the part of the system
where predictions are needed will be less sensitive to external influence or to
correlations between external FEPs.

•

Complexity of the analysis: A large system is obviously more complex and contains
a large number of internal uncertainties.

The judgemental aspect of the placement of the system boundaries may also be illustrated
by the actual choices made in different previously published assessments. For example,
HMIP in the UK have advocated full integration of the future climate evolution in the
analysis (Sumerling, 1992). The TVO-92 assessment (TVO, 1992) puts most of its
emphasis on the near-field and tends to treat changes in the geosphere as different
scenarios, in contrast, the SKB 91 exercise (SKB, 1992) is largely concentrated on the
geosphere and deliberately adopts a simplified source term description.

2.2.3.3

The SITE-94 Process System

The SITE-94 Process System comprises FEPs in the geosphere and the repository, which
directly or indirectly affect radionuclide mobilisation and transport within these regions, as
depicted in Figure 2.2.1.
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Figure 2.2.1 The SITE-94 Process System (from Chapman et al, 1995).

The only part of the SITE-94 Process System that is directly related to nuclear safety is
radionuclide mobilisation and transport. However, these processes depend extensively on
the evolving and correlated properties of the repository and of the geosphere. In contrast,
it is believed that the evolution of the geosphere is relatively insensitive to the details of the
evolution of the biosphere environment. Furthermore, the evolution of the biosphere is
extremely complex and its full consideration in the Process System, whilst possibly
feasible, was not considered practical in SITE-94. This limitation of the SITE-94 Process
System, as all system boundary decisions, needs to be re-evaluated in subsequent
applications of the SITE-94 methodology in future assessments. The physical extent of the
Process System can be described briefly in terms of:
The Engineered Barriers
The Engineered Barriers consists of the canister, buffer, backfill and seals. The system
should be described such that the evolution of geochemical, mechanical and hydrogeological conditions relevant to canister failure and chemical transport paths can be
determined.
The Geosphere
The geosphere processes should be described as an integrated system which can be used for
evaluating the state of the geosphere and its evolution. The geosphere system should be
described such that relevant geological, geochemical, mechanical and hydrogeological
interactions with the Engineered Barriers can be determined, and such that relevant
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transport paths and transport processes of both near-field and far-field geosphere are
determined in space and time.
The Biosphere
In principle, biosphere processes could be described as an integrated system to be used for
evaluating the state of the biosphere and its evolution, as has been developed within the
BIOMOVS n project (BIOMOVS XT, 1994). SITE-94 has adopted a simplified description
of the biosphere. For evaluation of radionuclide transport, the boundary of the general
Process System was set at the interface between the far-field rock and the biosphere.
However, a few biosphere phenomena were identified as having direct impacts on
components of the Process System, and were consequently included within it. Furthermore,
a few biosphere pathways (Chapter 14) have been evaluated in order to calculate doses from
the calculated releases.
Near-field Transport
Near-field transport describes the transport of radionuclides from the spent fuel in near-field
(fuel dissolution, etc.) to the near-field interface with the far-field. The near-field transport
includes transport in the near-field geosphere, i.e. the part of the geosphere which is directly
influenced by the existence of the repository.
Far-field Transport
Far-field transport describes the transport of radionuclides from the near-field interface to
the biosphere interface or other relevant endpoints.

2.2.4

Scenario Identification

The definition of a scenario has to be made in relation to the definition of the system.
Chapman et al. (1995) discuss various approaches to scenario identification and treatment.
In SITE-94, the concept of the Process System, introduced by Andersson et al. (1989), has
been used to generate 'top-down' scenarios by letting Features, Events and Processes
outside the Process System (EFEPs) act on the Process System. The attached EFEP, or a
set of EFEPs and the consequential development of the Process System, then constitutes
a scenario and the EFEPs are thus scenario-generating elements.
When an EFEP acts on the Process System, the interaction is spread through different FEPs
and links in the Process System. For example, the EFEP permafrost directly affects
temperature, which in turn affects water mobility (ultimately the water will freeze), etc.
Such interactions may eventually be modelled. In addition, by attaching an EFEP onto the
Process System, FEPs and links in it which were thought to be of little importance (e.g.
freezing of water) may change in importance. The SITE-94 experiences in applying this
technique to the Process Influence Diagram are discussed in Section 2.4.
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2.2.5

Model Selection and Consequence Analysis

Models are tools that can provide quantitative numbers in an assessment. Evidently, model
selection implies identification or development of models, identification of different
sources of information, as well as the establishment of the information transfer between
these in a manner that reflects the defined system and its evolution. Consequence analysis
implies the selection of input numbers for the models and subsequent quantitative analysis.
In practice, and traditionally, most of the effort in a Performance Assessment, including
SITE-94, is devoted to these two analysis levels.
An important example of model selection concerns site evaluation and the selection of
structure models. This step should be formally separated from assigning parameter values
for a given site structure model, which is part of the consequence analysis.

2.3

TREATMENT OF UNCERTAINTIES AT THE DIFFERENT
ANALYSIS LEVELS

There are many uncertainties associated with a Performance Assessment. Uncertainties can
never be avoided but if a PA is to serve as a useful decision basis, it is necessary to identify
uncertainties, clarify, quantify and reduce them as far as possible, and put them into
perspective. In treating uncertainties, it is important to realise that there are different kinds
of uncertainties and that these differences may affect how the uncertainty should be treated
in the assessment as well as the impact it will have on the decision basis.

2.3.1

Classification of Uncertainty

2.3.1.1

Categories of Uncertainties

In the nuclear waste community, it is common to distinguish between scenario uncertainty,
conceptual model uncertainty and parameter uncertainty. The three categories reflect the
three levels of analysis usually employed in Performance Assessment: measuring/evaluating
the properties of the components of the Process System (parameter uncertainty),
representing and modelling the components and their relations (conceptual model
uncertainty), and speculation about external influences on the modelled components and
relations (scenario uncertainty). The distinction between these kinds of uncertainties is not
always clear, depending on how well an analysis manages to uphold the hierarchy of
analysis levels. However, it is important to be able to associate one category of uncertaintes
with each level of analysis. The terminology (language) and activities used to obtain and
process information is distinctly different for each level. The categories of uncertainty must
be sufficiently well-defined to reflect these differences.
Two comments should be made about classification according to analysis levels in the
Performance Assessment. First, if more levels of analysis are needed, it is necessary to
extend the set of uncertainty categories. For this reason, SITE-94 introduces the concept of
system uncertainty, which is the uncertainty in the System Identification concerning which
FEPs and influences inside the system boundary really need to be considered. This will be
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further discussed in Section 2.3.2. Second, an uncertainty may be re-interpreted at another
level of analysis. For example, uncertainty about rock permeability (parameter uncertainty)
may be re-interpreted as conceptual model uncertainty (porous medium or channel
network). Such re-interpretations are to be expected in a hierarchical analysis and reemphasise the need to record and track the origins of uncertainty within each different
analyses level. For example, two different conceptual models may produce the same result
in a certain application, but may yield very different results in another.

2.3.1.2

Completeness

A general uncertainty underlying all analyses is the problem of completeness, i.e. 'have we
thought of everything?'. The completeness problem exists for all four types of uncertainty
discussed above. It is particularly evident for scenario uncertainty, as it is impossible to
prove that all relevant EFEPs that directly influence the Process System have been
identified, but completeness is also an issue inside the system. On a system description
level, the completeness concerns whether all relevant FEPs, and links between FEPs, have
been identified. With regard to the conceptual model uncertainty level, completeness
concerns the possible existence of unidentified, alternative conceptual models. At the
parameter uncertainty level, there is always an uncertainty as to whether the parameter
ranges consider all the desired uses of the model in question.
In treating the completeness problem, it should be made absolutely clear that it is
impossible to reach completeness in an absolute sense. This lack of absolute proof is
general to most decision making problems, but should, of course, always be made very
clear to all decision makers. As stated earlier, Performance Assessments are conducted in
order to assist decisions. The primary ambition level in a Performance Assessment with
regard to completeness is thus to facilitate the judgement as to whether more efforts are
needed in order to support the decision. Within SITE-94, it is believed that traceable and
well-documented procedures for handling uncertainties are important in this respect.
Clearly, any assessment should also have the ambition to reduce the incompleteness, but
the question of how much effort is needed for this is always judgemental.

2.3.1.3

Quantification

Another important aspect of uncertainty is whether it can be quantified and how.
Performance Assessment should be used to prepare a decision basis by putting different
uncertainties into perspective. This is clearly facilitated if the uncertainties are quantified,
as this provides a means of at least ranking different problems. A simple example of a
quantified uncertainty is a frequentistic-based probability of canister failure during a certain
time period (even though difficult to estimate). A more complex uncertainty is a 'degree-ofbelief that a certain feature in the rock mass exists or that certain chemical processes will
occur in the near-field. In this case it may, for example, be irrelevant to discuss mean
values. Consequently, care must be taken when propagating impacts of uncertainty through
an assessment, such that the relevant aspects of the uncertainty are maintained.
When dealing with several uncertain quantities, it is also necessary to treat properly the
issue of statistical dependence or correlations. For example, if a postulated fracture zone
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exists in the rock or if particular chemical processes do occur, this may have direct
implications on the status of other uncertain phenomena in the repository system. Omitting
statistical dependence can have dramatic impacts on estimates of the likelihood of coupled
events and phenomena.
It should also be noted that many geosphere properties (in particular) show considerable
spatial variability and that many processes or conditions will change with time. However,
variability is not uncertainty—it is a property of the system. It does, however, often make
it difficult to evaluate measurements, thus contributing to overall uncertainty.

2.3.1.4

Approach to Treatment of Uncertainties

The SITE-94 approach to uncertainty, including the completeness problem, is to develop
a methodology for the systematic use of expert judgement for identification purposes and
to document these judgements in a traceable and transparent form which would allow for
review and potential updates of decisions made. Furthermore, the way an uncertainty is
described, as well as its correlation with other phenomena, both affect how to estimate the
uncertainty and how to propagate the impact of the uncertainty through the assessment.
Consequently, the Performance Assessment Methodology has to acknowledge these facts
and treat them properly. In developing and adopting a methodology for system analysis,
scenario development and treatment of uncertainty within SITE-94, the ambition is to
advance the capability of handling these matters by:
•

Developing a new technique for System Identification through expert judgement (the
Process Influence Diagrams) which allows for a systematic search for system
components (FEPs) and their couplings as well as making it possible to handle a
wide system boundary.

•

Adopting procedures for reflecting expert opinion on the importance of different
FEPs and their interactions. This contributes to a quantification of the system
uncertainty, although not in a frequentistic sense.

•

Developing a new technique for describing the quantitative modelling of the
evolution of the Process System (the Assessment Model Flowchart) that can be
related to the Process Influence Diagram and which provides a framework for
propagating uncertainties in a manner that ensures that the known dependencies are
properly treated.

These techniques are described in Section 2.4. In developing this approach, the concept of
a Performance Assessment involving a number of levels of analysis, as discussed above,
was adopted.

2.3.2

System Uncertainty

System uncertainty is the uncertainty in the System Identification, made in a specific
Process Influence Diagram. It refers to the fact that the Process System is not fully known:
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FEPs may be missing in the PED, improperly linked to other FEPs, or the importance of a
linking may be misjudged.
The need to introduce system uncertainty arises from the wide system boundaries adopted
in SITE-94. Many of the features, events and processes that in earlier studies were
considered as generators of scenario uncertainties, are now found inside the Process
System. This makes it easier to test and document hypotheses about causes and
consequences of different uncertainties but at the price of a new category of uncertainty to
handle. Formally, it could also be argued that one category of uncertainty should be
associated with each level of analysis. A more thorough elaboration on this is given by
Chapman etal. (1995).
Assessment of system uncertainty is clearly subjective. Much system uncertainty is nonquantifiable and can only be treated by open documentation and expert judgement.
However, once a system is documented, such as the PID in SITE-94, it is open to
systematic expert review, as described in more detail in Section 2.4. Experts can provide
answers to the question of how many FEPs and links must be considered by assessing how
unreasonable it would be to ignore a specific link or FEP. This does not allow for a
categorisation of influences in terms of probabilities, but rather in terms of possibilities. As
such, the rules for combining separate decisions to produce a final categorisation are those
of fuzzy set theory. Specifically, the category assigned to a combination of separate choices
is the widest category of the component choices.

2.3.3

Scenario Uncertainty

For the sake of simplicity, the definition of scenario uncertainty adopted in SITE-94 is the
uncertainty related to the EFEPs. This uncertainty concerns both the completeness problem
(concerning whether all relevant EFEPs have been found) as well as different quantitative
measures of the EFEP, such as the quantification of the impact at the system boundary and
probability of occurrence. The SITE-94 approach to identifying EFEPs is discussed in
Section 2.4 and Chapter 9. It is evident that much uncertainty still remains, even after
precise definition of the EFEPs, since the Process System is subject to system uncertainty,
its models are subject to conceptual model uncertainty and the parameters may be subject
to parameter uncertainty.
When modelling the scenario generated by the EFEP, the EFEP needs to be quantified. The
quantification concerns both different measures of likelihood for the EFEP, such as
estimates of when the EFEP will occur over a certain time period, as well as quantitative
estimates of the magnitude of the impact. For permafrost, an example of the latter could be
estimates of surface temperature as a function of time. The quantified model of the EFEP
can then be attached to the different quantitative models that describe the Process System.
Application of this technique within SITE-94 is discussed in Section 2.4.
The Process System will evolve internally without changes in the environment to the
Process System, as the system itself contains many evolving processes. This warrants
analyses of a Reference Case, which concerns how the system evolves 'internally' (see
further discussion in Chapter 9). In fact, the wide system boundaries adopted in SITE-94
are chosen in order to make the system relatively insensitive to outside disturbances, even
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if major external changes may have an impact on the system. The wide system boundaries
may consequently minimise the scenario uncertainty, but at the price of increased system
uncertainty.

2.3.4

Conceptual Model Uncertainty and Validation

A model of a process, group of processes, or of the behaviour of a particular region of the
repository, represents one or several FEPs and their links in the PID. Conceptual model
uncertainty is connected with model validation, but includes more than uncertainty about
whether a model is properly validated or not. Conceptual model uncertainty also concerns
whether all relevant processes have been identified.
Model validation should answer the question: how well do the proposed relationships
between physical entities describe (predict) phenomena in the real world? A model is
validated by proving that it has been properly derived from natural laws or previously
validated models, or by comparison of model results with experiments and observations.
It is useful to view the result of validation, not as proving that the model is true or false, but
as establishing the applicability of the model. That is, we interpret the expression 'How
well...' in the validation question as meaning 'Under what circumstances ...'.
Model validation is an iterative process, progressively testing and refining the applicability
of models and is, consequently, always provisional. It depends on the experiments and
observations that have made to date. New experiments or observations may reduce the
applicability of the model or the model from which it has been derived. There are also
examples where successful models have increased their applicability. For the present
discussion, it can be concluded that there is always some validation uncertainty about the
proper range of application of a model. The reader is also referred to the SKI/NRC staff
position paper on validation (Eisenberg et al., 1994) and the conclusions from the
international INTRAVAL project (NEA/SKI, 1996), which advocate similar ideas.
Validation of alternative conceptual models may show that they have overlapping ranges
of application. That is, although the models propose alternative relations and alternative
measurable entities, they describe the relevant experiments or observations equally well.
The alternative models may seem mutually exclusive but, with available experiments and
observations, it is not possible to rule any of them out. Assume that the models can
represent the same FEPs in the Process System. If they always produce similar
consequences for the Process System, the apparent uncertainties in validation of these
models do not give rise to any conceptual model uncertainty. However, if the models yield
different results, there is a genuine case of conceptual model uncertainty.
Conceptual model uncertainty due to model overlap is generated by the models and the lack
of precision in their validation, that is, it originates at the modelling level of analysis. There
is also a type of conceptual model uncertainty which is a re-interpretation of system
uncertainty. Instead of an uncertainty about whether a model can be applied under the
specified conditions, there may be uncertainty about the conditions themselves. This may
lead to uncertainty about the applicability of a model, in spite of very precise validation.
Such a situation may occur when there is uncertainty about FEPs or links within the area
of the PID represented by the model, or about links to this area.
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An important example of conceptual model uncertainty originates from site evaluation,
where there is often uncertainty about the relevant geological structure models. In STTE-94,
such conceptual model uncertainty is, to a large extent, treated by formulating alternative
conceptual site models (such as a discrete or a continuum representation of geometry). In
other instances, the conceptual model uncertainty is treated by selecting 'conservative'
models.

2.3.5

Parameter Uncertainty and Variability

Parameter uncertainty refers to parameters with unknown values, but where a unique value
could, in principle, be inferred from measurements or observations. The definition of the
parameter is usually model dependent. If conceptual model uncertainty exists, this
propagates and is re-interpreted on the measurement level.
Parameter uncertainty has been extensively investigated in radioactive waste programmes
in Canada, Sweden, the UK and elsewhere (see, for example, Goodwin et al, 1994a).
Usually, the parameter uncertainties are described by distribution functions and the
consequences for the Process System are calculated using a range of values sampled from
the distribution, in some instance using Monte Carlo technique.
Parameter uncertainty should not be confused with parameter variability. In the former
case, the parameter has a single, but unknown value; in the latter case, the parameter
actually has different values depending on space and time. The probability of finding a
specific value is given by a distribution function. Variability is not uncertainty but a
property of a component or of the system. In general, however, variability increases
parameter uncertainty.

2.3.6

Propagation of Uncertainties

The overall aim of treating uncertainties in SITE-94 is to follow their effects through the
Process System. Figure 2.3.1 illustrates the methodology chosen. As it is important to
quantify the role of uncertainties, their propagation through models and chains of models
is of primary interest. The propagation of uncertainties has to be followed in two
dimensions: in the logical space set up by the four levels of analysis described above
(systems analysis, scenario analysis, model development/selection and consequence
analysis), and in the Process System itself. In order to avoid double-counting the effects of
uncertainty, it is necessary to keep track both of the level of origin (or source level) of a
particular uncertainty and the re-interpretation of the uncertainty on the subsequent levels
of analysis. Such a tracking is also necessary to handle correlations between different
uncertainties.
On the System Identification level, all uncertainties originate from the identification of the
relevant system through the Process Influence Diagram. But for each of the other three
levels, there are two types of uncertainties: those which originate on the level and those
which are re-interpretations of uncertainties from previous levels. Propagation through the
Process System can be followed on those levels where there is a complete representation
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of this system, that is, through the PID on the System Identification level and in the models
on the modelling level. The full representation of the Process System on the modelling level
is called the Assessment Model Flowchart (AMF). This is discussed in detail in Section 2.4,
as well as by Chapman et al. (1995).
Re-interpreting uncertainties on the consequence analysis level (e.g. in the form of
parameter distributions) is a powerful way of obtaining quantitative estimates of the effect
of uncertainty. The distribution of a particular parameter may be used to mimic the effects
of several different uncertainties originating on the previous levels. Subsequent chapters
describe the directed effort in SITE-94 to re-interpret, quantitatively, the extent of
conceptual model uncertainty of the site description, in terms of its impact on radionuclide
release and transport. However, re-interpretation has to be made with care. Although the
effects on single parameters are similar, re-interpreting the different uncertainties may give
rise to quite different correlations between model parameters.

Analysis Levels

Principal Uncertainties
Completeness
Strength of Influences
Structure & Content
Boundaries

System Identification Level
System Boundaries and PID

Scenario Identification Level
EFEPs and Scenario
Screening and Selection

Modelling Level

>-

• Completeness
• Combination of EFEPs
• Probability of Occurrence
• Times & Frequencies of Occurrence

1

Alternative Conceptual Models
Verification
Validation

1

Model Selection for
Performance Assessment

\

Consequence Analysis Level
Parameter Selection

Parameter Values
Parameter Distributions
Spatial Variability

Figure 2.3.1 Schematic illustration of uncertainty propagation at the four levels of
analysis adopted in SITE-94 (from Chapman et al., 1995).
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2.4

IMPLEMENTATION OF THE ANALYSIS LEVELS

SITE-94 follows the four levels of analysis defined in the previous section: System
Identification, scenario identification, model selection and consequence analysis. The
following subsection outlines the general approach.

2.4.1

System Identification—The Process Influence Diagram

The first step in the SITE-94 System Identification, which is to define the extent and
boundaries of the Process System, and its internal scale and content in terms of the level
of detail at which each component should be described, is presented in Section 2.2. The
next step is to represent formally the Process System in the form of a Process Influence
Diagram. The steps involved in this work are described in full by Chapman et al. (1995)
and are summarised below.
The Process Influence Diagram (PID) graphically describes the direct influences between
the different FEPs in the Process System. Indirect influences can be assessed by following
a chain of interconnected FEPs. Furthermore, SITE-94 documents the PID, including
descriptions of FEPs and description of influences, as well as decisions made, in a
relational database with a graphical interface describing the relationships between the FEPs.

2.4.1.1

The FEPs Audit

A preliminary but essential stage of the SITE-94 system analysis is the identification of all
features, events, and processes (FEPs) which are considered important to the assessment,
either as components of the PID or to be considered as relevant External FEPs to the
Process System. An extensive FEPs list was generated for audit purposes. The
specifications and methodology of this exercise and the methodology of the ensuing audit
are described by Stenhouse, et al., (1993).
Identification of EEPs has been performed previously for a variety of national radioactive
waste management programmes, and resultant FEP lists apply to a number of disposal
concepts and cover a range of disposal sites. As a starting point for the FEP audit list, the
FEP lists from the following published national exercises are compiled as an electronic
spreadsheet/database: AECL (Goodwin, et al., 1994b), U.K. DoE (Thome, 1992), IAEA
(IAEA, 1981), Nagra (Nagra, 1985), SKI/SKB (Andersson, 1989), Sandia (Cranwell et al.,
1990), U.K. Nirex (Hodgkinson and Sumerling, 1989), U.K. DoE (Miller and Chapman,
1992) and NEA (NEA, 1992). The final compilation comprises over 1200 entries and is
listed in Stenhouse, et al. (1993). The level of FEP detail for each national list is highly
variable and reflects differing degrees of generalisation.
After removal of duplicate entries, screening criteria are added to identify and subsequently
remove those FEPs which are irrelevant to the SITE-94 disposal concept, the Aspo site or
the basis on which the SITE-94 assessment is being performed. The criteria which are used
are based on those applied by Nagra (Sumerling et al., 1993), and are referred to in the
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present work as screening 'arguments'. They are presented in full in Stenhouse et al.
(1993), and summarised in Chapman et al. (1995).
The FEP lists produced in the previous stages are used to perform an audit of the
preliminary list of FEPs, which are considered either to be part of the Process Influence
Diagram or to be FEPs external to it. The objective of this exercise is to ensure that all
relevant features, events and processes are either incorporated in the sections of the PID or
EFEP lists already generated or are available for updating the PIDs or EFEP list. The end
product of the audit is a final list of all FEPs which have to be considered in the system
analysis and scenario development work. The full list of FEPs is included in Stenhouse et
al. (1993).
The auditing approach is considered a superior alternative to assembling a group of experts
and constructing a new list from scratch. The FEPs list produced depends both on the site,
the assumed barriers and the level of understanding. The process of reviewing and revising
FEP lists is, however, ongoing, and should certainly be revisited and taken back to
fundamentals, before any major assessment.

2.4.1.2

Constructing the General Version of the PID

To facilitate construction of the PID, the Process System is divided into five main regions
representing the different barriers in the KBS-3 disposal concept, namely fuel and canister,
bentonite buffer, tunnel backfill, near-field rock, and far-field rock (Figure 2.4.1). FEPs
from the unscreened list in the SKI/SKB report (Andersson, 1989) are then introduced into
the PID as boxes with a FEP name, in each of the five regions where they could occur. (The
PID is then updated through the FEPs audit described above). The FEP boxes in each
region are then ordered so that those affecting barrier performance lie at the top of that
region of the PID, and those affecting radionuclide transport at the bottom. FEPs describing
physical and chemical properties or conditions within the barrier region lie in the centre,
forming a link between these two groups.
Interactions between FEPs are identified and represented on the PID by arrows linking pairs
of FEPs and showing the direction of the influence. There may also be different types of
influences between two FEPs, again represented by separate arrows. Each influence arrow
is designated with a unique code. Influences are considered only in terms of their impact
on the FEP being evaluated (without being biased by subsequent influences of that FEP on
others, for example).
In order to maintain a comprehensive record, and to avoid confusion or misinterpretation,
a set of FEP documents is prepared. Each FEP has a unique entry containing its description,
its cause and effects, and references to the literature. These FEP records are electronically
linked to the PID entries within the modelling software, to form an FEP database. Similarly,
each influence is recorded on the database in terms of its code number, the nature of the
interaction and the FEPs coupled. The influence records also contain protocols from the
development of the Reference Case and Central Scenarios (see below). Figure 2.4.2 shows
the general structure of the database supporting the PID and its constituent files.
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The general PID eventually constructed, after the revisions described in the next section,
contains 161 FEP boxes and 668 influences, and comprises a complex and extensive
diagram requiring a printed size of about 2 m2 to be viewed and used manageably.
Figure 2.4.3 is an extract from the full version of this PID, but after evaluation of
importance levels for the Reference Case (see next section). (The complete PID is included
in a folder in the back of this report). Inspection of Figure 2.4.3 allows for assessment of
direct and indirect influences. For example, the FEP Water Chemistry in the buffer directly
influences the FEP Sorption, buffer through the link BE82, but it also indirectly influences
Transport and release ofnuclides, bentonite buffer, through the link BT8 from sorption to
transport.

Tunnel Backfill

Fuel & Canister

Bentonite Buffer

Far»Field Rock

Near-Field Rock

Figure 2.4.1 Structural layout of the PIDs (from Chapman et al, 1995).
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Figure 2.4.2 Summary structure of the database supporting the PID. The different file
numbers are explained in Chapman et al. (1995) (from Chapman et al., 1995).
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Figure 2.4.3 Extract of the PID developed within S1TK-94 for the Reference Case.
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2.4.1.3

Importance Levels Expert Assessment of the PID and Adjustment to
Different Scenarios

The original PID, which was developed within a very small group of people, contained a
lot of judgements which needed to be reviewed. Furthermore, importance levels have to be
associated with the influences between the FEPs. These revisions are made by expert
judgment as described below. However, since the importance of an influence may be
scenario dependent, the scenario premises must be defined before judging the importance
of the links.
The evaluation of the importance of an influence is described with the help of importance
levels. Importance levels are obtained by asking the question whether the influence should
be included in the assessment or if its influence is negligible. An importance level, or ILvalue, (taken as an integer in the range 0-10) is assigned to each influence. An influence
with an importance level of 10 is one which it would be completely unreasonable to ignore
in an assessment. The other categories are defined as follows:

\L Value

Importance of an influence on a full-system PA

10
8
6

Total loss of confidence in PA if influence is excluded.
Considerable loss of confidence if it is not considered.
It should be included but effect on confidence marginal.

Influences scoring below this line will normally be omitted from any assessment.
4
2
0

PA would be just acceptable without the influence.
It may be interesting to include the influence.
No loss in confidence in the PA if it is excluded.

In practice, the steps of reviewing the structure of the general PID are combined with
assigning importance levels to the PID influences for specific scenarios. The first step in
this process is to define a Reference Case. The main purpose of the SFTE-94 Reference
Case, which is described in Chapter 9, is to make it possible to describe the system and its
internal couplings without a need to consider all possible EFEPs. In addition, the Reference
Case can be seen as a means to evaluate the 'internal evolution' of the repository system
when it is not affected by changing external influences. The definition of the SITE-94
Reference Case is that the repository is constructed according to the Design Basis, with
uncertainties, that present day climate and surface environment persist indefinitely and that
there is no human interference with the system. The SITE-94 repository system Design
Basis is defined in Chapters 3 to 8 and is not reiterated here.
Using this definition it is then possible to convert the PID for the general Process System
into one which describes the Reference Case. A formal symbolic notation is adopted and
this version is denoted as the PID(RF). The mechanism for making this conversion is via
a series of expert group meetings, whose objectives are to:
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•

check the structure of the diagram and the details of the influences between FEPs,
thus carrying out an audit of the constructed general PHD,

•

prepare the PID(RF) by attributing 'importance levels' (IL values) to each of the
influences in the general PID for the Reference Case assumptions. This will later
allow further versions of the diagram to be produced at various levels of
simplification, reflecting 'degrees of belief in the validity of the overall Process
System model, as discussed in Section 2.3.

The basic steps in the evaluation process are to:
•
•
•
•

check that the influences charted between each FEP are comprehensive,
add or redirect influences if necessary,
attribute IL values to each influence for the Reference Case assumptions,
record briefly the basis on which these values are attributed.

From this record, it is then possible to construct various versions of the PDD(RF) which
incorporate only those influences relevant to different IL degrees of belief. The review and
auditing of the general PID and the construction of the PID(RF) effectively take place
simultaneously. The complete PID(RF) is provided in a folder at the end of this report. A
more detailed record of the procedure adopted, and other examples of PIDs, are presented
in Chapman etal. (1995).
Following the meetings, reduced versions of the PID(RF) are prepared for two importance
levels: 6 and 10, denoted PED(RF, 1^) and PID(RF, I ^ Q ) respectively. This is done simply
by removing all influences with lower IL values and all FEPs which thereby become
completely disconnected. These diagrams contain substantially less information than the
full PID. Whilst the full PID(RF) contains 668 influences, the PID(RF, I^6) contains 469,
and the PID(RF, IU1O) only has 257, consequently being substantially more manageable.
Both the PID(RF, 1^) and the PID(RF, I^10) are presented in full in Chapman et al. (1995).
The same extract of the PID for the Reference Case, as shown in Figure 2.4.3 is depicted
in Figure 2.4.4 for the importance level 10. A comparison of Figure 2.4.3 with Figure 2.4.4
illustrates the effects of removing influences.
After identifying a set of EFEPs to form scenarios, these EFEPs need to be applied to the
PID in order to check for potential changes in influence levels, etc. The implementation of
that step is discussed in the next section and in Chapter 9.

Figure 2.4.4 Extract of the FID for the Reference Case and with 1, = 10.

36

2.4.2

Scenario Identification

The principal procedures adopted in SITE-94 for identification of future external events and
conditions (EFEPs) that may have a relevant impact in the analysed system are as follows.
A list of EFEPs relevant to SITE-94 is obtained through the FEPs audit described above.
The FEPs audit results in 81 EFEPs listed by Stenhouse et al. (1993). As already noted by
Andersson (1989) and further elaborated by Chapman et al. (1995), it is not possible to
explore all permutations of a large number (such as 81) of EFEPs. They also note the
complexity of time sequences, i.e. that the order of occurrence of EFEPs, as well as the time
in relation to the evolutionary processes in the repository, can potentially be very important
to the scenario consequences. Other means of selecting EFEPs and EFEP combinations,
rather than simple permutations, are needed. The SITE-94 approach to resolving this issue
is the following:
Establishment of a Design Basis (DB)
One set of EFEPs concern deviations from the proposed repository design and operation,
including the effects of poor QA on the wastes or near-field Engineered Barriers. However,
due to the development work that still lies ahead in particular (Chapter 5) and to the role
of SKI with respect to the industry (Chapter 1), such deviations are not evaluated in
SITE-94. In the SITE-94 repository design (Chapters 3 to 8), there is room for uncertainties
such as those regarding canister quality. However, such uncertainties, which may
potentially lead to relatively early canister failure, are treated as properties of the analysed
system, not as EFEPs. Evidently, analysing the system dependence on design issues,
including its sensitivity to deviations from the desired design, would be an important
exercise but, following the discussion in Chapter 1 on the role of SKI with respect to the
nuclear utilities, such issues should primarily be treated in the SKB RD&D Programme.
Definition of a Reference Case (RF)
The repository constructed according to the Design Basis will start to evolve even without
external influences. There are processes that may lead to canister failure and, once
radioactive elements are released into the buffer, they will migrate through the geosphere.
Clearly, canister lifetimes can be very long, failure rates may be very small and the
retardation so effective that a substantial level of containment is achieved but, in order to
make such statements, analyses of the processes involved are needed. It could be argued
that such 'internally generated' evolution dominates evolution caused by external
influences. For this reason, one important (in fact, the main) class of analyses carried out
in SITE-94 concerns a Reference Case which represents a hypothetical situation of no
future changes in the external influences on the Process System. When evaluating the
Reference Case, it is understood that the Design Basis potentially also allows for early
canister failures, meaning that all processes affecting radionuclide mobilisation and
transport would be effective in the Reference Case.
Definition of a Central Climate Evolution Scenario (CS)
A large group of the EFEPs identified in SITE-94 relates to climate change, its effects on
the surface environment and thence on the disposal system. In the light of today's
knowledge (Chapter 9) it is evident that the stable climate, implying steady-state system
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boundary conditions, which is assumed for the Reference Case, in fact, is unlikely. For this
reason, in the SITE-94 analysis, full account is taken of predicted changes in the climate
of Sweden, and the impact of a deterministic description of the most likely sequence of
climatic events on the repository evolution is analysed. It was decided to develop a 'Central
Scenario' which incorporates the large group of EFEPs concerning the expected climate
change (e.g. permafrost, glaciation, sea-level changes, etc.) in Sweden. The Central
Scenario conditions are specified such that their influence on the Process System can be
evaluated. Furthermore, it is assumed that any additional external impacts (i.e. the
remaining EEEPs) are superimposed on the Central Scenario conditions.
Selection of interesting combinations of remaining EFEPs
The EFEPs not considered for the Central Scenario form the basis for the selection of other
scenario initiators, to be applied singly, or in groups, to the Central Scenario. The following
guidelines are used for this selection:
1.

The aim should be to try to test the envelope of possible futures, even though it is
difficult to demonstrate rigorously that this has been done.

2.

A set of scenarios should stress each part of the disposal system, so that the response
of the whole system to adverse conditions is tested.

3.

A careful search should be made for EFEPs which are likely to occur at 'early' times
(i.e. before 100 000 years).

4.

Combinations of EFEPs should be considered, as well as single ones, together with
positive correlations between EFEPs. Time sequencing and time of impact with
respect to the Central Scenario should also be taken into account.

The general version of the PID(RF) is taken as the starting point for development of
influence diagrams resulting from impacts by External FEPs. The modus operandi is the
same as that described in the previous section for the production of the PID(RF), using
small expert working groups and documenting each decision on protocol sheets as the work
progressed. In SITE-94, only the FEPs representing the Central Scenario are applied to the
PID. Whilst a set of supplementary scenarios resulting from the evaluation of the remaining
EEEPs is developed, these are not taken as far as producing scenario-specific PIDs. Specific
results of the overall exercise are presented in Chapter 9.

2.4.3

Model Selection - The Assessment Model Flowchart (AMF)

The PID expresses the processes and links that should be considered in the Performance
Assessment for a certain importance level, IL, and is thus a structured approach to treating
system uncertainty. However, the PED does not directly describe how to model the system,
which calculation cases should be considered, or how these calculation cases, representing
different scenarios, should be generated. Specifically, the next analysis levels concern
linking the FEPs and links of the PID with the actual assessment modelling. The
methodology must also be able to incorporate parameter uncertainty into the definition of
calculation cases for consequence analysis.

38

2.4.3.1

The Assessment Model Flowchart

In order to address these issues the concept of the Assessment Model Flowchart (AMF) is
developed. The AMF is devised as a tool which will organise the models, ideas,
elaborations or computer codes that are used within the assessment in the form of a
flowchart, showing how information is transferred between models and other means of
processing information. In SITE-94 the issues raised above are addressed by:
•

mapping the FEPs and links of the PID onto the relevant parts of the AMF,

•

documenting explicitly the uncertainties, alternative conceptual models and
parameter in the AMF and,

•

sampling calculation cases (variants) from the large number of potential variants
identified by using the AMF.

An additional motivation is to use the AMF to define the practical limitations on
information treatment that constrain the assessment. As developed in SITE-94, the AMF
thus essentially describes available tools, techniques and experts. Clearly, this approach
could introduce unacceptable bias into an assessment if it meant that the assessment only
treated issues for which it had techniques or information available. Any assessment,
particularly a scenario-based assessment, must be able to identify all the areas which have
been defined as potentially important, but which it has not been possible to address
quantitatively. Mapping the information from the PIDs onto the AMF proves an ideal tool
for identifying modelling needs. In addition, the AMF is a good tool for designing
information processing. In SITE-94, the AMF-concept is used for such design purposes and
the final AMF used is the result of an iterative process.

2.4.3.2

Structure of the AMF

As with the PID, the AMF is represented as a relational database with a graphical interface.
Information processing can take place in models or Clearing Houses (Wene, 1995). Some
information is obtained from information sources. The information transfers between
models, Clearing Houses and information sources are represented by links. The final
version of the SITE-94 AMF is shown in Figure 2.4.5.
•

A model is a quantitative tool that processes information in a formal and well
defined manner. Typical examples of models are analytical equations or computer
codes. Clearly, some FEPs and links in the PID are well represented by models.

•

A Clearing House (Wene, 1995), is a less formal means of processing information.
It represents a situation where input to a model is not made according to a predefined protocol, but involves judgement and compilation of data from different
sources. A Clearing House has instructions and experts as members and, after
mapping the PID elements onto the AMF, a list of FEPs or influences with which
it must deal.
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In developing the AMF for SITE-94, it is acknowledged that there is a substantial amount
of information processing that is not made by computer models, but rather by expert
opinion or simplistic ('back-of-the-envelope'; conservative assumption) evaluation. These
methods of information processing have both limitations and strengths. They may be more
cost-effective and more transparent. They may also be the only way to combine the results
of very different model concepts and, from them, derive parameters for other model
calculations.
The major drawback of the Clearing House is the potential for less stringent quality control,
which may result in oversimplifications. From a QA point of view, a Clearing House is less
defensible than a formal information transfer link, in that it processes and simplifies data
before passing them on, rather than allowing the recipient full access to raw information.
However, there may be a series of good reasons for using a Clearing House, including
resources available in relation to the importance of the subject, too simplistic recipient
quantitative models and the openness of information transfer. Where Clearing Houses
interact with other Clearing Houses, there is found to be a risk of blurring information to
an unacceptable level. Fortunately, there are only a few such links in the AMF developed
for SITE-94.
An information source includes the scientific literature, previous work,
experiments, technical specifications, etc. However, the use of the information in the
information sources usually has to be defined in the Clearing House.
A link indicates that information is sent from an information source, model or
Clearing House to a model or a Clearing House. What is being sent is defined by the
model or the Clearing House.
The graphical description of the AMF displays the information transfer between the
information processors. The links represent the transmitted information. The graphical
picture in the database is supplemented with text in the database attached to each AMF
element. The documentation serves three purposes:
1.

It discusses how links and FEPs in the PID are handled in the assessment.

2.

It describes how to obtain information (usually numerical values) that should be
transferred to another part of the AMF.

3.

It identifies the people responsible for decisions.
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Figure 2.4.5 The SITE-94 AMF, showing Clearing Houses (shaded), modelling
requirements (plain) and information sources (thick frame).
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2.4.3.3

Mapping the PID onto the AMF

One purpose of the AMF is to ensure either a systematic treatment or, at the least, a
discussion of each of the FEPs and links on a PID that have been identified at a certain IL
value. This problem is addressed by mapping the FEPs and links in the PID onto the AMF.
The mapping is achieved through a series of documented meetings with experts within the
SITE-94 project. For practical reasons, the mapping exercise conducted within SITE-94
was limited to the PID(RF, IL=10).
The procedure for the mapping is as follows. As each EEP, or link of the PID, is evaluated,
a check is made as to whether it is an obvious component of either a model or a Clearing
House in the AMF. If this is the case, then the FEP/link is mapped to this AMF element.
If it is not, then the FEP/link is mapped to the most appropriate Clearing House and a short
discussion is included in the documentation on the possibility of improving the treatment
of the FEP/link. For each decision made, a protocol sheet is completed which includes
suggestions on how best to address the influence/FEP in the assessment phase of SITE-94.
The items not included in the AMF models (or Clearing Houses), and for which no obvious
easy assumption or scoping calculations can be suggested for use in the SITE-94
assessment, then require specific attention. Once outlined on the diagram, it is intuitively
clear that these areas cover Performance Assessment issues which are widely acknowledged
to be problematic, poorly understood or, generally, rarely analysed. The following
procedure is adopted to handle these issues:
•

A protocol sheet is completed for each item, explaining the nature of the problem
(no conceptual model available, no data available, understanding inadequate, etc.)
plus some discussions as to the likely effect of omitting analysis from an assessment
and the types of uncertainty that this will incur.

•

Decisions are made by the relevant Clearing House as to how the issue is to be
addressed, either within SITE-94 (i.e. either ignored, or by a simplifying assumption
after further discussion) or after SITE-94 by further research.

The actual decisions made in SITE-94 are discussed at the relevant sections in this report
and documented in the AMF database.

2.4.3.4

Information Transfer and Representation of Conceptual Uncertainty

The AMF is a tool for documenting the information transfer between various parts of the
assessment. This can provide explicit documentation of conceptual model uncertainty,
including alternative conceptual models and parameter uncertainty. A specific role is given
to the Clearing Houses. Clearing Houses represent people, who specifically examine the
results or data and make judgments and decisions before transferring the information to
another level. This is also a potentially useful QA-function, as mistakes or doubtful data
would not be automatically passed on to new models. The Clearing House documentation
should include the following information:
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•

text describing how the information entering the Clearing House is used for
producing the output information,

•

uncertainty estimates of the output information, when possible in the form of
potential variants that may be considered for analyses by receiving models or
Clearing Houses and,

•

a discussion of the quality of the information delivered.

Conceptual model uncertainty is described graphically directly on the AMF if there are
alternative conceptual models that are intended to provide the same information. In this
situation, the information (i.e. the AMF links) leaving the different alternative models has
to enter a Clearing House. A typical example of such a case is the different hydrogeological
models that all deliver information to the same Clearing House (Figure 2.4.5). The Clearing
House then has to decide how to transmit the results of the alternative models further
through the AMF. One possibility is to produce a suite of parameter variants representing
ranges of the different conceptual models.
When there are no good models available, the Clearing House has to provide the output
parameter ranges based on reasoning, previous information and simplistic calculations. A
variant of this situation is where one or more models exist that described some of the
processes that need to be considered, but not enough to provide a full output. In such cases,
the Clearing House may both deliver information to, and receive information from, a model
and then produce output ranges from reasoning (see, for example, how the Surface
Complexation models interact with the geochemical parameters to RN-transport Clearing
House in Figure 2.4.5).
For specific details and application the reader is referred to Chapters 10 to 15 in this report.

2.4.3.5

Adjusting the AMF to Different PIDs

In SITE-94, the only Process Influence Diagram formally mapped to the Assessment Model
Flowchart is for the Reference Case with the most important influences (IL=10). Mapping
a PID which also includes less important influences would potentially lead to modifications
of the AMF. Some of the new influences may correspond to models already in the AMF.
The models may actually contain more influences than the most important ones. Mapping
may also make it necessary to add links in the AMF. However, the main effect is likely to
be more influences mapped to different Clearing Houses. In such a case, if there are many
influences mapped to Clearing Houses, the AMF may be a poor representation of the PID
and model development would be necessary.
Adjustments to the AMF are also necessary for the PID developed for different scenarios.
Such adjustments are made in SITE-94 for the Central Scenario, as further discussed in
Chapter 9.
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2.4.4

Formulation of Calculations Cases

The fourth level of analysis concerns selecting parameter values for the consequence
analysis models. The parameter selection should reflect the different analysis levels, such
that the suite of consequence model results could be used for a quantitative re-interpretation
of system uncertainty, scenario uncertainty, conceptual model uncertainty and parameter
uncertainty and variability. The quantitative assessment is based on the concept of variants
and calculation cases. Each Clearing House that should deliver parameters to the codes for
consequence analyses formulates different setups of parameter values for potential use in
consequence analyses. A single parameter setup from Clearing House is called a variant.
The suite of variants from a Clearing House represents a parameterisation of scenario
uncertainty, conceptual model uncertainty, parameter uncertainty and variability. Thereby,
the information on the origin of the uncertainty (or variability) is directly tied to the variant.
However, the consequence codes require input from many Clearing Houses. This input is
obtained by combining variants from different Clearing Houses. Each single combination
analysed is denoted a calculation case.
For a given System Identification and scenario, the AMF displays the sources of
information to any assessment code used. In trivial cases, input can be determined uniquely,
but the more interesting parameter deliveries to an assessment is usually processed in a
Clearing House. Consequently, the Clearing Houses are given responsibility for delivering
sets of variants that reflect the uncertainties in the different analysis levels.
When the Clearing House needs to deliver many parameters, or when many Clearing
Houses deliver parameters to the same model, this task is complicated by the need to assure
that the parameter values in a single variant and in the calculation cases are internally
consistent and not in conflict with known functional relations or other correlations.
Furthermore, the number of calculation cases could easily grow to unmanageable numbers
and there is then a need to sample an illustrative subset of combinations of variants. This
problem is particularly acute when formulating calculation cases for the SITE-94 near-field
and far-field radionuclide transport codes, which receive input from many different sources.
In order to handle this situation, an overall approach is developed (Chapman et al., 1995)
which identifies a relevant and manageable set of calculation cases for each System
Identification and scenario selected. The actual application of this approach in SITE-94 is
described in Chapter 15.

2.5

QUALITY ASSURANCE

Quality is defined by the International Standards Organisation (ISO) as the totality of
features and characteristics of a product and service that bear on its ability to satisfy stated
or implied needs. Quality assurance (QA) is then simply the activity of ensuring that quality
is achieved.
The principles and concepts of QA have mainly been developed and applied within the
manufacturing industry, for which purpose generally accepted standards (e.g., ISO 9000)
have been developed. However, a more or less direct translation from manufacturing to
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services is often possible without too much difficulty. In fact, scientific decision aids are
mentioned explicitly as examples of a service to which the standard ISO 9004-2 may be
applied.
Quality requirements are most logically derived based on the needs of the user of a product
or service. For Performance Assessments undertaken by a licensing authority, there are
several such users with somewhat different needs, e.g., decision makers, the public,
management, PA staff and peers. From an analysis of these needs, it is evident that the
focus is on the following issues, which may then be described as the main objectives of QA
for Performance Assessments:
•

transparency and logic in arguments and their derivation,

•

comprehensiveness,

•

validity in application of models and data,

•

traceability of assumptions, models, data.

Clearly, most of these requirements concern how the assessment is documented. Another
important point is the scientific quality of a Performance Assessment (validity,
comprehensiveness, etc.).
SITE-94 includes a subproject with the original aim of developing a plan for Quality
Assurance of Performance Assessments and of applying this plan to relevant parts of
SITE-94. It should be stated from the outset that, for various reasons, this aim has not been
achieved. Thus, soon after the start of SITE-94 it was realised that the development of
quality assurance for Performance Assessments would involve much more than just
establishing the procedures relevant for a particular Performance Assessment project. In
fact, such project-oriented procedures must, in one way or another, be integrated or linked
with the Quality System of the host organisation. At present, a formal Quality System has
not yet been established within SKI. At the start of SITE-94, it was thought possible to
develop a stand-alone Quality Plan for Performance Assessment, based on a standard such
as ISO 9004-2. However, the necessity to link such a plan to the overall SKI Quality
System became apparent and this approach was abandoned. Instead, the AMF methodology
within the scenario subproject eventually evolved into a very promising answer to the needs
of a set of practical and useful QA tools, although by the time these tools were ready for
practical use, time and resources were insufficient to have them applied to SITE-94.
However, an audit of the relevant parts of the project using this methodology appears to be
a promising exercise.

-

Xi

47

3

PROPERTIES OF SPENT NUCLEAR FUEL

This chapter discusses the quantities, the radionuclide inventory and the properties of the
waste-form analysed in STTE-94, i.e. spent nuclear fuel. Of this information, the
radionuclide inventory is directly used in the radionuclide release and transport calculations
presented in Chapter 16, whereas the quantities of spent fuel more is given as background
information, since in most cases SITE-94 evaluates consequences from a single canister
failure. The discussion of the properties of the spent fuel is an input to the discussion of fuel
dissolution in Section 11.8 and the modelling of radionuclide release as described in
Section 13.2.

3.1

INTRODUCTION

3.1.1

Quantities of Spent Fuel

The twelve nuclear power reactors in operation in Sweden produce spent nuclear fuel at a
rate of about 250 tonnes per year. If all of these stay in operation until the year 2010 they
will have produced 7000 to 8000 tonnes of spent fuel. The precise amount will depend on
a number of factors, e.g. utilisation of reactors and burn-up of the fuel. In its most recent
plan (SKB, 1995) for costs of nuclear waste management, SKB has calculated the fuel
quantity to be 7840 tonnes U for the same scenario. The inventory of radionuclides for
SITE-94 has been calculated (Liljenzin, 1990) assuming a higher burn-up than in SKB's
estimate, resulting in a lower total quantity of spent fuel of 6820 tonnes IHM (Initial Heavy
Metal). The data used for the inventories for SITE-94 and Project-90 are identical.
With 1.6 tonnes IHM per canister, the SITE-94 inventory corresponds to about 4300
canisters. As will be explained in Chapter 7.2, it was not found possible to emplace more
than about 400 canisters at the evaluated portion of the Aspo site. This limitation and lack
of realism is judged to be of little importance for SITE-94 and it should be kept in mind that
SITE-94 is not Performance Assessment of a real site or repository (see Chapter 1). As will
be discussed further in subsequent chapters (Chapters 5, 8, 11 and 15), the radionuclide
migration calculations in SITE-94 are confined to analysing releases from a single failed
canister under different conditions. Due to the development stage of the canister
(Chapter 5), it has not been judged meaningful to provide estimates of the number of failed
canisters at any given time after repository closure.
Some types of spent fuel are not considered in SITE-94. These include small amounts of
very low burn-up, natural uranium fuel from the first Swedish research and prototype power
reactors. Damaged fuel and waste from examinations of spent fuel will also need to be
disposed of, but are not considered here. Some mixed-oxide fuel (24 tonnes of German
origin) is a cause for more concern, primarily due to its higher concentrations of heavy
nuclides. Separate studies on this type of fuel may be necessary.
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3.1.2

Types of Spent Fuel and Their General Characteristics

The fuel for light water reactors (LWRs) consists of fuel rods comprising stacked pellets
of uranium dioxide surrounded by a cladding of a zirconium alloy (Zircaloy). The rods are
assembled into arrays containing 50-300 rods, depending on the type of reactor (BWR or
PWR). Boiling water reactors (BWRs) have a lower power density and contain a larger
quantity of fuel than pressurised water reactors (PWRs) of similar size. Fuel assemblies for
the different types differ in design and in the amount of fuel per assembly. Typical data for
the two types of fuel are given in Table 3.1.1.
The data given in Table 3.1.1 should be regarded as examples only, indicating major
differences. The exact figures may vary, depending on reactor and fuel generation. It should
also be noted that the fuel rods are only filled with fuel over lengths of about 3.5 m for a
BWR and 3.6 m for a PWR.
Three of the twelve Swedish reactors are of the PWR type and they will contribute 20-25%
of the total quantity of spent fuel produced by a programme ending in 2010.
The appearance of LWR fuel is shown in Figure 3.1.1.

Table 3.1.1 Data for individual assemblies of unirradiated fuel (SKBF/KBS, 1983).
Material quantities (amount/assembly)
Uranium (initial heavy metal), kg
Cladding*, kg
Other metal parts (excl. fuel boxes), kg

BWR

PWR
178

464

48

105

6

35

Fuel boxes (removed before encapsulation), kg

41

Number of fuel rods

63

Rod diameter, mm

12

Rod length, mm
3998
* Corresponding to total amount of Zircaloy, without boxes, for BWR.

264
9.5
3852
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88-5

214 s

1 HANDLE
2 SPRING CLIPS
3 FUEL ROD BUNDLE
4 TOP TIE PLATE
5 TIE ROD

6
7
8
9

SPACER GRID
FUELCHANNEL
BOTTOM TIE PLATE
TRANSITION PIECE

1 SPRING CLIPS
2 TOP TIE PLATE
3 FUEL ROD
4 CONTROLROD
GUIDE TUBE
5 SPACER GRID
6 BOTTOM TIE PLATE

Figure 3.1.1 Left: fuel assembly for a BWR reactor (ASEA-ATOM);Right: fuel assembly
for a PWR reactor (Westinghouse Ringhals 3 and 4). From KBS-3 (SKBF/KBS, 1983).
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3.2

COMPOSITION OF FUEL COMPONENTS

3.2.1

Fuel Material

The composition of spent fuel depends on the bum-up and on the initial enrichment of the
fuel. Modern fuel for LWRs has an enrichment in the range of 3-4% 235U. Higher
enrichments and, thus, higher burn-ups are attainable by the addition of a few tens of
percent of a so-called burnable absorber (BNA, Burnable Neutron Absorber), which lowers
the reactivity of the fresh fuel. Eventually this absorber (typically a lanthanide such as Gd,
with an extremely high neutron capture cross-section) is burnt up by neutron capture,
thereby balancing the bum-up of 235U. The influence on radionuclide inventory is probably
of minor importance and has not been considered further in SITE-94.

3.2.2

Metal Parts

The amount and composition of metal parts in the fuel vary depending on the type of fuel
and reactor. For SITE-94, data for the metal parts of BWR fuel are used (TVO, 1992).
Thus, the following average values are assumed in calculations of radionuclide inventory:
Zircaloy-2
Zircaloy-4
Inconel X-750

Stainless steel

275
5
6
20

kg/tlHM
kg/tlHM
kg/tlHM
kg/tlHM

3.3

RADIONUCLIDE INVENTORY

3.3.1

Burn-up Calculations

The inventory for SITE-94 is based on the same calculations as for Project-90 (SKI, 1991;
Liljenzin, 1990). Thus, the bum-up history of each batch of fresh fuel has been followed
for each reactor. Known or predicted changes in enrichment, recirculation of uranium and
bum-up have been accounted for. Calculations have been performed for three shut-down
scenarios. The scenario chosen for the SITE-94 calculations is the same as in Project-90,
namely:
•

All reactors are assumed to have been operated until 2010 and shut down
simultaneously. Fuel for two large boiling water reactors, Forsmark 3 and
Oskarshamn 3, is assumed to be based mainly on re-enriched uranium from
reprocessed LWR fuel after 1995.

Some recirculated (reprocessed) uranium might be present due to the mixing of uranium
feeds from different (foreign) sources when enrichment services are bought outside
Sweden. Inclusion of reprocessed uranium in the inventory is of some importance, since it
gives an increased content of U-236 and Np-237 in the spent fuel.
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The maximum bum-up assumed in the calculations is for a small part of the PWR fuel with
62 GWd/t IHM. The heat load per canister is restricted, however, which means that fuel
elements with a high bum-up will be packaged together with low bum-up fuel. Thus, the
average bum-up per canister will probably not vary as much as the bum-up for fuel batches.
The radionuclide data presented in the next section are averages based on the total quantity
of fuel produced. A significant proportion of fuel batches should not be far from this
composition and it is considered to be a good approximation to the average composition
in a canister.
Radionuclide activities are calculated for the year 2100. Thus, these data compare rather
well with data for 100 years cooling time, such as those presented in KBS-3 and TVO-92.

3.3.2

The SITE-94 Inventory

The SITE-94 inventory used in the calculations is given in Table 3.3.1. In comparison to
Project-90, the inventory is more comprehensive, e.g. it includes a few more fission
products, activation products (TVO, 1992) and data for some higher actinides. Data for
inactive isotopes are also given (Table 3.3.2) in order to allow calculations of isotopic
dilution effects on radionuclide solubilities (Chapter 12). For a more detailed listing of
radionuclide data, see Liljenzin (1990).
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Table 3.3.1 The SITE-94 nuclide inventory for AD 2100. Ref a: Liljenzin (1990); Ref b:
Benedict et al. (1981); Ref c: TWO (1992).
Inventory
(Bq/t I H M )

Inventory
(mol/t IHM)

Nuclide
Fission and activation products
14
7.4x10 3
1.7x10'°
C
79
1.5x10'°
7.5xlO"2
Se
6.7x10'
3.0xl0 14
^Sr
10
93
8.1xl0
9.3
Zr
2
94
7.6x10'°
5.1xl0
Nb
6.1x10"
9.7
"Tc
9
107pd
3.8xl0
1.9
126
l.OxlO"1
1.4x10'°
Sn
129T
1.6xlO9
1.9
135
1.4x10'°
2.5
Cs
14
137
9.9x10'
4.4xlO
Cs
Decay chains
22fi
9.7xl0 5
1.2xlO7
Ra
229^
7.7xlO"8
1.4xlO5
230
3.0X10"4
5.1xlO7
Th
231pa
8.2xlO"6
3.3xlO6
232Th
4.5xlO"5
4.2x10'
233U
8.5xl0 6
l.OxlO"4
234
7.4x10'°
1.4
u
8
235 3)
2.0xl0
1.1x10'
u
9
236
7.2xlO
1.3x10'
u
237
2.1x10'°
3.3
Np
238
1.2x10'°
4.0x103
U
238pul)
1.2xlO14
7.8x10'
13
239
l.lxlO
2.0x10'
Pu
13
240p u
1.7xlO
8.2
14
241
4.4
1.4xlO
Am
242p u
1.0x10"
2.8
12
243
1.7xlO
9.3x10'
Am
5.3x10'°
3.4xlO"2
^Cm
246
3.6x10'°
1.3xlO"2
Cm
2.4xlO6
6.3xlO"5
"•Cm
Cladding
36
4.2x108
9.5x10°
C1
93
Zr
1.6x10'°
1.8
9
14C
7.5xlO
3.3xlO"3

Ref.

Inventory of
one canister2*
(mol/canister)

Half-life
(years)

b
a
a
a

1.2xlO"2
1.2x10'
1.1
1.5x10'

a
a
a
a
a
a
a

1.2xlO"9
1.6x10'
3.0
1.7x10'
3.0
3.9
1.6

5.73xlO3
6.50xl0 4
29.1
1.53xlO6
2.00xl0 4
2.13xlO5
6.50x106
l.OOxlO5
1.57xlO7
2.30xl0 6
30.2

a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
a

1.9xlO"7
1.2xlO"7
4.7X10"4
1.3xlO'5
7.1xlO"5
1.6X10"4
2.2

1.3x10'
7.1
4.6
1.5
5.4x10'2
2.1xlO"2
l.OxlO"4

7.38xlO3
8.50xl0 3
4.78xlO3
3.40xl0 5

c
c
c

1.5xlO"2
3.0
5.2xlO'3

3.00xl0 5
1.53xlO6
5.73xlO3

1.7x10'
2.0x10'
5.3
6.4x103
1.2
3.2x10'

1.60xl03
7.34xlO3
7.70xl0 4
3.28xlO4
1.41x10'°
1.59xlO5
2.45xlO5
7.04xl0 8
2.34xlO7
2.14xlO6
4.47xlO9
8.8x10'
2.41xlO4
6.54xlO3
4.30xl0 2
3.76xlO5
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Table 3.3.1, ctd.
Structural larts
59
Ni
9.6x10'°
5.8x10'
c
9.3x10'
8.00xl04
4.9x109
^Nb
7.4x10 3
c
1.2xlO"2
2.00x104
14
5.5xlO9
C
2.4xlO"3
c
3.8xlO 3
5.73xlO3
1)
Inventory added to 234U in the calculations
2)
One canister contains 1.6 t IHM
3)
In fact, the inventory of 235U in fuel with a normal burn-up (30-40 MWd/kg) should be higher
by a factor of 2-3. This has been considered in the discussion of the results in Chapter 16.
The inventories of other nuclides are not significantly in error due to this discrepancy.

Table 3.3.2 Inventory of stable isotopes. Ref. a: Liljenzin (1990); Ref. c: TVO (1992).
Inventory
(mol/t IHM)

Ref.

Inventory
(mol/canister)

Pd

9.6

a

1.5x10'

Se

5.5x10'

a

8.8x10'

Sn
Sr
Zr

2.9x10'

a

4.6x10'

4.9
4.4x10'

a
a

7.8
7.0x10'

I
Cs

3.5x10'
1.0x10'

a
a

5.6x10'
1.6x10'

Sm

6.7

a

1.1x10'

Lanthanides (excl. Sm)

7.4x10'

a

1.2xlO2

3.0xl0 3

c

4.8xlO3

l.lxlO 2

c

1.8xl02

Stable isotopes by element
Fuel

Cladding
Zr
Structural parts
Ni

3.4

CHEMICAL ANDPHYSICAL FORM OF SPENT FUEL

3.4.1

Chemical Composition and Structure

The following information, largely based on Kleykamp (1985), is also given in the
Project-90 report (SKI, 1991), but is included here for completeness.
For some of the fission products considered in SITE-94, the chemical state can be described
as follows:
Iodine
The chemical state of iodine in the spent fuel is not completely clarified, but there is much
evidence in favour of Csl as the dominant species and this compound has been observed
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in the fuel-cladding gap. On the other hand, the mobility of I is higher than that of Cs,
which seems to contradict the assumption of Csl formation and it might also be taken as
evidence for I occurring in the elemental form. However, the thermodynamic equilibria
during burn-up suggest the formation of Csl, the equilibrium pressure of elemental iodine
and I2 being negligibly small (Imoto, 1986). Together with other volatile fission products,
iodine mainly occurs in voids along the grain boundaries and, to some extent, within the
grains.
Cesium
The amount of Cs not present as Csl (or CsBr) forms mixed oxide phases, e.g. uranates and
molybdates, located in the fuel-cladding gap, in cracks and at grain boundaries. To some
extent, it may also be dissolved in the matrix.
Technetium
The major part of the Tc inventory seems to occur in the so-called 'white inclusions', i.e.
particles of metal alloys. The constituents of these precipitates are Mo, Tc, and the noble
metals Ru, Rh and Pd, with Mo and Ru as the main components. The inclusions form
separate phases of about 10 urn size, almost comparable to that of the fuel grains (about 1050 fim).
Tin
This element is present in another kind of intermetallic compound, with Pd as the major
component. Other constituents in these phases are Te, Sb, Ag, and Cd and they tend to
accumulate in the centre of the fuel.
Zirconium
The Zr-oxide is only soluble to a limited extent in the oxide matrix. Therefore, Zr also
forms a separate oxide phase (a so-called 'grey phase') together, primarily with Ba, Mo and
U.
Strontium
According to Kleykamp (1985), Sr is predominantly dissolved as an oxide in the fuel
matrix. This is at variance with some earlier assumptions based on fuel leaching
experiments. However, a fraction of Sr is found in the grey oxide phase.
Lanthanides
Due to the close chemical similarity, lanthanides should form a solid solution with actinides
in the fuel matrix.
A major portion of the transuranium elements is also dissolved in the fuel matrix.
The spent fuel is a multi-component, multi-phase system of great complexity. In addition,
many of the compounds and phases formed under reactor operation are metastable at the
temperatures of a repository. Therefore, it will be difficult, if not impossible, to base a
realistic model of the fuel on thermodynamic calculations. On the other hand, achievements
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have been made in simulating the chemical state of fission products in irradiated fuel, i.e.
by calculations for high temperatures (Imoto, 1986).
In the SITE-94 inventory, the stable isotopes of the radioactive elements have been given
(Table 3.3.2) in order to allow for a more complete analysis of potential isotopic dilution
effects and formation of solid solutions. For solubility limited release mechanisms, the
release rate for each single radionuclide should be proportional to its isotopic fraction in the
waste form. However, the isotopic effect is only valid over volumes with homogeneous
isotopic composition. For that reason, it is probably questionable and non-conservative to
include isotopes from regions far apart in the waste form. Nevertheless, in SITE-94 the Zr
in the cladding has been assumed to share solubility with 93Zr in the fuel (Chapters 13 and
16).
A great potential for a similar solubility reduction is probably present for elements forming
solid solutions. In the first place, this should be the case for Am and Cm and also for these
two together with the lanthanides. However, this beneficial feature has not been taken into
account in SITE-94 and, in most cases, it seems that the potential reduction in radionuclide
releases would have little effect on the total radiological consequences.

3.4.2

Physical Properties

Spent nuclear fuel is a highly heterogeneous material, a factor which must be considered
in attempts to describe release mechanisms for radionuclides. Apart from the phase
heterogeneities, described in Section 3.4.1, the physical form is also of importance. The fuel
structure changes with burn-up and thermal load and transients, resulting in geometrical
distortion, e.g. swelling and cracking of the fuel pellets.
This cracking may be of particular concern when defining the contact surface area between
fuel and water, e.g. for estimation of oxidant production (Section 11.6) The upper limit of
this surface area, as determined by the grain size, is larger than the geometrical area of the
intact fuel pellets by a factor of several hundred.
The structure of spent fuel has been studied extensively in connection with tests of fuel
under reactor operation, but little is known of how this structure will change in the longor very long-term in contact with groundwater. For example, it is not known whether the
grain boundaries will dissolve at a faster rate than the grains, or whether reprecipitated
oxides will seal the pores in fuel particles.
The appearance of spent fuel, typical for Swedish LWRs, is shown in Figure 3.4.1.
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Figure 3.4.1 a) A vertical cut through a rod of spent nuclear fuel; magnification 4X. b) An
etched section of the interior of a fuel pellet, showing the appearance of grain boundaries
and voids inside the grains; magnification 1000X. (Courtesy of Studsvik AB.)

57

4

THE ASPO SITE

This chapter provides some overview information about the location, regional geology and
surface environment of the Aspo site. The information is provided as general background,
whereas the geological evaluation affecting site characterization and site evaluation is
presented in Chapter 7.

4.1

INTRODUCTION

The island of Aspo is situated on the east coast of Sweden about 330 km south of
Stockholm. The site is located close to the nuclear power station on the Simpevarp
peninsula approximately 25 km northeast of the city of Oskarshamn (Figure 4.1.1).
As discussed later, in Chapter 6, all of the site-specific data used in SITE-94 come from the
pre-excavation phase of the Aspo Hard Rock Laboratory (HRL). The data have been made
available as a courtesy of SKB, as SKI does not participate in the Aspo Project. The Aspo
site was chosen owing to the large amount of surface data available, corresponding, in many
respects, to what could be expected from a surface-based site investigation at a real
repository site. Data collected by SKB after the start of tunnel excavation (in October 1990)
are not considered in any part of the SITE-94 project.

Figure 4.1.1 Location of the Aspo Hard Rock Laboratory (SKB, 1996).
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4.2

ASPO HARD ROCK LABORATORY

The Oskarshamn-Simpevarp region was investigated from 1986 to 1990 with the purpose
of locating a site for the Hard Rock Laboratory (for a full description of the HRL
Programme, see SKB, 1996). During this period, extensive site characterisation work was
carried out using boreholes and surface observations (Wikberg et al., 1991).
Aspo HRL, with its entrance ramp located on the Simpevarp peninsula, was constructed
as part of SKB's ongoing site characterisation programme and to improve the
understanding of different issues involved in the construction of a repository. The study was
divided into three phases: pre-excavation (1986-1990), excavation (1990-1995) and the
operating phase (1995-). The pre-excavation phase was aimed at describing the natural
conditions in the bedrock, while subsequent phases sought to validate the models used as
well as to establish new experimental programmes at depth (SKB, 1994).
Construction work, including the entrance ramp, spiral adit and shafts, is complete. A total
of 3600 m of drifts has been excavated, to 450 m below the ground. A tunnel-boring
machine (TBM) with a diameter of 5 m was used to excavate the last 400 m of the tunnel.
Nine organisations from eight countries (Japan, USA, Canada, France, Finland, UK,
Switzerland, Germany) currently participate in the project (June 1996). Most of the joint
work, conducted and planned during the operating phase, concerns groundwater flow and
radionuclide migration in crystalline rock. SKB will also use the laboratory for other
studies, including the development of tunnel construction, canister handling and
emplacement methods and for testing backfills.

4.3

REGIONAL DESCRIPTION

4.3.1

Bedrock and Structural Geology

The Swedish crystalline bedrock is part of the Fennoscandian Shield (Lundqvist, T., in
Lindstrom et al., 1991). The shield can be divided into five main tectonic regions, where
the bedrock of eastern Smaland, consisting mainly of granites, belongs to the Transscandinavian Igneous Belt (TIB; Patchett et al., 1987). The TIB rocks, 1650-1810 Ma old,
contain inclusions of older metamorphic rocks and are intruded by younger granites
(1350 Ma) and dolerite dykes (900 Ma).
The regional geological surroundings of Aspo (Figure 4.3.1) are dominated by various
plutonic TIB granitoids belonging to intrusions (Kornfalt and Larsson, 1987). Basic rock
types (greenstones) are normally associated with the granitoids. Pegmatites, dipping at low
angles, which occur associated with gently dipping shear zones, are assumed to be related
to Rapakivi-type granite diapirs (Talbot et al., 1989).
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Figure 4.3.1 Generalised geological-tectonic map of the regional surroundings of Aspo
(modified from Kornfalt and Wikman, 1987). The map ofAspo is enlarged in Figure 7.2.3.

The structural pattern of the area indicates complex igneous activity typical of mountainforming episodes, involving multiple intrusions and extrusions combined with block
faulting. The brittle structures range in size from broad, regional shear zones to single,
extensive fractures and local small-scale fractures. In the inland region (W and NW of the
Aspo region), there are major thrust faults dipping slightly southwestwards (Nordenskjold,
1944). However, gently inclined shear zones at Aspo appear to dip northwestwards
(Wikberg et al., 1991).
Detailed information and discussion of possible interpretations of the available geological
and structural data in the region and on Aspo island is given in Section 7.2.

4.3.2

Seismic Activity

Eastern Smaland is an area of Sweden with low observed seismic activity since the
registration of earthquakes started in 1904. Based on readings by the National Defence
Research Establishment (FOA), a general picture of the maximum horizontal stress
(compression) in Sweden has been calculated with the aid of stress releases in conjunction
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with registered earthquakes (Slunga, 1990). A northwesterly principal maximum stress
direction is indicated and this has been confirmed by some actual rock mechanical stress
measurements (Stephansson et al., 1991 andBjarnasson et al, 1989).

4.3.3

Topography and Quaternary Deposits

Aspo is located east of the South Swedish Highland and is characterised by a gently
undulating topography (Figure 4.3.2). The highest (100 m) late glacial shoreline is located
about 25-30 km west of Aspo. The highest elevation of Aspo island is 13 m above present
sea level.
Glacial till, mostly influenced by earlier wave activity, dominates the area with an
increasing amount of overlying peat bogs (and clay) inland. In moderately exposed areas,
the till cover does not normally exceed 5 metres. Several metres of glacial clay can be
found overlain by a few metres of postglacial clay and mudded clay, especially in the
cultivated low land (Svensson, 1989).
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Figure 4.3.2 Topographic map ofAspo Island and its surroundings. Published with the
permission of National Land Survey of Sweden. (Copyright © National Land Survey of
Sweden, Licens no. 96.0340)
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4.3.4

Surface Hydrology

The Simpevarp area contains parts of two larger drainage basins with two major streams
flowing into the Baltic. Average annual precipitation for the area is 675 mm. Potential and
actual annual evaporation is calculated to be 616 and 490 mm, respectively. Groundwater
recharge has been determined from this data, and shows mean values from 128 to 218 mm
per year (Svensson, 1987).

4.4

SURFACE ENVIRONMENT

The information presented in the following sections gives only a brief introduction to the
surface environment and should not be considered a complete account. In a real
Performance Assessment for licensing purposes, considerably more information would be
required as it would be coupled to the Environmental Impact Statement (EIS).

4.4.1

Society

The Oskarshamn Municipality, with an area of 1050 km2, has a population of 27 000
people, most of them living in the town of Oskarshamn. It is one of twelve municipalities
in the County of Kalmar.

4.4.2

Land Use

Seventy-five percent of the Municipality area is covered by forest, with 7% used for
cultivation (arable and pasture land), 13% covered by development, 4% taken in population
centres and 1 % used for power transmission lines. Over recent years, the forested area has
increased and cultivated land decreased.

4.4.3

Nuclear Facilities

Sweden has twelve nuclear power reactors generating approximately 50% of the electricity
consumed in Sweden. Three of the reactors are Pressurised Water Reactors (PWRs) and
nine are Boiling Water Reactors (BWRs).
The Simpevarp peninsula is one of four sites in Sweden where nuclear power plants are
located. The Oskarshamn I, II and in BWRs have currently a total net output of 2295 MW,
generating approximately 22% of the total nuclear power production in Sweden. The
underground facility for intermediate storage of spent fuel (CLAB) is located close to the
nuclear power plant.
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5

OUTLINE OF THE DISPOSAL SYSTEM

This chapter, which deals with the disposal system design, is included largely for the sake
of completeness. No new work in this area has been undertaken within SITE-94; indeed,
it is not the role of SKI to suggest design solutions as explained in Chapter 1. A full safety
submission for an encapsulation or disposal facility would, consequently, be expected to
contain considerably more information than the brief outline presented below.

5.1

INTRODUCTION

In a licensing report, the systems description should be comprehensive and can be expected
to comprise a large part of the submission. Full accounts should be given of systems
development and systems selection issues providing the rationale, particularly from a safety
point of view, for the selection of the proposed system and subsystems, as well as the
rationale for the selection of the proposed site. The report should also include analyses of
safety during plant operation as well as during transport. For the reasons stated above, none
of these issues is treated in the SITE-94 report.
Many safety issues are, however, closely related to the system description and even to
details within it. Therefore, even for the purposes of SITE-94, a relatively detailed systems
description would be desirable. When conducting SITE-94 no such detailed description
existed, which created difficulties in at least two ways: first, different parts of the disposal
system had to be treated differently depending on how far the SKB (or SKI) work had
advanced in different areas (e.g., canister longevity issues are dealt with only in a
qualitative manner). Second, since technical solutions are still being developed, potential
inadequacies can be identified quite readily. They should not be overemphasised, however,
since further work, even in the short term, may prove them manageable (possibly with some
modification of the system).
In order to make any analyses possible within SITE-94, it was necessary to select a
reference system. The reference system used is the one presented as the reference system
in SKB's Programme 92 for research, development and demonstration (SKB, 1992a), i.e.
spent nuclear fuel is encapsulated in copper/steel canisters, which are deposited in a deep
repository in crystalline basement rock. This system has been accepted by SKI (in its review
of the SKB Programme; SKI, 1993) as an appropriate reference system for the further
development work to be carried out by SKB. The fact that this system has also been
selected as the reference system for the SITE-94 project has no further implications.

5.2

TRANSPORT

5.2.1

Present System for Transport of Spent Nuclear Fuel

In the existing transport system for spent nuclear fuel, the fuel is transported in a dedicated
ship called SIGYN, from the four nuclear power plant sites to the central storage facility,
CLAB.
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After removal from the reactor core, the spent fuel is stored in on-site pool storage in water
for about a year. This allows for the fuel to 'cool', that is, for the short-lived activation and
fission products in the fuel to decay and thereafter give rise to a considerably smaller heat
output.
After on-site interim storage, the spent fuel is put in transport containers. The transport
containers are hoisted onto supports, which, in turn, are lifted hydraulically by a dedicated
truck and transferred to the dedicated roll on/roll off ship, SIGYN. A similar procedure is
used for unloading the spent fuel at the CLAB interim storage facility.
The transport containers provide shielding from alpha, beta and gamma radiation as well
as from neutrons. The containers are supplied with flanges on the outside in order to
improve the cooling and to keep the temperature down. The containers also provide
mechanical protection as well as protection from any contamination.
The transport of spent fuel is not a trivial task since spent fuel is highly radioactive.
Considerable international experience exists, however, regarding transport of spent fuel by
sea as well as by railway. The experience includes international procedures and rules.
Sweden has accepted the IAEA (International Atomic Energy Agency, a United Nations
organisation) recommendations as rules.

5.2.2

Future System for Transport of Spent Nuclear Fuel

According to the 1992 plans of the Swedish nuclear industry (SKB, 1992a), two new
nuclear facilities will be required for the management of spent nuclear fuel: an
encapsulation plant and a final repository.
In the encapsulation facility, the spent fuel is put in containers (see below) of copper and
steel which are then sealed. It is intended that these sealed canisters will be deposited in the
repository. The industry plans to co-locate the encapsulation plant with CLAB (i.e.
construct it as an extension to CLAB).
The scheme of transportation for the spent fuel will, to a large extent, depend on the choice
of site. At present, no specific site has been identified to host the final repository. Over long
distances the spent fuel can be transported by ship and/or by rail and, over short distances,
by road.
The transport containers will be similar to those used today for the transport of fuel that has
not been encapsulated. The main difference is that the cooling flanges will no longer be
needed and that the diameter will be different. It can be expected that the safety analysis
will be facilitated by the fact that the radioactivity of the spent fuel decreases rapidly with
time and the fact that the spent fuel is actually kept in a canister inside the transportation
container. It is assumed that encapsulation takes place no sooner than 40 years after the fuel
has been removed from the reactor core.
Loading and unloading procedures are assumed to be similar to those described for SIGYN
in Section 5.2.1 above.
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5.3

INTERMEDIATE STORAGE

In the CLAB interim wet storage facility, the unencapsulated spent fuel is kept in large
pools of water which provide cooling as well as shielding of the radiation. The water is also
a contamination barrier. Radionuclides continuously leave the surface of the fuel pins and
also, at some points, the interior of the pins and enter the pool water which is continuously
cleaned by mechanical and ion exchange filters.
The unloading and inspection area of the CLAB facility is situated at ground level. In this
part of the facility, the fuel is unloaded from the transportation container and put in boron
steel boxes. Boron has a high cross-section for neutrons and improves the subcriticality
characteristics of the storage.
The actual storage area is located in crystalline basement rock under a rock cover of about
30 metres. The pools are made of concrete, lined on the inside with sheets of stainless steel.
Transfer of the steel boxes containing spent fuel from the surface part of the facility to the
pools is achieved by means of a dedicated elevator.
The present capacity of CLAB is 5000 metric tonnes of spent fuel (figured as uranium
metal). This capacity is not regarded to be sufficient for the Swedish programme and,
therefore, an extension is foreseen. A second rock cavern with another pool is planned and
the total capacity is intended to be 8000 metric tonnes of uranium.

5.4

CANISTER DESIGN AND ENCAPSULATION

5.4.1

Canister Design

The canister used in the SITE-94 project is shown in Figure 5.4.1. This canister was
presented as the reference canister in SKB's RD&D Programme 1992. It contains either
eight fuel elements from a boiling water reactor or four fuel elements from a pressurised
water reactor. The dimensions are apparent from the figure.
The empty canister weighs about 11.3 tonnes and the copper accounts for about 55% of this
weight. The fuel boxes in a loaded canister weigh about 3.6 tonnes. A high-purity, oxygenfree copper, which can be obtained commercially, has been selected for fabricating
canisters. A high-strength mild steel, also available commercially in the form of pipe with
suitable dimensions, forms the other canister component.
It is apparent from Figure 5.4.1 that the copper/steel canister consists of two vessels, one
inside the other. The inner steel vessel provides mechanical strength while the outer copper
vessel provides long-term chemical integrity and corrosion resistance. Both the steel and
the copper vessels provide shielding which reduces the radiation at the canister surface in
the repository. The reduced dose rate gives rise to only a low rate of radiolysis of water
(decomposition into oxygen and hydrogen). Thus, the canister is designed to provide longterm containment in the repository (Chapter 8 discusses mechanisms that should be
considered when evaluating long-term containment).
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Figure 5.4.1 Canister assumed for the SITE-94 analyses (SKB, 1992b).

The inner vessel is provided with guiding devices on the inside, which facilitate filling with
fuel elements. These devices also keep the fuel elements in place (e.g. when accelerations
occur during transport). The space between the fuel pins and the inner vessel is filled with
boron-containing glass beads. The main purpose of these beads is to ensure that criticality
cannot occur at any time.

5.4.2

Encapsulation

The encapsulation plant is planned to be constructed as an extension of the present CLAB
facility. The encapsulation plant will, for the most part, be above ground, with a height
similar to that of CLAB. One of the walls of CLAB will be shared between the old and the
new facility.
The spent fuel entering the encapsulation plant is first transferred into a train of hot-cells
by means of an inclined transfer device. In this process, water is drained from the storage
boxes and from the fuel elements.
The hot-cells have concrete walls approximately one metre thick in order to shield against
the radiation from the spent fuel. The area within the hot-cells can be viewed from the
exterior by means of thick (approximately half a metre) windows made of lead glass.
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Manipulation of objects can be performed remotely either by 'hand-driven' or computerised
manipulators. There are also 'hand-driven' power manipulators.
The drained fuel elements (still in the storage box) are then transferred by a hoist to a
drying station where they are dried in a stream of hot air. At this point, the fuel is still
emitting some decay heat which aids in the drying.
It is expected that very little water would remain on the surfaces after such drying.
However, in the course of reactor operation, some of the fuel pins might have become
damaged and may have small holes, fractures or fissures. In such cases, a certain amount
of water (at most, a few tens of grams) might remain on the inside of a pin after drying.
The dried fuel elements are then lifted out of the storage box and transferred to an empty
copper/steel canister. The canister rests on a trolley with vertical guides and a hydraulic
device which makes it possible to elevate and lower the canister. When the canister is in
its lowest position, the trolley can be transferred to new positions among the train of hotcells.
In the bead fill and steel lid welding station, the canister is evacuated and filled with an
inert gas, such as argon. Then, the space between the fuel pins is filled with an inert filling
material.
After filling, the canister is closed with a steel lid which is joined to the inner vessel, also
made of steel, by laser beam welding. The depth of the weld is only of the order of a few
millimetres. The purpose of this weld is to keep the lid in place during handling and to
separate the atmosphere inside the canister from that outside. Thus, the weld provides a
barrier against contamination. The weld is not intended to contribute substantially to the
mechanical strength.
After the steel lid has been put in place, the canister is moved to the copper lid welding
station. Here, a vacuum is applied and a copper lid is joined to the outer copper canister by
electron beam welding. In this process, the weld depth is the same thickness as the copper
canister and the lid.
When the copper lid has been welded to the copper canister, the canister is moved to the
non-destructive testing and machining station. At this station, the weld is machined to an
even surface and inspected using x-rays and ultrasound techniques.
Non-destructive testing is an important part of the scheme for qualifying a canister for the
final repository. If the measurements for a weld are found to be outside some range of
acceptance, the canister will not be taken to the repository. Instead, an appropriate remedial
process will be carried out.
If a canister has been found to be acceptable for the repository, it is transferred to the
decontamination station where any potential surface contamination is removed. Finally, the
canister is transferred to a buffer storage at the encapsulation facility.
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5.5

REPOSITORY CONSTRUCTION AND DESIGN

5.5.1

Introduction

The precise construction of the repository, as well as actions taken during operation and
sealing, may involve a series of questions related to safety and should certainly be
considered in a Performance Assessment supplied by industry as part of a license
application. However, such analyses lie outside the scope of SITE-94 and have not been
performed here.
The SITE-94 analyses do not consider a specific size of the repository, but when evaluating
spatial variability of rock mass properties or in discussing issues such as the evolution of
the Engineered Barriers and the near-field rock, there is sometimes a need to refer to the
design of the repository, to its size as well as to the repository emplacement in the rock
mass.
This section describes the principal hypothetical SITE-94 repository design. The design
only serves as a reference for the assessment work and no consideration of its suitability
was made in the course of the project.
Different sections in the report evaluate different sizes of the repository. In particular the
radionuclide release and transport calculations in SITE-94 (Chapter 16) only consider single
canister releases, implying that the size of the repository does not directly enter into the
calculations. However, there is an evaluation (section 7.2) of the possiblity to emplace a
repository at Aspo for the site model derived. This evaluation concludes that the
investigated rock portion could host a repository between 160 and 400 canisters. This size
of repository and the emplacement rules established, are considered when evaluating the
spatial variability of hydraulic conditions in the repository (Sections 10.3 and 11.2.2).
When evaluating the temperature effect of the repository (Section 10.2) consequences from
a much larger repository (4000 canisters) are also evaluated in order to bound the
temperature effect.

5.5.2

Principal Repository Design

In the KBS-3 concept (SKBF/KBS, 1983), the encapsulated fuel is disposed of in a final
repository at a depth of about 500 m in a hard rock formation. The aim of the design is that
each individual canister will be able to retain its containment function over a very long
period of time. Of particular importance are mechanical protection, a suitable chemical
environment and a low rate of groundwater turnover in the near-field.
The location and geometry of the hypothetical repository is adapted to the geological and
geotechnical characteristics of the bedrock. However, it should be made clear that precise
design and detailed location of repository tunnels have not been part of the SITE-94 project.
Furthermore, at an actual repository site, data from excavations and tunnels (not considered
in SITE-94, which only uses data from surface-based investigation) would probably be used
in order to obtain the most adaptable design of the repository.
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Since 1983, when KBS-3 was first presented, SKB has considered other concepts such as
WP-cave, deep boreholes and very long tunnels. Basically, however, KBS-3 is regarded by
SKB as their reference concept (SKB, 1992a). SKI considers it reasonable that the KBS-3
design should be the main alternative and reference system for further development work
(SKI, 1993).
The minimum distances between deposition drifts and between canister positions are
determined by the maximum permissible temperature at the canister surface in the bentonite
buffer (80°C after 40 years of interim storage). Thus, the distance chosen between
deposition tunnels is, on average, 25 metres and the distance between deposition holes is,
on average, 6 metres. Some extra space for the design ought to be considered in case a
deposition hole must be abandoned because of minor fractures.
The principle of a KBS-3 repository layout is illustrated in Figure 5.5.1. SKB has also
suggested that there should be a reasonable distance ('respect distance') between the
tunnels and major fracture zones (SKBF/KBS, 1983). The suggested distances range from
100 m for regional zones down to 10 m for extensive fractures (SKB, 1992a).
Within the SITE-94 analysis, the repository has a generally similar layout to parts of a
KBS-3 repository, i.e. in the form of a number of parallel drifts with separate deposition
holes for each canister. The communication pathway to the surface consists of vertical
shafts.

Figure 5.5.1 The principle design of a KBS-3 repository (SKB, 1992a).
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5.5.3

Construction, Operation and Closure of the Repository

The precise construction of the repository potentially involves questions related to safety
and, thus, also needs to be considered in a Performance Assessment. However, such
analyses lie outside the scope of SITE-94 and have not been performed. The following
discussion is only included to illustrate some of the issues that may occur during
construction.
The repository is assumed to be excavated by means of conventional drilling and blasting
methods. The shafts could be drilled by raise boring and the vertical deposition holes will
presumably be drilled by special drilling equipment (reverse raise-boring). SKB indicate
in their RD&D Programme (SKB, 1995, 95 p. 109) that "there are knowledge gaps
regarding the advantages and disadvantages of different construction methods with respect
to the repository's performance after closure".
One important safety factor that must be considered in a real Performance Assessment is
the extent and nature of the Disturbed-Rock Zone (DRZ) at the tunnel periphery (wall, roof
and floor). This is related to the excavation method used. The DRZ might be a pathway for
released radionuclides to move within the repository.
If pilot holes drilled from the face in constructed tunnels indicate large water flows, the
rock must be pre-grouted. The grouting technique at repository level will be developed
during the operating (experimental) phase at the Aspo HRL (SKB, 1995). In the event that
a fracture zone is intersected by the drift, the deposition position for a canister might be
rejected because of the risk of displacements along the fracture plane in combination with
increased hydraulic conductivity.
Handling and deposition of canisters could be performed by a specially designed vehicle
constructed for both conventional and on-rail driving. According to SKB (Pettersson and
Svemar, 1993) the emplacement of the canisters (in the hole with a bentonite plug in the
bottom and bentonite rings surrounding the canister) starts in the innermost part of the
emplacement tunnel. Bentonite blocks and a temporary sealing ring are placed on the top
of the canister in the deposition hole. Backfill will later be placed in the uppermost 1 m of
the deposition hole. When all canisters are deposited in a tunnel, a provisional wall of steel
is built in the entrance to the deposition tunnel to reduce the transport of dust to the
transport tunnel during backfilling and to provide support for the swelling pressure from
the bentonite after backfilling is completed.
After deposition of canisters, the tunnels and shafts are backfilled with a sand-bentonite
mixture (Figure 5.5.2) with plugs of highly compacted bentonite at certain positions
(Figure 5.5.3). The function of the backfill material is to seal drifts and shafts and to serve
as a buttress against the buffer material in deposition holes and as a support for the rock
(SKB, 1992a). Actions taken during operation and sealing may affect the long-term
performance and safety of the repository, but this has not been analysed in SITE-94.

71

SPRAYING OF
BUFFER MATERIAL
IN THE TOP PART
OF THE TUNNEL

BUFFER MATERIAL
APPLIED IN LAYERS
IN THE LOWER PART
OF THE TUNNEL

TEMPORARY
CLOSURE
OF STEEL

IS

COMPACTION
\

Figure 5.5.2 Backfilling of repository (SKB, 1992b).
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6

BASIC DATA FOR THE SITE EVALUATION

This chapter describes the available basic data and summarises the utilisation of these data
within the SITE-94 Performance Assessment. Section 6.2 describes SKB's preliminary site
investigation for the Aspo Hard Rock Laboratory (HRL), which is the source of the sitespecific data used within SITE-94. Section 6.3 gives an overview of the field methods and
instrumentation used in the preliminary site investigation. The available site data and their
utilisation within SITE-94 are described in Section 6.4. Data quality, availability and
accessibility are discussed in Section 6.5.

6.1

INTRODUCTION

In order to ensure traceability within a Performance Assessment, careful documentation of
basic data and their utilisation is essential. An important aspect of SITE-94 is the
development and application of procedures for ensuring traceability. This exercise provides
practical experience in working with types and quantities of data such as would be
encountered in a Performance Assessment for an actual repository. This experience
facilitates appraisal of the adequacy, accessibility and quality of data that the site
characterisation methodologies provide.
Data for the SITE-94 project were generously provided by SKB, from the Aspo HRL site
investigations. In order to make SITE-94 representative of a preliminary Performance
Assessment, such as would be required prior to commencement of underground activities
at a candidate repository site, SITE-94 utilises only data that were gathered in the HRL
preliminary investigation phase, which preceded the excavation and construction phase of
the HRL. This preliminary investigation phase is henceforth referred to as the 'preinvestigation' phase.

6.2

SITE INVESTIGATION PROGRAMME

The major objectives of the preliminary stage of a site investigation include (SKB, 1992):
•

definition of the specific position of a rock volume for a repository,

•

planning of the surface and subterranean facilities, to be carried out in parallel with,
and largely based on the results of the geoscientific pre-investigations,

•

providing a basis for a preliminary, site-specific Performance Assessment, as
required to carry out further, detailed site investigations.

The aims of SKB's investigation programme at Aspo (Stanfors et al., 1991) differed in
some respects from these objectives, since the emphasis was on constructing a research
facility rather than an actual repository. In particular, the HRL pre-investigations were not
planned with the aim of providing a basis for a Performance Assessment exercise.
Therefore, some deficiencies are to be expected in applying these data to the SITE-94
Performance Assessment.
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The research objectives of the HRL may also have led to the investigations being more
intensively focused on a few major hydrogeological structures than would be likely to be
the case for a repository pre-investigation. Although proximity to a few major structures
may be desirable for a research facility (e.g. to test methods for the characterisation of such
structures), in the siting of a repository an effort would presumably be made to locate rock
volumes at a distance from such features, in as much as possible.
Despite these differences, in many respects the scope of the HRL pre-investigations was
similar to what can be expected for a real disposal site. The stated objectives of the preinvestigation phase are: site selection for the HRL, description of the natural conditions in
the bedrock and predictions of changes that would occur during construction. All of these
are of concern for an actual repository. Moreover, a general aim of the current HRL work
is the "verification of pre-investigation methods and development of the detailed
investigation methodology" (SKB, 1994), which implies that the pre-investigation methods
being verified should be representative of those envisioned for an actual repository site.
The pre-investigations for the HRL were carried out between late 1986 and October 1990,
in three main stages (Stanfors et al., 1991):
•

Siting stage (late 1986 - 1987): A regional survey over a 25 km x 35 km area,
roughly centred on Simpevarp, based on airborne geophysics, digital terrain models,
geological mapping and regional hydrological data.

•

Site description stage (1987 - 1988): Site investigations in the vicinity of Avro,
Aspo and Laxemar, including geological, hydrogeological and geochemical
investigations in boreholes (percussion- and core-drilled), and detailed surface
investigations on Aspo including geophysical profiles and mapping of bedrock types
and fracturing.

•

Prediction stage (late 1988 - 1990): The HRL site was chosen in southern Aspo.
Additional core-drilled holes were directed toward 'zones of geological and
hydraulic importance'. Hydrogeological evaluation and/or changes in the layout of
the HRL prompted a third drilling campaign (Stanfors et al., 1991; Wikberg et al.,
1991). Short-term interference tests and two long-term pumping tests (LPT1 and
LPT2) were performed.

An overview of these investigations is given by Stanfors et. al. (1991). Particular aspects
of the HRL site investigation programme, including the relevance of different types of
measurements, are discussed in relevant sections of this report.

6.3

METHODS AND INSTRUMENTS

The following is a brief summary of the data collection methods that provided the basic
data for SITE-94. Table 6.3.1 lists the main types of methods and indicates the coverage
and type of information sought and/or provided with each method. This information is
drawn mainly from three SKB reports summarising the HRL pre-investigations:
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•

a comprehensive tabulation of the investigation methods by Stanfors et al. (1991),

•

summary descriptions of the field methods and instrumentation by Almen and
Zellman(1991),

•

a description of how the results were evaluated by Wikberg et al. (1991).

A list of over 80 HRL progress reports, which contain more detailed descriptions of the preinvestigation methods and analyses, is given by Stanfors et al (1991).
Remote sensing and survey data for the Simpevarp area were produced by Swedish
governmental agencies, independent of the HRL investigations. Supplementary work was
commissioned by SKB to establish a single elevation database for the Simpevarp area.
Lineament interpretations based on these data were produced during the HRL siting stage.
Geophysical surveys include airborne surveys that were conducted on a regional (about
50 km) scale during the HRL siting stage, and subsequent ground-based surveys. Groundbased surveys during the siting stage were performed on about 20 profiles across specific
regional structures. More detailed ground-based surveys were subsequently conducted on
semi-regional (about 10 km) and local (2-5 km) scales. Borehole geophysical logging was
performed in a majority of the cored and percussion-drilled holes at the HRL site.
Geological investigations include field studies, based on outcrop mapping on regional and
local scales and mapping of cleared trenches on the local scale. Borehole geological
logging consists of lithologic and fracture mapping on core from the 12 deepest holes on
Aspo (KAS02-08 & 11-14) plus KBH02 and KLX01, plus logging of drill cuttings (rock
chips) in the percussion-drilled holes. Detailed petrologic analyses (thin-section and
chemical) were performed on selected rock samples and fracture coatings/fillings from core.
Geomechamcal investigations include in-situ stress measurements and laboratory tests on
core samples. The latter included measurements of the mechanical properties of joints.
Petrophysical measurements were performed both on rock samples gathered over the
regional scale, in support of the airborne geophysical surveys, and on core samples from
boreholes KAS02 and KLX01.
Hydrogeochemical analyses were performed on groundwater samples collected at several
stages of the pre-investigations. Major element analyses were performed on 'first-strike'
groundwater samples collected during drilling of the core-drilled holes and on samples from
the percussion-drilled holes. More comprehensive suites of chemical analyses (including
minor element chemistry, stable-isotope compositions, 3H and 14C activities, and drillingwater content) are performed on samples drawn from water-bearing sections of borehole
HAS 13 and six core-drilled boreholes, generally after sustained pumping. The groundwater
analyses were supplemented by analyses of fracture minerals in core.
Hydrogeological measurements in boreholes were performed using a variety of singlehole and cross-hole techniques, as listed in Table 6.3.1. Additional regional well and
groundwater chemistry data were available from well records maintained by the Swedish
Geological Survey. The cross-hole testing included short-term (2- or 3-day) pumping tests
in single boreholes or packed-off sections of boreholes, with monitoring of groundwater
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pressures/levels in adjacent boreholes, and long-term (3-month) pumping tests LPT1 and
LPT2 in boreholes KAS07 and KAS06, respectively. In both LPT1 and LPT2, the flow
rates of groundwater passing the observation boreholes are estimated based on tracer
dilution measurements. A 3D convergent tracer test was conducted in conjunction with
LPT2, with four distinct types of tracers being introduced in packed-off sections of the
passive boreholes and arrivals monitored in sections of the pumped hole.
Within SITE-94, a critical review (Andersson et al., 1993) was commissioned of the
borehole hydraulic measurement methods used by SKB at Aspo. This review discusses
various uncertainties and potential sources of errors related to the measurement methods,
including:
•

ordinary measurement errors due to instrument resolution, equipment compliance,
borehole survey errors, and test procedures,

•

uncertainty in measurements due to wellbore storage (fluid and packer
compressibility) and skin effects (e.g. plugging of fractures by drilling fines),

•

potential measurement errors due to deviations from the boundary conditions that
are supposed to be imposed during a test (e.g. leakage around packers for injection
tests and short-circuiting of multiple hydraulic units during dilution tests),

•

conceptual uncertainties and scale effects due to the heterogeneous nature of the
fractured rock (e.g. flow geometry and volume of rock characterised for packer tests;
distinct multiple pathways for tracer tests) and,

•

bias of the Aspo measurements toward the horizontal component of hydraulic
conductivity (or horizontal fractures), due to the combination of predominantly nearvertical boreholes and testing methods that primarily measure lateral conductivity.

The conceptual uncertainty due to rock-mass heterogeneity is likely to be the dominant
source of uncertainty for any single measurement. Furthermore, the presence of
heterogeneity may diminish the comparability of hydraulic measurements when the testing
equipment and/or procedures are modified during the course of a site investigation, since
such changes may affect the volume of the rock that is actually characterised by the
interpretable response.
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Table 6.3.1 Characterisation methods used in the Aspo HRL preliminary investigations and
for other sources of site data. Based on information from Stanfors et al. (1991), Almen and
Zellman (1991) and Wikberg et al. (1991). Key to abbreviations: R = regional scale (30 km
square or larger), S — semi-regional scale (ca. 10 km square), L — local scale (2-5 km square),
A = site scale (southern Aspo only); K = core-drilled hole(s), H = percussion-drilled hole(s).

Method

Type of information sought or obtained

Coverage

Survey/remote sensing data
Landsat thematic map (TM)

Land relief & features

R

Aerial photographs
Topographical maps
Digital elevation models
(DEMs)
Nautical charts & fair sheets
Airborne geophysical surveys

Land relief & features
Topography (land relief)
Topography (land relief)

L
L
R

Bathymetry (seabed relief)

R, S

Magnetic

Bedrock variation; oxidation zones

R

VLF & horizontal-loop EM
Radiometric (U, Th, K)
Surface geophysical surveys
Gravity
Magnetic profiles
Electrical resistivity profiles

Water-bearing fracture zones
Bedrock variation

R
R

Bedrock variation
Bedrock variation; oxidation zones; displacements
Water-bearing or clay-filled fracture zones

R
S,L
L

VLF & horizontal-loop EM
profiles
Seismic refraction profiles

Water-bearing fracture zones

S,L

Fracture zones, fracture intensity changes with
depth
Subhorizontal fracture zones
Fractures, lithologic contacts

S,L
L
A

Lithologic distribution & structural character

R,L

Detailed lithology, structural character, fracture
statistics

L

Lithology, fracturing, fracture mineralogy
Lithology
Petrology
Petrology; constraints on groundwater geochemistry

L: 14 K
L: 19 H
L: 13 K
L:5K

Infilling mineralogy; indicators of groundwater
geochem
Borehole positional information
Borehole diameter, possible fracture zone locations

L:8K

Absolute fracture orientations (for selected sections)

L:5K

Seismic reflection profiles
Ground radar profile
Geological surveys
Geologic field studies
Outcrop and trench mapping
Drilling program
Core logging
Drill cutting analyses
Thin-section analyses
Chemical rock analyses
Fracture mineral analyses
Borehole deviation logging
Borehole caliper logging
Borehole TV-logging /
televiewer

L: All K,H
L: All K, some
H
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Table 6.3.1, ctd.
Method
Borehole geophysical logging
Gamma-gamma (density)
Neutron
Natural gamma
Magnetic susceptibility
Sonic (acoustic)
Resistivity (normal & lateral)
Borehole radar, dipole (semidirectional) antenna

Type of information sought or obtained

Coverage

Lithology (bulk density)
Lithology (mafic mineral content) or porosity
(fracturing)
Lithology (potassium, uranium, and thorium
content)
Lithology (magnetite content)
Fractured zones

L: 9 K, 6 H
L: 9 K, 6 H

Fractured zones
Radar reflectors (large single fractures or fracture
zones) and angle between reflectors and the
borehole axis
Radar reflectors and their absolute orientations

L: 13 K, 17 H
L: 13 K, 17 H
L: 1 3 K , 6 H
L: 13 K, 17 H
L: 1 0 K , 2 H

Borehole radar, directional
antenna
Fluid resistivity
Temperature

Groundwater salinity and flowing fractures
Flowing fractures, geothermal gradients

L:13 K, 17 H

Vertical seismic profiling

Fractures/fracture zones

A: I K

'First strike' indication of groundwater
geochemistry (major elements, drilling water
content)
Groundwater geochemistry (major elements, 2H, 3H,
18
O)
Groundwater geochemistry (major, minor elements,
drilling water content, stable isotopes, 3H, & 14C)
Groundwater geochemistry (major, minor elements,
drilling water content, stable isotopes, 3H, & 14C),
with downhole Eh, pH & gas measurements

L: 11 K

Geochemical investigations
Sampling during drilling
(SDD)
Sampling in percussion-drilled
holes
Sampling during hydraulic
pumping tests (SPT)
Complete chemical
characterisation (CCC)
Sampling during monitoring
(SDM)
Fracture mineral chemistry
Geomechanical measurements
Hydraulic fracturing
Overcoring stress
measurements
Laboratory tests

L:4K

L: 13 K, 17 H

L:5H
L:3K;HAS 13
L:4K

Groundwater geochemistry (major elements, Li, &
Sr ) of selected sections, 12-18 mos. after pumping
Chemical characterisation (trace elements & C, 0
isotopes of calcite); groundwater history, in-situ K,j

L:3K

In-situ stresses (horizontal components)
In-situ stresses (horizontal components)

L:2K
L: 1 K

Uniaxial comp. strength, elastic parameters,
brittleness, joint roughness coefficient, friction
angle

L:2K

Hydrogeological measurements
Airlift tests (100 m intervals)
Preliminary transmissivity and pressure estimates
Detailed hydraulic conductivity distribution
Packer tests
(injection/recovery, 3 m)

L:3K

L: 14 K, 20 H
L:8K

Table 6.4.1 Summary of site-specific data utilisation within SITE-94. Key to abbreviations: X = data used directly in analysis; V = data
used directly for model validation; S - data used indirectly (e.g. as interpreted outside of SITE-94); B = data used as background
information in the analysis; P - data used directly only in preliminary stages of analysis; D - data evaluated but discarded prior to final
analysis; O = data produced within SITE-94 as output of this analysis. Data references are listed in Section 6.7.
Analysis (a key to abbreviations is given at the end of this table)
Type of data

Source

Stnic Struc Struc Hyd
Reg Semi Local GRF

Stat
Mv

Hyd
Simp

Hyd/ GW Hyd
Hyd/
Centrl Struct Chem SC

Hyd
2D

Hyd Hyd Hyd Stabil Stabil
DFN DF VapF FF
NF

Survey/Remote sensing
Borehole coordinate data from KAS01-14.16,
KAV01-03, KBH01-02, KLX01, HAS01-21, HAV0108, HLX01-09, HBH01-05, HMJ01
Caliper logs (borehole diameter) from KAS03
Detailed topographic map of Asp6
Digita! elevation models (50 x 50 m grid)
Topographic maps (1:250 000)
Nauticai charts (1:50 000)
Fair sheets (1:20 000)
Prior lineament interpretations
Aeria! photos (1:30 000)
Landsat TM (one quarter scene)
Clarifications of Asp6 coordinate systems

MRM, 1993e,h
X
MRM, 1993c
Tiren & BeckhoSmen, 1987
LMV, 1987a
LMV, 1987b
SFV, 1988a
SFV, 1988b
Tiren eta!., 1987,
Tiren & Beckholmen, 1988
LMV, 1984
Witschard & Larsson 1987
Dverstorp, 1993

B

X

X

X

X

D
X
X
X
S
S

v

X
X
S
S

X

v

X

X

s

s

B

B

X

X
X

X

XA/V

/V

X

X
X
X

V

B

B

B

B

B

B

B

B

GeoiogScaS/Core logging data
Lithology in core KAS02-09.11-14, KBH02, KLX01
Vein data from KAS02-09.11-14, KBH02, KLX01
'Natural' joints/fractures in core from KAS03-09.1114, KLX01.KBH02
Fracture frequency in core KAS02-09,11-14,
KLX01.KBH02
Crushed zones in core from KAS03-09.11-14,
KBH02, KLX01
Fracture alpha angles from core
Oriented core from portions of KAS02-06
Fracture infilling mineralogy from KAS03-09.11-14,
KBH02 & KLX01
Detailed fracture mineraiogical analyses

MRM, 1993e,f
MRM, 1993f
MRM, 19931

X
X

x

MRM, 1993h

x

MRM, 1993f

y
A

MRM, 1993f
MRM, 1993h
MRM, 19931
Tullborg et al. 1991

X

X
X
Y
/\

X
X

X
y

y

A

A

x
y
A

v
A

A

X
X

B
B

D
X

Y
/\

Q

v

V

O

A

X

B

79

Table 6.3.1, ctd.
Type of information sought or obtained

Method

Coverage

Hydrogeological measurements, ctd.
Packer tests (inj/recovery,
30 m)
Flowmeter (spinner) logging
Pumping tests
Interference tests
Dilution tests
Groundwater pressure
monitoring
Groundwater level monitoring
Radially convergent tracer tests

6.4

Hydraulic conductivity/transmissivity distribution

L:3K

Inflow distribution; major hydraulic conductors
Total well capacity/transmissivity
Characterisation of major transmissive features
Natural flow through selected borehole sections
Monitor groundwater head in distinct borehole
sections
Monitor groundwater head in open boreholes

L:
L:
L:
L:
L:

Connectivity and transport characteristics (porosity,
water residence times) of major fracture zones

A: 1 K

UK
10 K, 20 H
10 K, 2 H
13 K
15 K, 29 H

L: 4 K, 6 H

AVAILABLE DATA AND USED DATA

This section gives a brief summary of the basic data that were available for SITE-94 and
describes the use of these data within the Performance Assessment. A complete account of
the available data and their utilisation is given in a special basic data report (Geier et al.,
1996).
Most of the site-specific data that were used originate from SKB's GEOTAB database
(Eriksson et al., 1992). Aspo Task Force data (SKB 1992a, b; see reference list in Section 6.7)
are used within the structural geological and hydrogeological analyses. Only data from the
pre-investigation phase (i.e., prior to the excavation of the ramp leading to the HRL) are utilised, in order to make SITE-94 representative of a surface-based Performance Assessment.
Table 6.4.1 summarises the site-specific data that were delivered to SKI for use in SITE-94,
and the use of these and other data within SITE-94. More detailed descriptions of these data
and their utilisation within each particular part of SITE-94 may be found in Chapter 7 and
in the pertinent SITE-94 background reports.
Generic data (data non-specific to the site, drawn from the scientific literature) are used for
some aspects of the Performance Assessment, when pertinent, site-specific data were
inadequate or unavailable. Sources of generic data are documented, as appropriate, in the
SITE-94 background reports.
In a Performance Assessment for an actual repository, the use of generic data should clearly
be limited to parameters that are established to be insensitive to site location. Since the
HRL site pre-investigations were not designed to provide a basis for a full Performance
Assessment, the use of generic data has been somewhat more frequent within S1TE-94 than
may be desirable for an actual repository safety assessment. Instances where generic data
were used, but site-specific data would be preferable, are noted in the SITE-94 basic data
report (Geier et al., 1996).

Table 6.4.1, ctd.
Analysis (a key to abbreviations is given at the end of this table)
Type of data
V

A.

Source

Struc Struc Struc Hyd
Reg Semi Local GRF

Stat
Mv

Hyd
Simp

Hyd Hyd/ Hyd/ GW Hyd Hyd Hyd Hyd Stabil Stabil
2D Centrl Struct Chem SC DFN DF VapF FF NF

Geological/Surface data
Geological map of Asp6
Data from outcrop mapping of fractures on Aspo
Supplementary field studies

X
X
X

Komfalt & Wikman, 1988
MRM, 1993h
Tir6netal, 1996

X
X

Geological/interpretation
Regional geology
Regional sedimentary geologic maps and cross
sections
Local geology

Regional structural map (2D)
Semi-regional structural map (2D)
SKI 3D structural model of Asp6
SKB structural model (digitised)
SKN structural model (digitised)
Fracture statistics for DFN model
2D near-field fracture model simulations

seeTlren eta!., 1996
Kornfaii & Larsson 1987;
Ahlbometal., 1990
Kornfait & Wikman 1988;
Munier1989;Talbot&
Riad1987;Wikstrom
1989;Talbot, 1990
Tireneial. 1996
Tir6netal. 1996
TirSnetal. 1996
Geosigma, 1994
Geosigma, 1994
Geier& Thomas 1996
Geier& Thomas 1996

8

B

B

B
y

D
O

O

B
O
B

O
O

b

B

X
B
B

0
X

X

X

X

X

MRM 1993c

x

p

B

MRM
MRM
MRM
MRM
MRM
MRM

X
X
X
X
X

X
p
p
p
p

B
B
B
X
B

X

p

X

X
X

p
p

8

MRM 1993c
MRM 1993c

X

X

X
X

0

X

o

MRM 1993c,h

1993c
1993c
1993c
1993c
1993c
1993c,h

D

B

GeophysicaS/Boreho9e logging
Natural gamma radiation logs from KAS02-09.1114, HAS02-20, HAV01-08, HLX01-07.KAV01-03,
KLX01
Gamma-gamma (density) logs from KAS0509,11-14
Magnetic susceptibility logs from KAS02-09.11-14
Lateral resistivity (1.6 - 0.1 m) logs from KAS02-03
Normal resistivity (1.6 m) logs from KAS03
Sonic (acoustic) logs from KAS02-09.11-14
Self-potential (SP) logs from KAS02-04
Single-point resistivity from KAS02-09.11-14,
HAS02-20, HAV01-08, HLX01-07.KAV01-03,
KLX01
Neutron near detector logs from KAS06-09
Neutron far detector ioas from KAS06-09

o

B

X
B
B
X
X

Table 6.4.1, ctd.
Analysis (a key to abbreviations is given at the end of this table)
Type of data

Source

Struc Struc Struc Hyd
Reg Semi Local GRF

Stat
Mv

Hyd
Simp

Hyd Hyd/ Hyd/ GW Hyd
2D Centrl Struct Chem SC

Hyd Hyd Hyd Stabil Stabil
DFN DF VapF FF NF

Geologic/Surface data (ctd.)
MRM 1993c,d,h
X
MRM 1993h

X

y

X
x

A

A

Niva& Gabriel 1988;
Carlsten 1989,1990
Carlsten 1990

y

R

X

B

Geosigma, 1993

X

CD

Fluid conductivity & salinity logs KAS02-09.11-14,
HAS02-20, HAV01-08, HLX01-07.KAV01-03,
KLX01
Temperature logs KAS02-09,11-14,HAS02-14,1820, HAV01-08, HLX01-03,05-07, KAV01-03, KLX01
Conventional borehole radar (dipole antenna) travel
time data, KAS02-09.11, KLX01
Directional borehole radar travel time data KAS1214
Radar amplitudes from KAS02-14

B

X

A

X
y

A

Geophysical/Above-ground! surveys
Airborne electromagnetic survey results
Airborne magnetic survey results
Geophysical profiles: VLF, magnetic, seismic, radar)

Detailed magnetic measurements
Detailed geoelectricai measurements

Nisca 1987a,b
Nisca 1987a,b
Stenberg, 1987; Barmen
& Stanfors, 1988; Ploug &
Klitten, 1989; Sundin
1987; Sandberg et a!.,
1989
Nisca &Triumf, 1989
Nisca &Triumf, 1989

s
s

s
s
S

X
B

Hydiroiogic
Groundwater pressures in boreholes
Groundwater levels in boreholes
Water table map
Injection test data (3 m) from KAS02-08.KLX01
Interpreted K values from 3 m inj. tests
K GRF analyses (3 m section lengths) for KAS02-08
D GRF analyses (3 m section lengths) for KAS0208
Injection test data (30 m) from KAS02-08.KLX01
Interpreted K values from 30 m inj. tests
GRF analyses (30 m section lengths) for KAS02-08
Flowmeter logs from KAS02-14.KLX01
KLX02 hydrologic and salinity data

SKB, 1992b
Str6m, 1992
Uedholm, 1991
MRM, 1992; 1993a
MRM, 1993b,i
Geiereta!., 1996a
Geieretai., 1996a
MRM 1992, 1993a
MRM 1993b
Geieretai., 1996a
MRM 1993d,g,i
SKB, 1993a

B
X
X

X

X
O

P
X

O

X

B

X
X
V

X
O

X

X
D
X
X
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X

X
B/V

B

X

Table 6.4.1, ctd.
Type of data

Analysis (a key to abbreviations is given at the end of this table)
Source

Struc Struc Struc Hyd
Reg Semi Local GRF

Stat
Mv

Hyd
Simp

Hyd
2D

Hyd/ Hyd/ GW Hyd
Centrl Struct Chem SC

Hyd
DFN

Hyd Hyd Stabil Stabi!
DF VaoF FF
NF

Hydrological/lnferference tests
Interference test data from short-term pumping tests
in HAS13 & 20, KAS02,03,06,09,12,13 & 14
Interference test data from LPT1 (pumping in
KAS07)
interference test data from LPT2 (pumping in
KAS06)
Tracer test data from LPT2

Str6m,1992
Str&m, 1992
Str6m, 1992
Strom, 1992

X

X/V

X

X
X
X

X
X/V

S/B

X/V
V

Rock mechanics/Petrophysicai
Hydraulic fracturing stress measurements
Overcoring stress measurements
Uniaxiai compressive strength and elastic
parameter measurements
Porosity measurements from KAS02 and KLX01 [1]
Repository layouts

Bjarnason etal., 1989
Bjarnason etal., 1989
Wikberg et a!., 1991
MRM, 1993e
Geosigma 1994

GeochemicaS
Sampled during drilling (SDD): Major element
concentrations and driliing water content
Sampling from percussion holes: Major element
concentrations, 2 H, 3 H, 18O
Sampling during hydraulic pumping tests (SPT):
Major & minor element concentrations, drilling water
content, stable isotopes, 3 H, 14C
Sampling for complete chemical characterization
(CCC): Major & minor element concentrations,
drilling water content, stable isotopes, 3 H, M C, Eh,
pH, dissolved gases.
Sampling during monitoring (SPM): Major
components, isotopes (2H, 3 H, 18O)
Baltic seawater analyses: Major elements &
isotopes for Baltic sea water
Rainwater isotope analyses (2H, 3 H, 18O)
Detection limits for chemistry data
Oriain of drillina water

Wikberg et a!., 1991;
Smellie & Laaksoharju
1992
SKB1992a,c
SKB1992a,c

SKB1992a,c,d

KTH 1993a,b
SKB1992d;KTH 1993b
SKB1992d;KTH 1993b
SKB 1992d
SKB1992d:KTH 1993a

X
X

X
X

Table 6.4.1, ctd.
Analysis (a key to abbreviations is given at the end of this table)
Struc Stnic Struc Hyd
Reg Semi Local GRF

Type of data

Stat
Mv

Hyd
Simp

2D

Hyd/ Hyd/ GW Hyd
Centrl Struct Chem SC

Hyd
DFN

Hyd

Hyd Stabil StabiS
VaoFFFNF

Geochemiical
SKB analysis of groundwater composition [2]

Smeiiie & Laaksoharju
1992

SITE-94 classification of groundwater types at Asp6

Glynn & Voss, 1996

Key to abbreviations for SITE-94 analyses:
Struc/Reg
Struc/Semi
Struc/Local
Hyd/GRF
Stat/Mv
Hyd/Simp
Hyd/2D
Hyd/Centrj

Regional structural model (Tir6n et al., 1996)
Semi-regional structural mode! (Tiren et al., 1996)
Local structural model (Tir6n et al., 1996)
GRF analysis of packer tests (Geier et a!., 1996a)
Geostatisticaj multivariate analysis (Le Lo'ch and Osland, 1996)
Hydroiogic Simple Evaluation (Dverstorp et a!., 1996)
Hydroiogic 2D continuum modelling (Boghammar and Grundfelt, 1993)
Hydroiogic modelling for the Central Scenario (Provost et al., 1996)

B
Hyd/Struct
GW/Chem
Hyd/SC
Hyd/DFN
1996)
Hyd/DF
Hyd/VapF
Stabi!/FF
Stabil/NF

Hydroiogic evai. of SKI structural mode! (Voss et a!., 1996)
Hydrogeochemical analysis (Glynn and Voss, 1996)
Hydroiogic Stochastic Continuum model (Tsang, 1996)
Discrete-fracture network model (Geier and Thomas,
Discrete-Feature hydroiogic model (Geier, 1996ab)
Variable-aperture fracture network (Nordqvistetal., 1995)
Far-field mechanical stability (Hansson et a!., 1995ab)
Near-field mech. stability (Shen and Stephansson, 1996)

Additional site-specific data utilisation (noted by numbers in brackets in the table above):
[1]
[2]

Matrix diffusivity for NF (Andersson, K., 1996)
Solubility constraints on source term (Arthur and Apted, 1996)

B
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6.5

AVAILABILITY AND QUALITY OF DATA

The following is a summary of observations concerning data quality and availability for the
Aspo HRL site. A more detailed discussion of these issues is given by Geier et al. (1996).
It should be emphasised that SKB's establishment of the GEOTAB database is in itself of
great value. The collection of primary geoscientific data in a unified database creates the
potential to investigate relationships among different properties/attributes of the bedrock
and groundwater, using flexible querying techniques. SKB's considerable efforts in
preparing the site data and in providing these to SKI for SITE-94, are also very much
appreciated. In most cases, the data requested were delivered expediently, together with
supporting information which facilitated the analysis of these data within SITE-94.
Regarding the observations that follow, it should be noted that, within SITE-94, these data
are utilised in ways that may not have been foreseen during acquisition. The task of
organising and conducting a major site investigation, such as that at Aspo, is formidable,
requiring the coordination of diverse logistical, geoscientific and construction activities.
The HRL pre-investigations provide a valuable learning experience as to how such an
investigation should be conducted in order to acquire and preserve the essential, highquality data that will be required for Performance Assessment.
SITE-94 may be seen as a part of this learning experience, in that it tests the sufficiency of
the site database as the basis for an independent Performance Assessment. The comments
summarised below should be viewed as constructive suggestions for future site
investigations. A few of the problems noted have been independently identified and
corrected by the Aspo investigators. It should be noted that, following the HRL preinvestigations, SKB has established a new database to replace GEOTAB and has devoted
considerable effort to improving procedures for handling site data.

6.5.1

Documentation

Clear and comprehensive documentation of the basic data is an important requirement for
an independent, site-specific Performance Assessment. In several cases, documentation
describing the collection of specific data appears to be lacking. In other cases (as described
by Geier et al., 1996), the data that have been stored are not clearly defined, or the methods
of measurement are not sufficiently described, to allow a full, independent assessment of
the data.
It is essential that, together with each piece of archived data, information should be readily
accessible concerning:
•

how measurements and sampling were performed,

•

what equipment was used,
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•

what detection limits and accuracy levels are associated with the equipment and
procedures and,

•

if interpretations or corrections were performed, how these were done.

When equipment or procedures are modified during the course of an investigation, the
documentation, archiving and retrieval systems must provide for clear distinction among
the resulting data. A good, general description of the field investigation methods is given
by Almen and Zellman (1991), but this is incomplete as a record of which particular
methods were used in which portions of the pre-investigations. In a few cases, methods are
described that apparently were not actually used at Aspo, but were part of a broader
research and development programme.
A related problem, from the standpoint of analysts engaged in an independent Performance
Assessment such as SITE-94, is the lack of a single document describing the specific data
that were available for the HRL site. The overview report for the HRL pre-investigations
(Stanfors et al., 1991) was valuable as a record of what types of studies were performed at
the site, but it did not provide a comprehensive index to the data that were actually
available from the site database. In some cases, the basic data produced by individual
studies were not available from GEOTAB, while in other cases the availability of particular
data was only discovered fortuitously, from HRL progress reports or unpublished sources.
The lack of a single document giving an index to all available data led to some unnecessary
effort, on the part of both SKI and SKB, and is a hindrance to a thorough analysis.

6.5.2

Positional Information

A second basic requirement for Performance Assessment is to establish a consistent frame
of reference (spatial coordinates) for the measurements that have been performed. This is
particularly important for structural geological and geostatistical analysis. In the HRL preinvestigations, several different coordinate systems (the Swedish Land Survey's RAK-38
system, an OKG system for Simpevarp, and a local system on Aspo) are used for
observations at the surface. Unfortunately, the relationships between these systems are not
fully documented. Inaccurate map scales are also an occasional problem, particularly for
certain geological data that are only presented on maps. For measurements within
individual boreholes, the points of reference are not always consistent. Also, it is not
consistently made clear whether and how corrections have been made to borehole logging
data, e.g. for cable stretch. These inconsistencies introduce unnecessary uncertainty into the
interpretations.
Furthermore, it is essential that the database contains sufficient information to establish the
position and geometric configuration of each measurement. For the geochemical sampling
in core-drilled holes on Avro, the specific borehole sections from which samples were
drawn were not adequately documented. For the fracture mapping on outcrops, information
concerning the geometry of the mapped areas is insufficient for evaluation of directional
sampling bias.
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6.5.3

Geochemical Sampling Procedures

The characterisation of the undisturbed groundwater chemistry at Aspo is limited in some
ways by the sequence in which the borehole investigations were performed. The most
complete chemical analyses are performed on groundwater samples that were drawn after
drilling, sustained pumping and, in some cases, hydrogeological testing. The sampling
during drilling (SDD), despite being heavily contaminated by drilling water, is in many
ways more representative of the initial groundwater distribution. After correcting for
drilling water content, the SDD samples reveal a salinity gradient twice as steep as that
indicated by later sampling, which suggests that substantial dilution of the original
groundwaters, by fresher, shallower waters, resulted from the pumping and hydrogeological
testing activities (Glynn and Voss, 1996).
The usefulness of the SDD samples is, however, limited by uncertainty regarding drillingwater content. A drilling-water marker, Uranine, which was used during the HRL
investigations, provides a basis for estimating drilling-water content. However, use of a
second tracer would have been desirable as a check on the accuracy of these estimates. A
greater problem is that, for several of the boreholes on Avro and Aspo, the source of
drilling water is not reported.
Several practical problems may also be noted regarding sampling procedures. First, in at
least some cases, the samples were not filtered and, in other cases, the type of filtering has
not been recorded with the analysis data. Inadequate filtering may have been the cause of
high iron concentrations in some samples. Second, ambient downhole temperatures were
not consistently recorded for each sample and, hence, must sometimes be estimated for
interpretation. Third, the pH was not measured downhole for all types of samples. Judging
from cases in which pH was measured both downhole and later in the lab, for the deeper
samples there tends to be a decrease in pH after sampling. Finally, it is not clear that an
adequate assessment has been made of the possible effects of temperature and pressure
changes (ingassing, degassing, precipitation or dissolution of particulates) which can occur
while retrieving samples from deep boreholes. More consistent use of measures such as
downhole filtering, downhole temperature measurements and downhole (or at least in-line)
measurement of pH, could reduce the uncertainty due to these effects.

6.5.4

Borehole Hydraulic Measurement Data

A complete re-evaluation of the transient, constant-pressure packer-test data from
GEOTAB was conducted for SITE-94 (Geier et al., 1996a). Several problems are noted
regarding the hydraulic conductivity data in GEOTAB. First, the comparability of data from
different boreholes is substantially affected by improvements made to the testing
equipment/procedures during the pre-investigations, which may have led to artificial
contrasts in estimated hydraulic properties, between the boreholes sampled earlier and those
sampled later in the pre-investigations. Second, the flow geometry assumed by the original
interpretation methods is contra-indicated by the transient data in a substantial number of
cases (although in most cases the interpretations are satisfactory). Third, various practical
problems were apparent from the transient data, such as severe injection pressure

oscillations, insufficient test duration (for the specified resolution) and equipment
compliance effects.
The ready availability of the primary data in GEOTAB was instrumental to the reevaluation of these tests and greatly facilitated the identification of these problems.
However, a more thorough description of the equipment and procedures, for each testing
sequence, ought to be included in the site database. Preferably, this should include
calibration data for the test equipment (especially compliance measurements) to facilitate
subsequent corrections, if necessary.
Practical problems were also encountered in working with spinner (flowmeter) profiles of
the boreholes at Aspo. First, the data in GEOTAB contained false anomalies due to an
equipment malfunction. Apparently this problem was investigated at the time and a method
for correction was found. Unfortunately, this correction was not applied to the data as
stored, nor was the need for correction noted in the database. Second, the spinner
measurements contain localised increases with depth, which would indicate negative
inflows to the pumped well (Le Loc'h and Osland, 1996). Corrections for such problems
should preferably be made by analysts familiar with the equipment and included in the site
database.

6.5.5

Geological Data

The quality of geological data from Aspo is diminished by inconsistencies in nomenclature
and logging conventions. First, the rock-type classification scheme was revised during the
borehole investigations, but this revision was not carried over to those boreholes previously
logged, nor to the surface mapping during the pre-investigation phase (the surface mapping
was more recently updated to reflect the current nomenclature). This inconsistency has led
to misconceptions in previous analyses regarding trends in lithology with depth, especially
since the earlier boreholes happened to be the deepest on Aspo.
Second, the procedures for the logging of rock fabric (structural style), fracture minerals,
veins, joints, crush zones and core losses appear to have varied considerably from point to
point. A more thorough standardisation of logging procedures and nomenclature, together
with clear documentation of these, would be desirable.
Third, the procedures by which geological data are transformed for entry into the logging
software and GEOTAB may result in a loss of information. A particular problem is the
hierarchical preservation of information, i.e. preferential recording of certain characteristics
when multiple characteristics (e.g. mylonite, red staining and brecciation) are observed
together in a given length of core. The hierarchical discarding of data in such cases can
render later statistical analyses practically meaningless.
With the exception of detailed fracture mapping data, information from the geological
mapping was available for SITE-94 only as interpreted, rather than as primary field data
(Tiren et al., 1996). A similar situation exists for some of the above-ground geophysical
surveys, for which only processed maps are available. There is a critical need to implement
methods for storage of all primary geological data, from surface mapping as well as core
logging, so that subsequent full retrieval and re-interpretation are possible.
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Besides these practical issues, there is a general need to assess whether the geological
logging and data-storage procedures preserve the information that is essential for
Performance Assessment. The emphasis at Aspo appears to have been on recording data
that relate to the present-day hydrogeology of the site, as opposed to data that indicate the
tectonic/geochemical history of the site (e.g. mineral zonation in fractures). An understanding of the site history is essential for predictions of long-term site evolution, which are
required for a Performance Assessment. Also, it should be assessed whether an adequate
survey is being made of the fracture minerals that are likely to control sorption.

6.5.6

Configuration of Boreholes and Measurements
(Measurement Strategy)

The layout of boreholes and subsurface measurements at Aspo appears to have been
motivated largely by an interest in particular fracture zones, which were identified early in
the pre-investigations (Stanfors et al., 1991; Wikberg et al., 1991). Most subsurface
measurements are clustered under the southern peninsula of Aspo and all of the
measurements in deep and cored boreholes on Aspo lie within 180 m of a single vertical
plane.
This sampling pattern leads to a restricted understanding of the site-scale structural geology
and hydrogeology. A relatively high density of structural features (fracture zones and
extensive single fractures) is inferred for southern Aspo, but it is not clear to what extent
this is a consequence of the much higher sampling density in that area (Tiren et al., 1996).
For the calibration of a site-scale hydrogeological model, the effect of this clustered
sampling is high uncertainty in the estimated hydrogeological properties over much of the
site-scale model, and poor characterisation of the effective boundary conditions (Geier,
1996a). For the SITE-94 Stochastic Continuum model of Aspo (Tsang, 1996) specifically,
it was demonstrated that, for the given sampling configuration, the possibility of large-scale
correlation of high-conductivity rock can neither be confirmed nor disproved.
Furthermore, the emphasis on characterising specific fracture zones can lead to a biased
sample, in which the rock within or adjacent to fracture zones is disproportionately
sampled. Thus anomalies are over-represented relative to the general properties of the site,
which increases the uncertainty in a geostatistical analysis (Le Loc'h and Osland, 1996).
It should be noted that these comments regarding data clustering and sampling bias arise
within the specific context of a repository site evaluation such as SITE-94, where the aim
is to predict relatively large-scale and long-duration phenomena (e.g. the long-term
hydrogeochemical evolution of the site and radionuclide transport under the influence of
ambient, regional hydraulic gradients). For the smaller geometrical scales, shorter temporal
scales (years or tens of years) and typically stronger hydraulic gradients of the HRL
experiments, a more restricted and focused site investigation may, in some respects, be
viewed as being of greater value.
In any site investigation, there is likely to be a conflict among the needs of different analysis
methods. For geostatistical analysis, an unbiased sample based on regular sampling is
preferred. For a structural geological investigation, boreholes may be designed to intercept
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specific features indicated by previous boreholes and/or above-ground geophysics, or
configured so as to optimise sampling for the inferred, site-specific distribution of structure
orientations. For a hydrogeological investigation, the optimal sampling scheme may differ
greatly from that normally preferred by geostatisticians, due to the strong dependence of the
volume of rock characterised on local values of hydraulic conductivity.
Since the high costs of drilling (and, for an actual repository, sealing requirements) preclude
satisfying all competing objectives, these conflicts are not easily resolved. However, for the
purposes of geostatistical analysis, it would be useful to distinguish between boreholes that
were drilled as part of a structured sampling programme and boreholes that were drilled
specifically to investigate particular geological features.

6.6

CONCLUSIONS

The HRL site pre-investigations produced a large quantity of data, mostly of the type and
quality that are essential for a Performance Assessment. SKB's GEOTAB database
provides a system for the orderly archiving and retrieval of site data, which has proved to
be effective, in many respects, in support of SITE-94. The SITE-94 project benefitted from
SKB's usually expedient delivery of the data that were requested by SKI.
In working with the HRL data, some problems were encountered regarding quality control,
procedural consistency, positional accuracy and documentation of the measurements. The
consequences of these problems included:
•

redundant effort in tracking down information and sources of inconsistencies,

•

difficulty in making a conclusive multivariate geostatistical analysis,

•

unnecessary residual uncertainty in the structural geological and hydrogeological
models and,

•

under-utilisation of the data acquired at Aspo.

Although not specifically an objective of SITE-94, it is evident that the SITE-94 exercise
provides several lessons that are applicable to the gathering and handling of data from
future site investigations.
First, thorough documentation of observations and measurements is essential. This should
include a comprehensive index of all data available for the site, a clearly defined,
standardised nomenclature and, for each instance of primary site data, background
information on sampling/measurement procedures, sources of error and corrections.
Second, to support independent evaluations, the primary site data and background
information must be preserved in an accessible form, distinct from interpretations and
synthesis; more effective archiving methods are needed for geological and surface
observations, in particular.
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Third, positional data based on a consistent coordinate system must be available for all
observations.
Finally, the sequence of borehole investigations should emphasise geochemical
characterisation of groundwaters prior to disturbance by other testing, and the value of the
'first-strike' samples should be enhanced by improved procedures for characterisation and
tagging of drilling waters. A detailed discussion of these and other points can be found in
the SITE-94 basic data report (Geier et al., 1996).

6.7

SOURCES OF BASIC DATA

The following is a listing of references for the basic data described in Table 6.4.1. For the
sake of traceability, reference is given to all original Aspo data delivered by SKB to the
SITE-94 project. Some of these data were compiled specifically for the SITE-94 project and
have not been published in the form in which they were delivered; however, the bulk of the
information has been presented by SKB in the form of analyses, figures and tables, in
numerous reports. Any questions or requests concerning the original Aspo data should be
directed to the Swedish Nuclear Fuel and Waste Management Co. (SKB).
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7

SITE EVALUATION

This chapter describes the analysis of interdisciplinary site data and the development of site
models that were used to evaluate the present-day conditions and future evolution of the
Aspo site. The development of site models involves selection of conceptual models for
various processes and for rock heterogeneity and fitting/calibrating these models with the
available data. Attempts to validate the site models are discussed in this chapter.
The results of the actual evaluation calculations are presented in Chapters 10 and 11. This
chapter does not cover background knowledge on the different features, events and
processes in the geosphere, except where specifically necessary in order to select or justify
a particular model. The reader is referred to other documents, such as the Project-90 report
(SKI, 1991), for such background information.

7.1

INTRODUCTION

7.1.1

The Geosphere as a Part of the SITE-94 Process System

The geosphere comprises an important part of the SITE-94 process system. For
convenience, it is considered to consist of two parts, the far-field and the near-field. In
general the near-field is the part of the geosphere that interacts directly with the Engineered
Barriers, but the precise division between far-field and near-field is somewhat modeldependent.
As discussed in Chapter 2, part of the SITE-94 assessment involves the production of a
Process Influence Diagram (PID) displaying the interactions between the different FEPs in
the Process System. The procedure for development of the PID is discussed in Chapter 2
and described fully in Chapman et al. (1995). Figure 7.1.1 shows an extract of the SITE-94
PID, covering the most important (IL=10) FEPs and links in the far-field region of the
geosphere. Figure 7.1.2 displays an extract of the same PID for such links and FEPs in the
near-field rock. The PID, as shown, reflects the fact that the thermal, mechanical,
hydrogeological and chemical processes in the geosphere all interact. The importance of
these interactions vary and the magnitude of the interactions also depends on the properties
of the rock mass. The state of the geosphere will consequently affect the thermal,
mechanical, hydrogeological and chemical state of the Engineered Barriers, as well as the
radionuclide transport properties of the geosphere itself.
At this point it should be emphasised that the main use of the SITE-94 PID is to illustrate
the interactions which were thought to be important in the assessment. There will be
numerous references to Figures 7.1.1 and 7.1.2 in this and subsequent chapters.

Gas generation and
gas sources, far-field

Deep saline
water Intrusion

Colloid generation and
transport, far-field

Distribution and release of nuclldes
from the geosphere

Figure 7.1.1 Extract from the SITE-94 PID displaying the most important influences (IL-10) between FEPs in the far-field rock.

Degradation of roc
reinforcement and gr

Transport and release of
nuclldes, near-field rock

Figure 7.1.2 Extract from the SITE-94 PID displaying the most important influences (IL=I0) between FEPs in the near-field rock.
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7.1.2

Site Evaluation

Evidently, the geosphere is a natural system. The properties of the geosphere are not known
a priori, but have to be measured or estimated during the site characterisation and
evaluation.
The objectives of the site evaluation in SITE-94 are to deliver parameters for calculations
of degradation of the Engineered Barriers, radionuclide release and transport in the nearfield rock and radionuclide transport through the geosphere, under different scenarios. In
addition, the site evaluation must develop an understanding of the structures and processes
at the site and their evolution in time, in order to give credibility to the predictions made
by the site models and the Performance Assessment results. A key to such confidencebuilding is a systematic and transparent evaluation of uncertainties and their impact on the
Performance Assessment.
Although separate models are developed for the geochemical, hydrogeological and rock
mechanical evaluation, an integrated interpretation of all data types is crucial to determine
whether different types give a consistent picture of the site and to explore potential
correlations.

7.2

BEDROCK AND STRUCTURAL GEOLOGY: THE SKI
STRUCTURAL MODEL

This section describes the development of a bedrock and structural geologic model of the
Aspo site, based on the available geological information. The uncertainties in the model are
discussed. The model, with uncertainties, provides a common baseline for subsequent
hydrogeological, geochemical and rock mechanical models of the site as will be discussed
in Sections 7.3 to 7.5.

7.2.1

Introduction

The objective of producing a bedrock and structural model of the Aspo site is to provide
a geological framework for all the hydrogeological and geomechanical modelling studies
carried out in SITE-94. Every aspect of the design, positioning and safety assessment of a
repository at a specific site will require a common 'baseline' 3D model defining the key
lithologies and structures of the rock. Onto this can be superimposed, as required,
information on hydraulically active features, geomechanical properties and geochemical
and hydrochemical variations. The baseline model is built using surface and borehole
observations from a wide variety of geological and geophysical techniques. The model of
Aspo is developed by means of a stepwise analysis of data from regional to local scale and
also from outcrop scale to local scale.
The model produced describes the geological setting of the Aspo area, in terms of its
geological evolution and, in particular, the distribution of tectonic discontinuities and other
features which could act as possible pathways for circulating groundwater or regions of
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low rock mechanical strength which might be of concern in some scenarios of future site
evolution.
The intention in producing the model is to use only primary geological data. However, this
did not prove possible as most field observations of the site are not reported in a primary
form (maps, diaries, etc.), but as processed data in the SKB Progress Reports series (cf.
Stanfors et al., 1991). The information used is described by Tiren et al. (1996), who also
describe the complete structural modelling programme in detail. The SKB database
(GEOTAB, containing surface fracture mapping, core logs and geophysical borehole
measurements) was available to SITE-94. In addition, some short field trips were made to
Aspo to obtain 'unfiltered' general information. It should be noted, however, that the
present SKI model does not consider information other than that available to SKB in their
modelling.
The general approach of the study comprises three steps:
1.

Literature studies of the geological and structural history of the area are performed
in order to evaluate the types of geological features expected.

2.

The structural setting is defined by outlining the distribution of structures within a
regional, then a subregional, area, each defined by hydrogeological models and each
with Aspo in their centres. This results in the production of a regional (35 x 25 km)
and a subregional (10 x 12 km) 2D model. This is followed by detailed 2D
geological modelling of the Aspo area, on the assumption that what can be seen on
a large-scale can also be seen on a local scale and vice versa. A local-scale 2D
structural and fracture-zone model is produced.

3.

A detailed 3D structural model is developed which describes the structural
configuration of fracture zones within a 2 x 2 x 1 km rock volume (including the
whole of Aspo island) using, as far as possible, only primary data (field notes, core
logs, surface geophysical data, borehole measurements, airborne geophysical
measurements, aerial photos, topographical maps, terrain models, etc.). This model
is the ultimate objective of the work described in the present section and comprises
the baseline model discussed above.

The structural interpretation is constrained by the fact that Aspo is an island and important
information on the character of low angle fracture zones, as well as other NW and NE
trending structures, are hidden below the sea. The location of boreholes, which is restricted
to a relative narrow NNW trending corridor from the southernmost part of Aspo to the
centre of the island, makes it difficult to obtain unique determinations of the trends of NE
to NW dipping fractures and fracture zones at the southern tip of Aspo. This is an example
of uncertainties in the geological model, which are dealt with in Section 7.2.6.
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7.2.2

The Regional and Subregional Scale Models

7.2.2.1

Bedrock Geology

The oldest rocks in the county of Smaland, in the southeastern-most part of Sweden, are
strongly metamorphosed, Svecokarelian metasediments, metavolcanics, and granitoids,
older than 1800 Ma (metamorphic age). These rocks were intruded by a suite of Smaland
granites and associated volcanic rocks (Lundqvist, 1991) between 1770-1810 Ma ago
(Mansfeld, 1991). These intrusions compose the main part of the bedrock in the region,
forming part of the Trans-Scandinavian Igneous Belt (TIB; Patchett et al., 1987),
comprising 1650-1810 Ma old rocks.
The Smaland granites are intruded by several generations of dykes (e.g. porphyries of
granitic-granodioritic-monzonitic composition, trending N-S and E-W) older than
c. 1420 Ma. In marginal areas, these intrusions occur as composite dykes with frequent
basaltic intrusions. The Smaland granite suite is also intruded at a few localities (e.g.
Karlshamn and along the coast at Oskarshamn), by reddish, massive and often coarsegrained 1350-1400 Ma old granites of Rapakivi type. The youngest intrusive rocks
(960-980 Ma) are N-S trending dolerite dykes (Figure 4.3.1.). For further information, see
Tirenet. al. (1996).
7.2.2.2

Regional Structural History and Future Evolution

The bedrock of the Aspo region is composed of TIB rocks that were emplaced within a vast
belt of volcanics on the edge (margin) of a continental plate, which may have been
subducted by oceanic crust from the west.
The present ground surface at Aspo represents a plane which was at a depth of about 10 km
in the former TIB mountain belt. At such a depth, ascent and emplacement of plutonic
rocks through older and shallower intrusions or supracrustal rock is typical. The bedrock
is divisible into regional blocks and the passage from one block to the next may well
exhibit a change in lithologies, while the block boundaries are wide, oxidised zones,
possibly containing intrusions. Examples of the latter are NW to N-S (NNW and NNE) and
E-W trending intrusions which are older than 1420 Ma.
The later intrusions of Rapakivi granites (e.g. the Gotemar granite), not related to the TIB
rocks, were probably formed by either magmatism initiated in the mantle in a NNE trending
domain of crustal tension, or possibly by subcrustal melting along deep faults. Larger
bodies of Rapakivi granites occur to the east, below the Baltic Sea.
Since the intrusion of the Gotemar granite about 1400 Ma ago, about 7 km of the TIB rocks
have been eroded. The related isostatic elevation of the rock was probably caused by
differential movements along existing fault planes, but could also result from formation of
new faults, as, in some cases, existing faults may have been arrested. The magnitude of
vertical displacement along individual faults may well have been on the order of a few
kilometres during the formation and denudation of the TIB mountain range. For example,
in the Gotemar granite, relative vertical displacement of about 500 m along a N-S trending
fault has occurred.
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Extensional collapse of the TIB mountain belt may have initiated low-angle faults, which
could be reactivated as thrusts in a later compressional regime. At Aspo, low-angle faults
generally dip northwestward and, on the mainland just west of Aspo, SW-dipping thrust
faults have been identified (Nordenskjold, 1944). Westward dipping thrusts are found in
the TIB rocks along the tectonic contact zone with the gneiss complex of southwestern
Sweden in the 20-30 km wide, N-S trending, ca. 1.0 Ga old Protogine Zone (located
c. 130 km west of Aspo).
Active periods of regional denudation, as indicated by sedimentation, occurred at 1200 Ma
ago and 700 Ma ago. At the end of the Precambrian, a peneplain was formed and the area
is characterised by cratonic conditions as part of the present Fennoscandian Shield. The
variation in altitude within the sub-Cambrian peneplain was, at that time, only a few tens
of metres (Rudberg, 1954).
Displacement along vertical faults on the order of some tens of metres occurred during the
deposition of 2-3 km of Palaeozoic to Mesozoic platform sediments upon the sub-Cambrian
peneplain. The displacement along individual faults was caused both by loading due to
sedimentation, and by extensional distortion of the craton. NNW-SSE extension is
indicated by clastic Cambro-Ordovician dikes dominated by ENE-trending filled fractures,
and minor NE and N-S trending clastic veins which opened in the direction perpendicular
to the extension. This pile of Palaeozoic sediments loaded the continental platform for at
least 100 Ma (Larsson and Tullborg, 1993).
Regional tectonic influences on the Fennoscandian Shield during mountain-building
episodes (e.g. Caledonian and Hercynian orogenies) in the marginal zones of the
Fennoscandian Shield also resulted in tilting and uplift of the sub-Cambrian peneplain,
causing denudation in some areas and sedimentation in other parts. The erosion of the
platform sediments started c. 280 Ma ago, due to deformation along the southern border of
the Fennoscandian Shield, located c. 250 km southwest of Aspo. A regional denudation
surface was formed, discordant with the sub-Cambrian peneplain and cutting down into the
Precambrian bedrock (Lidmar-Bergstrom, 1991).
By late Cretaceous times (c. 80 Ma ago), the basement rocks had become exposed
c. 100 km southwest of Aspo. However, the present ground surface in the main part of
southeastern Sweden coincides with the sub-Cambrian peneplain. The last remnants of
sediments were presumably eroded during the Quaternary or, possibly, during late Tertiary
time. About 18 000 to 20 000 years ago, during the Weichselian glaciation (the last of at
least three glaciations), the region was covered by approximately 2-2.5 km of ice cover.
This ice cap melted c. 12 000 years ago.
The inclination of the sub-Cambrian peneplain following post-glacial uplift is c. 0.2°
toward the ESE. The present rate of uplift in the Aspo region is c. 0.001 m/year. It is
aseismic and affected by a regional compressive stress oriented NW-SE.
On Aspo, a few open NNW and EW trending fractures are found, possibly indicating very
late dilation (cf. Morner, 1989). Neotectonic deformation is indicated by displaced sea bed,
but it is always restricted to old structures in the basement rocks (Floden, 1984). For more
details see Tiren et al., 1996.

104
Over the next few millions of years, future deformation of the bedrock at Aspo, based on
its structural history and offsets in the topography (cf. Tiren and Beckholmen, 1989), will
probably be very limited, with deformation accommodated preferentially along N-S
trending fracture zones (due to continued glacial loading and unloading in the next
105 years) and NE to NNE trending fracture zones (where the most recent lateral
displacements have occurred). In the region, NW to WNW trending structures may also be
reactivated, but the Aspo bedrock will probably be shielded by the Gotemar granite.
Deformation along E-W to NNE trending structures appears less probable.

7.2.2.3

Regional (35 x 25 km) Structural Environment Model

The regional structural pattern showing the dominant lineaments is illustrated in
Figure 7.2.1, with Aspo (shaded area) located in the centre. In this study, the principal
lineaments considered have a trace length greater than about 1.5 km. The dominant
lineament orientations are E-W, NW, N-S and NE.
The E-W trending lineaments may either appear as shear zones up to at least a hundred
metres wide, or as subvertical fracture zones, some 50 m wide. During the late stages of
past ice ages 'meltwater canyons' up to 50 m deep, 100 m wide and 5 km long have been
formed locally along subvertical fracture zones trending N-S and NW and c. EW in the
inland region (Olvmo, 1989). The most prominent structure in the regional area is a 50 m
deep NW trending submarine canyon, Strupdjupet, about 11 km NNE of Aspo, which may
be a meltwater canyon. The existence of meltwater canyons is considered in developing the
Central Scenario (see Chapter 9 and King-Clayton et al., 1995).
The NW-trending lineaments overprint the E-W structures, with many of those in the inland
region representing the surface expressions of gently southwestward-dipping thrusts.
NE-trending lineaments are also relatively frequent and occur as extensive and distinct
topographical features. The NW-trending lineaments dominate in the northern part of the
area investigated, whereas the NE-trending lineaments are more topographically
pronounced in the southern parts.
The most prominent topographical features in the region are the N-S trending lineaments,
which are typical of those found in most parts of Sweden. They are often extensive and
constitute subvertical fault planes.
The intersections of the E-W, NW, N-S and NE-trending sets of fracture zones gives rise
to triangular, rectangular and polyhedral rock blocks. Rock blocks of different orders or
geometrical forms may overprint each other.
In summary, Aspo is a triangular island outlined in the north by an extensive E-W shear
zone, in the east by a N-S trending fracture zone and to the west by a NW-trending fracture
zone. Rock blocks similar to those of Aspo are common and occur on various scales, for
example, to the west of Aspo.
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Figure 7.2.1 Regional structural map; a 2D fracture-zone model. Major structures are
drawn with thicker lines. N=thrusts dipping SW (Nordenskjold, 1944).

7.2.2.4

Subregional (10 x 12 km) Structural Environment Model

Figure 7.2.2 shows the lineament map on a scale between the regional scale and the local
scale, illustrating the link between local structures and the regional structures. With this
increased resolution, the regional lineaments can appear as arrangements of minor
structures. On the other hand, narrow but extensive local structures may be indistinct on a
regional scale but well-recognised on a subregional scale. The characteristics of each
structure are described in more detail in Tiren et al. (1996).
The most conspicuous structure on the subregional map is the concentric arrangement of
curved features in the northern area which is associated with the circular Gotemar granite
(of Rapakivi type). Curved features conforming to those of the Gotemar structure pass
through the central parts of the mapped area. There is also a more general change in
structural pattern; to the north a dominant occurrence of NNW-trending structures is
typical, while to the south, NE-trending structures are more common.
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Figure 7.2.2 Subregional structural map; a 2D fracture zone model. The location ofAspo
is indicated by the arrows.

The most pronounced NE-trending structure in this area is the Avro Fault Zone
(Nordenskjold, 1944) located in the sea just east of Avro and Simpevarp. Borehole
information from Avro indicates that this structure may represent a gently inclined fracture
zone dipping toward the northwest. This interpretation is in agreement with borehole
information from Aspo. Fracture patterns along the eastern shore of Avro confirm the
existence of flat-lying structures.
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7.2.3

The Local Scale Models

7.2.3.1

Bedrock Geology of Aspo

The SITE-94 study makes use of surface data available in reports and obtained from the
field (shallow trenched section) as well as subsurface data from the 12 cored and 21
percussion-drilled boreholes and borehole geophysical data (in particular, borehole radar
information). There is a paucity of data for depths greater than 500 m and, as noted above,
the borehole data cover (only) a restricted region part of the local area.
The main rock type at Aspo (Figure 7.2.3), is a weakly-foliated to locally well-foliated,
medium-grained granitoid which constitutes 76% of the drill core. Aplites (which have
sometimes been found to be zones of enhanced hydraulic conductivity; Le Loc'h and
Osland, 1996) often occur in laminated sequences and in composite dykes, where the aplites
alternate with meta-andesites/dacites. The state of deformation is more obvious in these
dykes than in the granitic host rock and, when strongly sheared, they display intricate
internal fold patterns.
About 15% of all drill cores are made up of aplite and the length of the core sections
containing aplite ranges from a few centimetres to almost 150 m. Although several different
textural and compositional types of aplite can be distinguished, the most common exhibit
a relatively uniform appearance regarding grain size and texture. Greenstones (metaandesites/dacites and metabasalts) constitute 9% of the drill core.
Figure 7.2.3 shows relatively large bodies of aplites in the central part of Aspo, while in
other parts of the island relatively thin (up to a few metres wide) aplite dykes dominate.

7.2.3.2

Local Structural Geology and Fracturing

At Aspo the bedrock is composed of foliated granitoids (c.1800 Ma old) containing
enclaves of basic and fine-grained intermediate rocks (cf. Sections 7.2.3.1 and 7.2.6.5).
These rocks were incorporated into the granitoids during their ascent as diapirs in a
batholithic environment. Back-veining of aplite in the intermediate and basic rocks
occurred and the rock is well-laminated and intensely folded. At least four additional
generations of aplites are found at Aspo. Of these, only the aplites trending N-S in the
central part of Aspo can, from a structural point of view, postdate the ductile and brittleductile transitional deformation phases. In other words, most aplites at Aspo are older than
1600 Ma, presumably approximately 1800 Ma old.
An intersection of a minor branch of a regional E-W trending oxidation zone and a NE
trending oxidation zone is located in the central part of Aspo. In the latter, aplites tend to
conform to the orientation of the shear zone (Figures 7.2.2 and 7.2.3). A young (about
1400 Ma old) diapir (Gotemar) of Rapakivi-type granite (cf. Kresten and Chyssler, 1976)
is located about 2 km northwest of Aspo (cf. Figures 4.3.1 and 7.2.2), while another diapir
is located at depth in the bedrock approximately 2 km southeast of Aspo. The diameters of
both diapirs are about 5 km and their influence on the Aspo bedrock is not clearly
established.
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Figure 7.2.3 Geological map of Aspo (compiled from Kornfalt and Wikman, 1988, and
Wikbergetal, 1991).

The deformation postdating the intrusions of the aplites and revealed by outcrop structures,
is summarised in Figure 7.2.4. The figure displays changes in the style of deformation,
orientation of structures and senses of shear, from an early period (less than c. 1600 Ma
ago) in the outer part of the figure, to the present day in the centre of the figure. This
indicates shifts in the orientation of the regional stress field (cf. Talbot and Munier, 1989)
as the temperature decreased during elevation of the rock to its present level. The
accumulated vertical displacement since the intrusion of the 1400 Ma old Gotemar granite
is approximately 7-8 km.
Early features, such as ductile to semi-ductile shear zones or extensive tabular rocks
(dykes), have acted as precursors to fracture zones. For instance, this is the case for NW
dipping, low-angle fracture zones and thrusts. The most impressive aplite (c. 140 m wide,
at a depth of about 625 m in borehole KAS03) and a major shear zone (more than 100 m
wide, at about 800 m depth in borehole KAS02) are examples of such features. The NW
trending thrusts and associated fracture zones appear to be relatively old because they are
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overprinted (cut?) by NE and ENE trending fracture zones in the central part of Aspo (cf.
text above). These zones have, in their turn, been reactivated several times and the
structures have alternately distorted each other. It is, however, obvious from the field
observations and structural analysis of topographical information, that the latest distortion
of any significance took place along a NE trending structure in the central parts of Aspo
(see cf. Figures 7.2.4, 7.2.6 and 7.2.14).
There are relatively few N-S trending faults and fracture zones. Field observations show
that deformation along N-S trending structures has occurred during a relatively long time
interval, as indicated by occurrence of ductile shear zones, mylonites, faulting and dolerite
dykes (c. 960-980 Ma).
Minor brittle structures (i.e. fractures) manifest themselves in a number of ways. In
'unfoliated' rocks, these generally occur in more or less the same directions as the system
of aplitic dikes. In ductile shear zones, the fracture density is generally enhanced by
deformation along zones. However, later deformation may cause fractures to overprint the
zones in other directions. In brittle shear zones, the fracturing is related to the history of
motion along the zones. At Aspo, most sets of aplites have locally been technically
distorted by ductile to semi-ductile deformation (at sufficiently high temperature and
pressure), indicating that they were emplaced before the general deformation in the rock
became brittle. When this occurred is not clear, and most of the aplites in the Aspo bedrock
may well have been intruded before the intrusion of the Rapakivi granites and in association
with the Aspo granitoids. However, the Aspo bedrock has been penetrated by swarms of
fractures of variable lengths, spacings and orientations that are parts of regional fracture
domains. The most frequent direction of these structures is between WNW and NW. On
Aspo, these brittle structures regionally overprint the NE and EW trending ductile to semiductile shear zones (see above and Figure 7.2.2). Other examples of brittle structures are
swarms of extensive and widely-spaced NNW (central Aspo) and NNE (eastern Aspo)
trending fractures. Some of these nearly N-S trending structures in the Aspo region contain
dolerites about 1000 Ma old (see also Tiren et al., 1996).
Outcrop fracture data are used in SITE-94 for the analysis of structures. A new approach
using outcrop data to define the geometry of the rock blocks and, from this, to define
possible transport paths for groundwater, is introduced and applied in a preliminary manner
in the overall analyses. A detailed discussion is given in Tiren et al. (1996).
The subsurface configuration and distribution of fractures are shown in the fracture logs of
the cored boreholes. In the northern part of Aspo, borehole information indicates a
generally higher degree of fracturing in the upper parts of the borehole, compared to the
fracturing in the southern part of Aspo. Hematite and epidote, as infilling minerals, are
typical for the gently inclined fracture zones.
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Figure 7.2.4 A summary of the structural history of the Aspo area as revealed by
structures in outcrops. The diagram on which the structures are drawn is a combination
of a compass rose and axes of relative age (time scale is from early time, at the outer circle,
to the present day, in the centre). Structures with right and left lateral sense of shear are
shown in the upper and lower half of the figure, respectively. The diagram indicates the
variation of the stress-field orientation with time. (From Tiren et ah, 1996)

Ill
In the drill cores from the southern part of Aspo there is no obvious correlation between
intensity of fracturing and depth. However, relatively long sections (up to 100 m) with
markedly increased fracturing occur in most of the boreholes. These sections often contain
several minor segments with crushed rock and infillings of iron-oxyhydroxides. Fracture
patterns change along the boreholes, especially across strongly deformed sections,
indicating the existence of local sub-blocks with variable fracture configurations. In one
borehole, KAS05, the fractures become gradually less inclined with increasing depth, from
vertical at the surface to horizontal at a depth of about 85 m. An explanation of this curved
pattern of fractures is that the borehole penetrates a splay of fractures emanating from a flatlying zone. Long sections, characterised by an increase of 2 to 3 times in the frequency of
subhorizontal fractures, are found in all subvertical boreholes. These sections contain only
small sections of crushed rock. The splay-like structure may be genetically related to these
subhorizontal fractures.

7.2.3.3

The 2D Local Scale Structural Model

A combined study of the detailed topographical map of Aspo and structural interpretation
of aerial photos identifies extensive (i.e. persistent over lengths of some hundreds of
metres) discrete fractures, open depressions and breaks in the topography (Figure 7.2.5).
Many of the topographical features on Aspo are the traces of discrete extensive fractures,
while others are presumed to be expressions of bedrock structures characterised by a
general increase in the density of minor fractures.
Aspo is transected by several sets of extensive fractures. Those trending WNW, NNW and
NE appear in swarm-like clusters with a separation of individual fractures in the order of
30-40 m, 10-60 m and 40-75 m, respectively. The northern shoreline of the island follows
a slightly bent, E-W trending regional structure, presumably composed of a trace of several
local structures. The fractures drawn across water-covered areas in Figure 7.2.5 are
correlations of well-expressed structures. It is thought that water-covered areas are probably
characterised by increased fracturing in the bedrock.
Tectonic deformation of the bedrock at Aspo will not have been taken up by a single
structure, but by the interaction of movements along several structures in order to
accommodate the strain. This implies block faulting, with displacement along fractures or
zones on several scales. It also implies that the direction of relative displacement and
amount of distortion of the wall rock may vary considerably along a fault. In the present
study, block faulting includes differential movements on all scales of fault-bounded blocks
(see also Section 7.2.6.6).
Within SITE-94 the analysis of faulting leads to a re-interpretation of the geological map
of Aspo (Tiren et al., 1996). Some of the conclusions are presented below; for details see
Tiren et al., 1996. A tentative re-interpretation of the distribution of rock types at Aspo is
illustrated in Figure 7.2.6. By combining surface and subsurface data, a tentative N-S
trending balanced cross-section is also constructed (Figure 7.2.7). In this profile only rocks
which appear as more or less regular sheets (aplites and greenstones) are shown.
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Figure 7.2.5 2D structural model ofAspd, showing extensive (i.e. persistent over distances
of some hundreds of metres) discrete fractures and topographical lows (yellow).
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Figure 7.2.6 Tentative geological map ofAspd. The distribution pattern of the lithologies
on the map mimic the appearance of the rock types exposed in outcrops (Figure 7.2.4).
Most faults displacing the lithologies, although they are very short, coincide with extensive
lineaments seen on aerial photos (cf Figure 7.2.5).
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Figure 7.2.7 Vertical NW to N-S trending profile across Aspo. Note that Aspo and Avro
granites constitute the granitoids and meta-andesites to meta-basalts constitute the
greenstones (cf. Figure 7.2.6).

7.2.3.4

The 3D Fracture Zone Model of Aspo

In SITE-94, a SKI 3D structural model and an integrated conceptual model of Aspo island,
including structures, hydrogeology and geochemistry are established. Pre-existing models
produced by SKB (Wikberg et al., 1991) and SKN (Sundqvist and Torssander, 1996) are
used in a comparison exercise, which is summarised in Section 7.2.5. The basic information
for the SKI structural model are the data from the pre-investigation phase (1986-1990) of
the Hard Rock Laboratory at Aspo.
Following the data evaluation and the production of the 2D structural model described
above, 3D modelling of fractures and fracture zones is carried out, based on correlations
between orientations taken from borehole radar, fractured sections in drill cores and surface
structures. The 3D fracture-zone model is processed both with a CAD programme
(INTERGRAPH, MicroStation 4.0 PC) and an image processing programme (Dynamic
Graphics Inc., EarthVision package on a high-end graphic workstation). This processing
enables direct three-dimensional visualisation of data and hypotheses of structures and
thereby, significantly enhances possibilities for feedback between available data and the
structure model developed.
Fracture zones are grouped according to their orientation. For each structure, the observed
and measured properties (e.g. remote studies, field observations, responses to ground
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geophysical measurements, borehole observation and borehole measurements) are compiled
in a database (containing 52 structures correlated with 40 parameters). The description of
the general character of each group of fracture zones is then based on this compilation of
data.
The critical input parameters used in the 3D structural modelling of Aspo are:
•

Surface data: The 2D structural map showing extensive discrete-fracture zones and
topographical lows (Figure 7.2.5) and the orientation of fractures in outcrops.

•

Subsurface data: Locations of crushed rock in boreholes and borehole radar
measurements.

Construction of the 3D model involves formulating a number of criteria concerning how
to interpolate and extrapolate the data. For example, structures which are identified in a
single borehole only and which cannot be correlated with any surface structure are not
included in the model. On the other hand, extensive structures having a distinct surface
expression, but not penetrated by any borehole, are included if the orientation of the
structure could be inferred from field data. Modelled zones are wider than e l m and have
a trace length at the surface longer than 500 metres.
A particular simplification adopted is that all the fracture zones included in the model are
extrapolated to the edges of the 2x2x1 km rock volume of the local scale structural model.
Clearly, the persistence of structures outside the small area from which data are available
cannot be verified, but in a real, iterative site investigation, further control of the model
would obviously be possible. There are structural evidences for many of the structures, but
not for all. However, the major restriction in the structural model is that the regional zones
outlining the triangular island Aspo are not included due to lack of data (e.g. not
exposed/covered by water and no borehole information). The criteria are described in more
detail in Tiren et al., 1996.
The 52 fracture zones included in the SKI structural model of Aspo, are shown in 2D and
3D in Figures 7.2.8 and 7.2.9 A and B. Of these, 44 zones are indicated in one or more
boreholes and 8 zones are indicated only by surface information. The zones are divided,
according to their trends, into seven groups: WNW, NNW, N-S, NNE, NE, ENE and E-W.
The range in inclination of the 52 zones varies from vertical to gently inclined. Vertical to
sub vertical structures (inclination 80-90°) are dominant (44% of all zones) and highly
inclined structures (60-80°) are common (32%). Moderately inclined (30-60°) and gently
inclined (10-30°) zones are subordinate (both with a relative occurrence of 12%).
Modelled gently dipping fracture zones are identified in outcrops, or localised in the watercovered areas just southeast of Aspo. The distribution of subhorizontal fractures in
boreholes indicate that gently inclined fracture zones are widespread in the Aspo basement
rock. It is notable that these zones are, in many cases, characterised by a general increase
of the fracturing in the rock by a factor of two or more, with the spacing of gently inclined
fractures being of the order of decimetres. One extremely deformed section (at the lowest
parts of the vertical borehole KAS02) is interpreted as a gently dipping regional zone,
which is identified by drilling on the island of Avro, east of Aspo. Another wide, gently
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inclined zone is indicated in borehole KAS03 at a depth of c. 200 to 420 m. This zone,
however, is not traceable to the southern part of Aspo and is thus not included in the model.
The fracture zones are characterised by a range of infill minerals, including chlorite, calcite,
epidote and iron oxyhydroxides, with subsidiary pyrite, laumontite and fluorite sometimes
present. Some fractures contain no infill minerals.
Figure 7.2.10 (A&B) breaks out each of the seven groups of features for easier observation;
a more detailed description of each group is provided by Tiren et al. (1996).

SKI model
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Figure 7.2.8 Surface projection of the 3D SKI structural model of Aspo, including 52
fracture zones.
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Figure 7.2.9 A and B The SKI 3D structural model, viewed from the southwest at an
inclination of 30 ° above the ground surface.
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Figure 7.2.10(A) WNW, NNW, N-S, and NNE trending fracture zones, viewed from
southwest at an inclination of 30 ° above the ground surface.

1.2A

Verification of the SKI 3D Structural Model

During the structural modelling of a potential repository site, all available geological and
geophysical data would be used in the processing of the model. Verification of the model
would then be performed by adding new data (e.g. data obtained by drilling a new
borehole). The SKI structural model of the Aspo area contains most of the data obtained
in the pre-investigation studies for the Aspo Hard Rock Laboratory. In fact, SITE-94 only
considers data recorded during this phase and data gathered during the excavation of the
Hard Rock Laboratory have been ignored intentionally. Having access to this additional,
untapped database should allow a fuller verification of the present SITE-94 SKI conceptual
structural model. It is planned to perform such a study as a follow-up project to SITE-94.
A limited verification of the geological structure model is also performed within the
framework of Sllb-94. However, information from two geophysical investigations was not
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SKI model
Fracture zones viewed from south-west, 30° above the horizon
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Fracture zones ENE1-10
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Figure 7.2.10(B) NE, ENE, and E-W trending fracture zones, viewed from southwest at
an inclination of 30 ° above the ground surface.

used during the construction of the SKI structural model: vertical seismic profiling (VSP)
and ground seismic radar measurements. The second method was only applied in a very
limited area and is unsuitable for checking the SKI model. However, the VSP investigations
were used originally (Cosma et al., 1990) to construct a 3D structural model of the southern
wedge of Aspo and it is possible to compare this with the SKI 3D structural model of Aspo.
The seismic reflectors indicated by VSP, which may correspond to tectonic discontinuities
(e.g. fracture zones), should conform approximately to those represented in the SKI model.
In fact, the orientation of the VSP structures is found to correspond well with the
orientations of structures of the SKI structural model and also with the orientation of the
aplites and fractures in the southern part of Aspo. Among the VSP structures, only one
cannot be correlated with any possible structure in the SKI model; seven of the thirteen
VSP structures have acceptable correlations with structures in the SKI model. It is
concluded that there is a fairly good correspondence between the VSP results and the SKI
structural model in the southern wedge of Aspo.
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7.2.5

Comparison of the SKI Structural Model with Other Models

7.2.5.1

Data and Models

Different geologists may take different approaches to the analysis and interpretation of data.
The effect of this on structural modelling can be illustrated by comparing different models
describing the same area. Similarities in the models could indicate that the interpretations
have a relatively high degree of correctness. Differences in models can be attributed to
choice of methodology and interpretation of data, but can also indicate errors in the
modelling procedure.
In this context, a comparison is made between the SKI structural model and two additional
models describing the structural framework of Aspo, the SKB structural model1 (Wikberg
et al., 1991) and the SKN structural model2 (Sundqvist and Torssander, 1996). As stated
above, the comparison of the quality of models depends on the data and the interpretation
process. However, the relative quality of the different models is not judged in the present
comparison, but the similarities and differences of the three structural models are
emphasised.
The collected Aspo data are summarised by Stanfors et al. (1991) in a report which
constitutes the basis for the structural interpretations made by SKI, SKB and SKN,
respectively. The comparison of the three different model approaches are discussed in detail
inTiren(1996).

7.2.5.2

SKB Structural Model of Aspo

The SKB structural model, Figure 7.2.11, is developed by interpolating structures identified
at the ground surface with sections of increased fracturing in boreholes. The main surface
data used in the analysis are geological and structural observations, detailed geophysical
measurements (resistivity and magnetic) and refraction seismic profile measurements. The
corresponding main subsurface (borehole) data include core logs (lithological and fracture
mapping), borehole radar measurements and vertical seismic profiling (VSP).
The SKB structural model is processed as a series of vertical sections, working in twodimensional sections using a CAD system (INTERGRAPH, MicroStation 3.0 PC).

1

A structural model produced to predict structures which was developed during the pre-investigation
phase (1986-1990) of the construction of the SKB Hard Rock Laboratory at Aspo.
Initially an independent model performed partly in parallel with the SKB model, but modified later on
(see text).
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SKN Structural Model of Aspo

The SKN structural model of Aspo, Figure 7.2.12, is a combined structural and
hydrogeological model, which should actually be referred to as a structural-hydrogeological
model. The latter notation of the model is more accurate as the majority of the structural
elements included in the SKN structural model are only based on hydrogeological data. The
main input surface data in the SKN model comprises geological and structural information
gathered by SKN and SKB refraction seismic profile measurements. The subsurface
geological and structural data of importance in the modelling comprise SKN remapping of
drill cores (lithology and structures) and SKB borehole radar measurements. Additional
hydrogeological data gained from pumping tests, dilution tests, tracer tests and
hydrochemical data form an important constituent of the total input data in the SKN
structural model.
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Interpretations of geological and structural data are performed by correlating data from
surface to boreholes, while the hydrogeological interpretation is performed using data
between boreholes.
The SKN structural model was initially constructed as a physical model; the final version
was refined and adjusted by using a CAD system working in a three-dimensional space
(INTERGRAPH, MicroStation 4.0 PC).
7.2.5.4

Similarities Between the Structural Models

The surface traces of structures included in the SKI, SKB and SKN models are almost
conform, i.e. most of the structures in the SKB and SKN models (which both have a smaller
number of structures than the SKI model) can be correlated with structures in the SKI
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model (Figure 7.2.13). However, a NE trending structure traversing the southern central
part of Aspo is missing in both the SKI and SKN models.
The wide SKB structure trending NE-ENE and crossing the central part of Aspo
(Figure 7.2.11) is expressed as a sequence of structures in the SKI structural model. It is
notable that there is actually a swarm of SKI structures corresponding to the NE trending
SKB zones located along the southeastern edge of Aspo. However, in the SKI structural
model, this trace of the structures has a NNE trend which is the reason why they are not
expressed in Figure 7.2.13 (cf. Figures 7.2.8 and 7.2.10 A, the SKI structural model).

7.2.5.5

Differences between the Structural Models

The main differences between the SKI, SKB and SKN structural models are the number of
structures, sets of trends of structures, dip of structures, extension of structures and width
of structures.
The SKI model has the largest number of structures (52). This is due not only to the
techniques used to process data, but must also presumably be related to the approach to the
analysis. The SKI model was developed in three-dimensional space using both a CAD PC
programme and a workstation-based programme combining image processing techniques
and structural analysis, which makes it possible to work with a high resolution. The number
of structures described in the SKB and SKN structural models is 13 and 18, respectively.
The SKI structural model has a series of WNW structures, preferentially located in the
western part of Aspo and conforming to the western shoreline of Aspo. Structures with this
trend are missing in the SKN model, while in the SKB model there is a minor structure
located at the northwestern edge of Aspo. It is notable that the target structures for the
drilling programme executed on Aspo were NE to ENE trending structures (cf.
Figure 7.2.5), as these structures are topographically and/or geophysically pronounced.
Consequently, NE to ENE structures are dominant in the SKB structural model as well as
in the SKN model. The SKI structural model has an increased number of structures trending
ENE to WNW. WNW to NW trending fractures, parallel to the western shore of Aspo, are
dominant in outcrops.
Both the SKI and SKB structural models have a spread in the distribution of inclinations
of fractures (dominant dips are 60° to 90°; for SKI, 40 of 52 structures and for SKB, 8 of
13 structures), while in the SKN model the dominant dip of structures is vertical (11 of 18
structures). The relative occurrence of gently inclined structures in the SKI, SKB and SKN
models is nearly the same and subdominant (9 of 52, 2 of 13 and 4 of 18 structures,
respectively). In other words, the relative occurrence of moderately dipping to subvertical
(31-85°) structures in the SKN model is low (3 of 18 structures) compared to the relative
occurrence of such structures in the SKI and SKB structural models (37 of 52 and 7 of 13
structures, respectively).
Most SKI structures are drawn to cross the model. In the SKB model, the wider structures
are more extensive, while the thinner structures are more restricted. In the SKN model,
most structures are drawn relatively short.
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Figure 7.2.13 Comparison of structures trending NE, ENE and NNW. In the SKI, SKB and
SKN structural models, the relative representation of structures with these trends are 48%,
77% and 94%, respectively.
Compared to the SKI and SKN structures, the SKB structures are considerably wider
(5-20 m wide structures dominate), but there are three structures with a width in the order
of 50 to 100 m. In the SKI model, most structures are thin (1-5 m wide), but there is a flatlying structure indicated at great depth and having a width of 50-75 m. In the SKN model,
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most zones are thin (0.2-10 m; 9 structures are 0.2 to 0.5 m wide) and four zones are wider
(10-20 m).
In the SKN structural model, which focuses on hydrogeological data, 17 out of 18 structures
have hydrogeological significance.

7.2.5.6

General Implications for Structural Modelling

The brief comparison and analysis of the variations between the different structural models
indicate that two separate components may be important in explaining the differences
between them.
One component, which is related to the difference in the number, extension and widths of
structures, is fundamentally related to the nomenclature and definitions used (e.g. what is
a fracture zone?). In addition, the methodology (direct observation, remote studies,
statistical analysis, etc.) used to identify structures (at surface) or anomalous deformation
(in boreholes) and the tools used to visualise the data and the model (e.g. a physical model,
CAD drawings in two or three dimensions or three-dimensional image processing) are
important. The other important component is related to the basis for extrapolation of data
(one or two-dimensional data giving three-dimensional structures), that is, the arguments
and technique used for combining surface structures with locations of increased
deformation in boreholes or analogue extrapolation between boreholes.
To conclude, the extrapolation of structural data is not a simple geometrical exercise. The
simulated structural model should be in agreement with the general structural context, both
in a macroscopic (regional scale) and mesoscopic (outcrop to hand specimen scale) sense.
This is discussed in more detail in Tiren (1996).

7.2.6

Uncertainties Underlying Structural Models

As with all aspects of Performance Assessment modelling, understanding and identification
of the uncertainties involved in constructing the geological structural model of a site is an
important task, not least because many of the hydrogeological and geotechnical and design
considerations are based upon it.
Structural models traditionally deal with the characterisation of individual structures or sets
of structures and how these interact with or affect each other (Section 7.2.6.5). The result
of the modelling is, for example, restricted by physical limitations (input data and computer
tools), expert judgements and constraints in the modelling procedure. Uncertainties
regarding these aspects, the accuracy and precision of locations of structural elements and
the existence of 'black holes' (areas with no information) in the model are often not
discussed in depth, although, for the last five years or so, SKB has been using a guideline
for modelling discrete-fracture zones which classifies the probability of the existence of a
structure (Backblom, 1989). However, the validity of the interpretation produced in relation
to the general structural pattern in the rock is not considered in the SKB guideline.
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A comprehensive treatment of all the categories of uncertainty in structural modelling is a
complex problem. For the purposes of the SITE-94 study, a limited number of subjects is
selected for treatment. The two main physical limitations to structural modelling are the
control of geometrical relationships (orientations of sets of structures comprising the
structural system) and the volume (spatial location of structures). Specific questions to
address are:
•

Control of geometry: The identification of orientations of all sets of structures
comprising the system of fracture zones in the rock. Does the configuration of
orientations of structures within the modelled volume mimic geometries in
neighbouring areas, where independent investigations may have been performed?

•

Control of volume: Does the spatial distribution of available data give a uniform
control of the volume modelled and with what degree of certainty will existing
structural elements be detected by the types of survey performed?

A third physical limitation is uncertainty in the detailed descriptions of individual structures
(width/thickness, internal structure, alteration, infilling, etc.). The character of a fracture or
fracture zone may also change along its length. Expert knowledge of the structural
relationships in an area is generally one of the most important inputs for building an
understanding. This is especially true in complex areas with few easily identifiable
characteristics for individual structures. The extent to which the geologist's reading and
interpretation of diffuse observations can contribute to uncertainties in the model is,
however, hard to quantify. Direct observations and characterisation of structures on the
surface or in tunnels are essential for the correlation of structures in boreholes. This type
of information is very limited in the SITE-94 study.
A three-dimensional model of a domain is a way to visualise the structural framework of
the domain, even though the model may not explain all the observations made in the
domain. Approximations are often made in order to be able to formulate and present a
model, often comprising some form of weighting in the importance of different types of
structures in relation to the complexity of the model. For example, it is clearly not possible
to include structures of all sizes and widths. The approximations should not, however,
change the impression of the overall character of the domain. The approximations applied
in the modelling procedure are generally well defined (see Section 7.2.3.3), but their
consequences may not be well understood in some cases. Consequently, approximations
may, if not fully controlled, introduce systematic errors in the model. In spite of the fact that
the approximations are apparently well defined, decisions based on them may introduce
subtle uncertainties. For example, why is a certain structure included whilst other similar
structures are excluded? To illustrate the effect of some of the approximations, two tests
are carried out in SITE-94:
•

What percentage of the mapped section of crushed rock can be explained by the SKI
3D structural model of Aspo?

•

What is the relationship between selected structural input parameters and indications
of groundwater flow in the bedrock, indicated by borehole spinner measurements?
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The first of these tests is described in Tiren et al., 1996 and the second in Section 7.3.6. It
should also be noted here that one should not expect a one-to-one correlation between flow
measurements and structures as i) some of the observed structures may be tight at the point
of intersection with the measuring borehole and ii) there certainly exist structures
(individual fractures etc.) that are too small to be included in the structure model, but which
still could be significant water conductors.
The modelled area comprises a 2 x 2 x 1 km rock volume. Most boreholes are located in the
south-central part of Aspo where borehole coverage is best. The objective of the vertical
boreholes is to investigate the distribution of rock types, while the inclined boreholes are
intended to characterise structures trending NE to ENE. However, three other sets of
structures exist, deformed by or overprinted by the NE to ENE trending structures. The
question asked is whether or not the present configuration of boreholes at Aspo would be
able to detect and characterise these other sets of structures that may exist.
A statistical approach is applied to test if the configuration of the cored boreholes on Aspo
is able to reveal any arbitrary orientation of fracture zones. For example, as a simple test,
only the angular relationships between orientations of boreholes and orientations of
different sets of structures is considered. This poses the question as to whether the system
of boreholes will allow any structure to pass through the investigated space without being
intersected by any of them, which implies that the structure has to be parallel to the
boreholes. Introducing the fact that boreholes have finite length further reduces the
observation probability. Ain addition, the borehole system will preferentially detect
structures of certain orientations.
The results of the analysis (see Tiren et al., 1996, for details) imply that the representation
of structures oriented in certain directions may be suppressed in the structural model of
Aspo compared to other directions. The same test can be applied to determine whether the
borehole configuration at a site is able to detect all possible orientations of structures and
can obviously be used in the planning of borehole investigations in future site
characterisation programmes.

7.2.6.1

The Extrapolation of Geological Data

The connection of structures between boreholes and surface observations is often performed
by correlating structures with similar characteristics. In areas where no significant
characteristics are attributable to a specific set of fracture zones, correlation becomes
uncertain.
Many of the fracture zones mapped on Aspo are vertical to steeply dipping. The boreholes
are inclined approximately 60-90° to the horizontal. The angle of intersection between
boreholes and the steeply dipping fracture zones is less than 60° and, in many cases, the
boreholes are subparallel to the fracture zones. The number of fractured sections in the
boreholes are frequent. The average separation of borehole radar reflections and sections
mapped as crushed rock is about 15 m. The effects of these relationships on the
interpretations of orientations of structures are discussed by Tiren et al. (1996), who also
deal with uncertainties of extrapolations over distances, using geometrical analyses of core
fracture and borehole radar data to illustrate the potential uncertainties involved. The
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authors conclude that the borehole configuration at Aspo favours the detection (by borehole
radar investigations) of structures trending c. NNE, E-W and NW with a gently dip
(30-60°) to the north. Flat-lying to gently inclined structures are also detected in several
boreholes. Vertical structures trending NE - EW are detected in boreholes. The sampling
is poor for vertical to subvertical structures trending NNW to NW and for structures steeply
dipping west to southwestward.
An additional method of checking whether the structural system identified within an area
corresponds to the existing population is to compare the set of structures in the area with
those in other areas within the same tectonic region. Independent surveys in the Simpevarp
area have identified the orientation of structures in different scales. The structural
information of the subregional area surrounding Aspo (Section 7.2.2.4) and the mapping
of fractures which determine the morphology of outcrops in the local scale, show that the
resemblance between the orientations of structures identified on the three different scales
are convincing.

7.2.6.2

Identifying Discrete Rock Volumes within a Model

The representation of the spatial distribution of structures in a model of any rock volume
generally depends on a combination of structural information (homogeneous or heterogeneous sampling) and approximations applied during the structural modelling, which can
induce systematic errors.
It is important to realise that structures do not form random configurations (unsystematic
arrangements) in the rock. The degrees of freedom for the interpretation of the structural
framework in the rock are thus limited. It can also be stated that the uncertainties in the
structural model increase with depth due to lack of input data, but also because it may not
be possible to correlate structures located at depth with any observed surface structure. In
a structural model of a specific rock volume, confidence in the existence and location of
structures are generally not equal in all parts of the model, due to uneven data distribution.
Furthermore, the ability to detect structures in different parts of the rock volume is also a
function of the orientation of the structures. Uncertainties regarding the location of
structures and especially the existence of volumes where there is a low degree of confidence
in detecting structures ('black holes') should, therefore, be analysed and presented
separately for each group/set of structures constituting the structural system in the rock.
This type of check can be performed by graphical visualisation techniques and can also be
used as an aid in the design of a drilling programme. This can also give important input to
the interpretations of, for example, hydraulic measurements and their correlations with
geological structures.

7.2.6.3

Precision in the Location of Structures

In structural modelling, a very important input parameter is the location of data points. The
accuracy in location of structures interpreted on aerial photos and reproduced on maps are
in the order of ±10-20 m. Due to technical processing during modelling, the average
accuracy in locating the fracture zones on the top surface of the model is estimated to be
±10-25 m or less in the central part of the Aspo model. A further point to address is the
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approximation involved in extrapolation of structural elements included in the model, both
surface and subsurface. The minimum surface extension of a structure produced in the
SITE-94 study corresponds with the length of the interpreted lineament representing the
structure. This implies that the extension of structures to the boundary of the structure
model in areas covered by water is not documented and such extrapolations are performed
only in order to get a better visualisation of the structural system of the area.
A generic uncertainty underlying all structural modelling is the conceptual identification
of structures (for example, the definition of fracture zones and how to choose and apply the
definition). In order to be able to identify what is anomalous regarding fracturing (i.e. the
fracture zones), an area of 'normal' averagely fractured rock should be documented as a
baseline. This is discussed in more detail in Tiren et al., 1996.

7.2.6.4

Approximations Made in Structural Modelling

The structural model is a reflection of the input parameters, which was intentionally
restricted to geological and geophysical surface-based investigations for the purposes of
SITE-94. It is important to consider the degree to which the SKI 3D structural model
succeeds in explaining the existence of all mapped sections of crushed rock and identified
oriented borehole radar reflections. A second question is whether the approximations will
influence understanding of the transport of water in the bedrock. Tiren et al. (1996)
concluded that the SKI structural model had succeeded in outlining a structural framework
of fracture zones which appears to consider a relatively large fraction of the more extensive
zones in the area (more than 50%). The local zones (larger than 50 m) may be of the order
of one to two times more frequent than the extensive zones included in the SKI structural
model.
To address the second question, the locations of potential groundwater flow paths in
boreholes (cf. Section 7.3.6) are identified according to rock type and occurrence of zones
containing crushed rock. About 50% of all flow indications are located in borehole sections
which contain a single rock type and which are located 3 m or more away from any
lithological contact (measured along the drill core). In the granitoids, 50% of the indicated
potential flow paths are located in sections with crushed rock. In the aplite, about 80% of
the flow indications are located in sections with crushed rock. Slightly more than 50% of
all indicated flow points in the boreholes are located close to lithological contacts. The
relative proportion of groundwater flow paths associated with sections of crushed rock
appears to be more pronounced at lithological contacts compared to flow paths in sections
containing a single rock type. Mylonites, fine-grained microbreccias resulting from
fracturing or deformation, appear to be potential pathways for groundwater flow if they are
strongly fractured. Correlation between spinner measurements and borehole radar
measurements shows that about 70% of all indications of water inflow were detected by the
borehole radar measurement (directional antenna).
The SKI structural model of Aspo uses data on sections of crushed rock as one of the main
inputs. Out of all potential groundwater flow paths found in boreholes, about 40% are not
associated with sections containing crushed rock. This implies that the model, based on
geological and geophysical data, will only, at best, include less than 60% of all potential
groundwater flow paths identified by spinner measurements and temperature/salinity logs.
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The implications of this are discussed in detail in Tiren et al. (1996) and in Voss et al.
(1996).
Again it should be noted here that one should not expect a one-to-one correlation between
flow measurements and structures as i) some of the observed structures may be tight at the
point of intersection with the measuring borehole and ii) there certainly exist structures
(individual fractures etc.) that are too small to be included in the structure model, but which
still could be significant water conductors. The percentages of flow explained by the
structure model could thus be seen as an indication of how significant smaller scale
structures are for the groundwater flow through the rock.

7.2.6.5

Relative Age of Rocks and Structures

An appropriate understanding of the geological and structural evolution of an area is the key
to defining the character of the area and making a prediction of the future stability of the
area. The geological and structural history represents a continuous record of events which
have affected the area. It also shows how the character of the different structures has
changed with time. In this perspective, the different sets of structures in the area can be
identified and estimates can be made concerning how future mechanical, chemical and
hydraulic stresses on the system might be accommodated in the rock.
Because relative ages can be judged by overprinting criteria (before 1991 absolute age
determinations were not available for the Aspo area) and the character of the structures, a
good knowledge of the field appearance of rocks and structures is critical for understanding
the site-specific geological evolution. However, this is not always a straight-forward
method as, in the Aspo case, obvious multiple reactivations and partial reactivations of
structures may locally obscure the impression of the overprinting relationships. The result
could be an inconsistent cross-cutting relationship among different sets of fractures.
The basic information for any interpretation of the evolution is different types of
observations made on various scales. In this case, a review of geological and structural
descriptions of the geological terrain is made and then compared with the geoscientific
information gathered in the area and vice versa. This infers that the regional surroundings
of the target area, as well as the outcrops within the area, constitute reference areas.
Detection of late crustal movements, which may have occurred in the last 600 million years
or after the latest ice age, is not a trivial topic. This is why datum surfaces for calibration
are needed. Representative datum surfaces are, in this case, the sub-Cambrian peneplain and
Quaternary strata. Such surfaces may often not be conveniently found in the actual site, but
in its regional surroundings.

7.2.6.6

Restoration of Faulting

A part of the interpretation of the structural history of an area is sequential reconstruction
of deformation, e.g. displacements (faulting) which have taken place in the rock. This helps
with the correlation of displaced structures and the extrapolation of geochemical,
mechanical and hydrogeological properties from one structural location to another. In areas
characterised by partial reactivation, reconstruction will be troublesome for early phases of
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deformation, but later deformation may be more readily unravelled. This is illustrated by
an example below.
In the 2D restoration displayed in Figure 7.2.14, ENE trending structures and two N-S
structures are lined-up in the central part of Aspo. By a left lateral displacement along the
N-S structure, aplites and meta-andesites/meta-dacites on both sides of the structure as well
as the northern shoreline of Aspo become contiguous, but the ENE trending central shear
zone is distorted. Left lateral restoration along ENE trending structures should be applied
according to the ground magnetic measurements (indicated by bent low-magnetic markers).
This implies that a large greenstone, bounded to the south by mylonites and located in the
northeastern part of Aspo (Figures 7.2.6 and 7.2.14), will be near a similar greenstone in
the western part of Aspo. It is found that the two greenstones can be juxtaposed by a
sequence of reconstructions. However, such sequential restoration may simplify the
geological relationships in one part of the area, while in other parts, the picture becomes
more obscured. Of course, true restorations must be done in three dimensions, not two. On
the other hand, it is apparent that block faulting has occurred and that segments of various
structures may have been collinear at one time. Also, a structure which today appears to be
a single continuous feature could actually be composed of several segments formed apart
from each other. The character of the compound structure may therefore change along its
length.

Figure 7.2.14 Lithostratigraphic restoration of faulting along a NE trending fracture zone,
Aspo Island. The left lateral displacement along the fault is c. 250 m (cf Figures 7.2.5 and
7.2.6).
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7.2.7

Fitting a Hypothetical Repository Into the Aspo Structure

7.2.7.1

Introduction

One exercise conducted within SITE-94 has been to investigate how readily a repository
could be fitted into the developed detailed 3D structural model of the site, taking account
of simple guidelines on avoiding significant fracture zones. This fitting of the repository
to the rock at Aspo is made considering only the geological structures. Obviously, taking
account of this factor alone is not sufficient to achieve a satisfactory design in a siting
exercise for a real repository, which would need to be based on a wide range of detailed
information not available to SITE-94. In particular, some large size geometrical structures
may have mechanical and hydrological properties, which would be allowable within, or
close to, a repository. On the other hand small scale structures, not necessarily included in
the model, may in fact cause significant problem for the repository emplacement. The
general outline of the disposal system used in the present exercise is given in Chapter 5.

7.2.7.2

Overall Constraints on Location

The location and geometry of the hypothetical repository are adapted to take into account
the geological and geotechnical characteristics of the bedrock. However, it should be made
clear that precise design and detailed location of repository tunnels are not part of the
SITE-94 project. Furthermore, data from excavations and tunnels would clearly be essential
in order to achieve a more adaptable layout of the repository.
Based on the available information, it appears that the repository can be positioned in
different ways below Aspo island: in the northern or in the southern block. A location at
the southeast, in the southern block, is chosen because more data (boreholes) are available
in this area.
As discussed earlier, the SKI interpretation of Aspo contains a large number (52) of fracture
zones, which means that there is only room for a limited number of canisters out of the
more than 4000 that may be needed to dispose of the spent nuclear fuel that will be
produced up to the year 2010 (Chapter 3).
For the purposes of this exercise, the repository is connected to the surface by two vertical
shafts placed at a distance of greater than 100 m from the repository and with a separation
of at least 300 m.
Large horizontal stresses and stress gradients may be harmful to the stability of a repository.
With regard to practical constructability and mechanical stability of the repository, the
orientation of the deposition tunnels has been chosen approximately parallel to the
orientation of the maximum horizontal principal stress direction at Aspo (N 400° W) and
perpendicular to the SKB fracture zone NE-1 (Wikberg et al., 1991).
Owing to the low hydraulic gradient at depth on the island the importance of the orientation
of the drifts in relation to the hydraulic gradient can be ignored.
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Figure 7.2.15 shows the position of the SITE-94 hypothetical repository, adapted to take
account of the structures in the SKI model of the Aspo site. The repository is bounded to
the north by a swarm of approximately E-W trending and steeply dipping fracture zones
(dips toward the north predominate). The western border of the repository is composed of
a swarm of NNW trending and steeply dipping zones. NNE trending zones almost intersect
the crossing point of the NNW and E-W trending zones in the centre of Aspo and one NNE
trending zone constitutes the southeastern boundary of the repository. Zones trending N-S
and ENE have minor influence on the chosen location of the repository. It should be noted
that the repository is located northeast of the area with the highest density of boreholes.
In the model, ten fracture zones trending WNW, NNE, ENE and E-W pass through the
repository area, while six fracture zones form the boundary of the repository
(Figure 7.2.16). There are six WNW trending zones through the repository and one of them
(Zone 8) is relatively wide (>10 m), but is assumed to be a sealed structure. These zones
are subparallel to the direction of the maximum horizontal stress direction. One NNE
trending zone transects the repository area in its northwestern corner and an E-W steeply
dipping zone (1-2 m wide) transects the northern part of the repository. The two remaining
zones through the repository trend ENE and cut across its southern part.

SKI model
Location of
repository
; f Asp6 contour
> y> at surface
40 Zone id-code

Repository
at -500 m

500m

Figure 7.2.15 Location of the hypothetical repository at a depth of 500 m atAspo in the
SITE-94 SKI structural model of the site geometry (Tiren et al.,1996).
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Figure 7.2.16 Detailed map of zones affecting the repository and layout of deposition
drifts (Tiren et al, 1996).

7.2.7.3

Repository Layout

The spatial arrangement of canister positions is determined by assuming a maximum
canister-surface temperature of 80°C (Section 8.5). The distance chosen between deposition
tunnels is, on average, 25 metres and the distance between deposition holes is, on average,
6 metres. Some extra space should be considered in case a deposition hole has to be
abandoned on account of the occurrence of minor fractures.
With the layout described, and without considering any 'respect distances' (distance to the
closest extensive fracture zone), there is space for about 380 canister deposition holes at
500 m depth. Considering a 'respect distance' of 10 m (cf. SKB, 1992) reduces the number
of potential deposition holes to about 160. One should note that SKB, in KBS-3
(SKBF/KBS, 1983), discussed respect distances in the order of 100 m; application of such
a guideline would clearly make it impossible to locate even a small, single-storey repository
at the site.
There are less features in the SKB and SKN structural models of the Aspo site. A rock mass
with structures, according to these models, could possibly contain about 440 and 500
canisters, respectively.
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Figure 7.2.17 Perspective view from southwest of the layout of the SITE-94 hypothetical
repository. In the centre of the figure the hypothetical repository with access shafts are
illustrated. Fracture zones (gray lines) at a depth of 500 m are also shown (Tiren et al,
1996).

In SITE-94, it is assumed, for simplicity, that all communication and transport between the
ground surface and the repository take place in vertical shafts, for personnel, work
equipment, canisters and ventilation. The communication system from the ground surface
to the repository area can have different layouts. The alternative chosen for the transport
system includes a NNE trending transport drift through the repository northward and
southward to vertical shafts located north and southwest of the repository. Figure 7.2.17
shows the layout finally adopted. The SITE-94 repository layout is clearly hypothetical.
Furthermore, in a real site, more than two vertical shafts may need to be constructed.

7.2.7.4

Final Remarks

Although the exercise to find a potential repository layout suitable for Aspo island is very
limited within SITE-94, the work does indicate that the detailed siting and layout of a
repository will need to consider site-specific properties carefully. Evidently, the experience
from Aspo shows that, in Sweden, crystalline rock at 500 m depth can be highly fractured.
However, the site is not considered typical of all Swedish bedrock in this respect and, while
such fracturing may make it difficult to site a repository, it does not detract from the site's
suitability as a location for an underground laboratory. It should also be remembered that
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the rock portion studied, southern Aspo, is too small to host a full size repository even
without considering the fractures. Information from a much larger volume would have been
needed in order to study possibilities for the emplacement of a full size repository.
In the forthcoming site selection process to find a location for final disposal of Sweden's
high level radioactive waste, the geological and geotechnical characteristics of the bedrock
must be considered carefully. In the meantime, it would be useful to consider in more detail
what might comprise more appropriate constraints and guidelines for deciding on
repository drift/shaft locations and selecting suitable volumes of rock for canister
deposition holes.

7.2.8

Implications for Site Characterisation Programmes

7.2.8.1

Implications for Other Parts of the Assessment

The geological structure model developed is used as input to the hydrogeological
(Section 7.3), geochemical (Section 7.4) and rock mechanical (Section 7.5) developed of
the Aspo site. For each of these applications additional properties needs to be defined and
evaluated from measurements specific to these different disciplines, as will be discussed
in the subsequent chapters. The uncertainty in the structure model also makes it necessary
to discuss alternative interpretations of the hydrogeological, geochemical and rock
mechanical data, but the uncertainty in structure models also needs to be evaluated against
the uncertainty in the more discipline specific information. These issues are further
discussed in Section 10.3 of this report, based on the evaluation of the different
uncertainties included in the hydrogeological site models.

7.2.8.2

Implications for Site Characterisation Programmes

The preceding discussion of the structural modelling process and the associated
uncertainties introduced in the production of a model, together with the experience of using
the Aspo site data, result in a better understanding of how to structure a site investigation
and manage the resultant data. Tiren et al. (1996) discuss these issues in detail and make
recommendations concerning the planning of investigations, the recording of site data, the
construction of models and the presentation of these models in a context which fully defines
the associated uncertainties. The following is a brief summary of some of the main issues
raised.
Building site models is clearly an activity which needs to be carried out iteratively with
obtaining site characterisation data. Successive models would aim progressively to reduce
uncertainties which would otherwise be propagated into the later stages of Performance
Assessments. Aspo is in a relatively complex structural setting, the site lying at the
intersection of several structures rather than in the centre of an extensive block of rock
defined by clear fracture boundaries. If the structures which intersect at the site had been
treated as simple lineaments rather than as more complex 'swarms' it may not have been
possible to identify them or to unravel the structure adequately. This means that the
characteristics of the structures need to be understood at an early enough stage of the site
investigation to allow subsequent work to focus on collecting the most relevant information
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to allow their mapping. This can best be done by compiling regional data from the larger
structures in the area surrounding the site, as these often reflect the characteristics of the
smaller scale structures which will later be identified at the site scale. The need for iterative
investigations is clear.
SITE-94 clearly showed the importance of high quality surface mapping at an early stage
of site investigation. In areas with good exposure a detailed surface map provides the best
continuous coverage possible and allows well-controlled extrapolation to depth at less
effort and expense than geophysical methods. There is not always enough emphasis placed
on this approach in site investigation. As noted above, an important issue is knowing the
particular characteristics to seek during mapping and exploratory exercises to relate
geological and structural features to particular surface manifestations can thus be valuable.
During the course of modelling the structure of a site the methods of recording information
will change with increasing resolution of information and increasing or changing
understanding. Nomenclature may be revised (e.g of fracture zones and their structural
significance) and the weighting given to certain data will change, with consequent changes
in the relative precision and quantity of observations. The impacts of this evolution in data
collection need to be kept under constant review, both by the structural modelling group
and by those using different iterations of the model (e.g. for hydrogeological modelling
purposes).
Many of the geological data collected during mapping and core analysis will prove not to
be diagnostic of particular features of the site. At a superficial level the data may thus
appear to contain much 'noise' and it may take some time to identify properties (both
structural and mineralogical) which are sufficiently distinctive of, for example, particular
groups of fractures.
Borehole numbers, location, angling and spacing are clearly of considerable significance
in planning a site investigation. The boreholes on Aspo are very closely spaced in terms of
producing a geological and structural model and more data from outlying parts of the local
scale model area would have been very useful: investigations for a real candidate site
should not concentrate solely inside the site boundary. In addition, the limitations of
working at a coastal or island site need careful planning.
There is a tendency in site investigation to concentrate boreholes on particular features or
'conceptual' blocks of rock rather than on obtaining a wide enough areal coverage and a
broad enough sampling of 'average' or apparently featureless rock. There is a rational case
for having an early suite of boreholes spaced on a regular grid pattern. Initial boreholes
should focus on establishing the broad geological and tectonic setting of the site and region.
Subsequent establishment of the main structural features as well as the geology of the site
will provide information on the optimum location and orientation of further boreholes
which will provide the best 'view' for geophysical techniques aimed at characterising these
features. In this respect, the more oriented borehole geophysical data available the better.
In addition, information from greater depths than usually sampled would be valuable in
constraining geological and structural models. Actually a certain amount of data from the
rock mass below the repository level is required in order to be able to claim that the models
produced are valid.
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Finally, it is clear that very simplified 'block' models of a site are unlikely adequately to
explain all the geological data obtained. Significant structural patterns (from the viewpoint
of hydrogeology and rock mechanics) are likely to found at much smaller scales and only
become evident during the later stages of site investigation. The need to keep the structural
model under review as more site investigation data emerge is evident. In this respect, it
should be borne in mind that SITE-94 did not progress to the next logical step of tying-in
the models based on surface and borehole data alone, to data from underground
excavations.

7.3

HYDROGEOLOGY

This rather detailed section describes analysis of hydrogeological data and the development
and calibration of conceptual site models for the hydrogeology of the Aspo site. It also
discusses the data which support the conceptual models tested. Model predictions for
further use in the assessment are presented in Sections 10.3 and 11.2.2, together with an
evaluation of the validity of these predictions. Readers primarily interested in the
application of the hydrogeological models are thus referred to these latter sections.

7.3.1

Introduction

7.3.1.1

Hydrogeological FEPs and Influences in the PID

Groundwater flow is of major importance to repository performance. It constitutes the
major pathway of radionuclide migration and affects the chemical environment of the
repository. Figures 7.1.1 and 7.1.2 show the SITE-94 assessment of which FEPs affect and
are affected by groundwater flow, as determined through the procedure presented by
Chapman et al. (1995), and as outlined in Chapter 2.
In the far-field, the PID illustrates that the FEP Far-field groundwater flow is driven by the
FEP External flow boundary conditions and that it depends on the FEP Properties of farfield rock (Figure 7.1.1). In addition, there are important indirect influences. For example,
the FEP 'Stress field' affects the hydraulic properties of the rock directly through
deformation of fractures and indirectly through fracturing and faulting (should these events
occur). The well-known influences from Temperature and density effects from
Groundwater chemistry are considered less important for overall performance (see e.g. the
discussion of these influences in Project-90, SKI, 1991). At the highest level of importance,
Far-field groundwater flow primarily affects radionuclide migration FEPs and the nearfield groundwater flow, but there are many other influences at lower importance levels.
In the near-field, the PID reflects that, at the highest importance level, the FEP Near-field
groundwater flow is driven by the FEP Far-field groundwater flow, and that it depends on
the FEP Properties of the near-field rock, together with the FEP Properties ofbentonite
buffer, see Figure 7.1.2 and the complete PID (folded at the end of the report). Again, there
are indirect influences as well as other direct influences at lower importance levels.
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7.3.1.2

Specific Objectives of the Hydrogeological Site Evaluation

The specific objectives of the hydrogeological evaluation in SITE-94 are:
•

to develop quantitative, hydrogeological site models consistent with the site data, to
be used for prediction of hydrogeological conditions and their future evolution under
different external boundary conditions,

•

to develop a general understanding of site hydrogeology and to build confidence in
the detailed hydrogeological prediction models,

•

to document how the different FEPs and influences of the PID have been treated.

Formally, these tasks were assigned to the Hydrogeology Clearing House in the SITE-94
Assessment Model Flowchart (Chapman et al., 1995). Ideally, quantitative models should
be developed for all hydrogeology-related FEPs and influences in the PID. In practice,
however, it is not possible to treat each FEP and influence with the same level of detail. In
some cases (e.g. groundwater flow in the far-field), several well-established conceptual
approaches are available, which make it possible to develop detailed, quantitative site
models. In other cases, where process uncertainties and lack of data restrict the possibilities
for developing detailed quantitative models (for example, regarding the influence of rock
stresses on the groundwater flow in the near-field), it is necessary to rely upon expert
judgement or simple scoping calculations.
Model development comprises calibration of the selected conceptual hydrogeological site
models and validation efforts, to ascertain that the models are consistent with the available
hydrogeological site data. The models build on hydrogeological test data and the SITE-94
geological structural model, described in Section 7.2. Application of the hydrogeological
site models developed to evaluate effective parameters for the radionuclide transport
calculations is described in Sections 10.3 and 11.2.2.
Special efforts are also made to analyse the consistency between interdisciplinary site
models. These efforts include an integrated interpretation of geological, hydrogeological
and geochemical site data, as well as a series of workshops with interdisciplinary siteevaluation teams. These efforts are discussed in Section 7.3.6.
The influence of rock mechanical processes on groundwater flow, which is of potential
importance for the near-field environment in particular, is discussed in Sections 10.2 and
11.2.1. However, no attempt is made to incorporate these influences directly into the
hydrogeological site models.

7.3.1.3

Summary of Approach

The hydrogeological site evaluation comprises analyses of a large amount of site-specific
data and development and testing of several alternative site models (i.e. integrated
descriptions of the hydrogeological processes and structures). Each site model may consist
of a number of subsidiary models. The SITE-94 approach to this rather complex task is
summarised below.

139
1) Assessment of hydrological setting and regional hydrogeological modelling
Groundwater flow is driven by the external boundary conditions. One important boundary
to be described is the hydrological setting of the surface environment. The boundaries in
other directions are more artificial as the hydrogeological models are, for practical reasons,
confined mainly to the Aspo region. In order to assess the justification of the boundary
conditions applied to the site models and to assess the impact of changes in the large-scale
boundary conditions that may occur, e.g., if the climate changes, the SITE-94 analyses also
include some regional hydrogeological modelling.
2) Assessment of uncertainties in the site characterisation data
As discussed in Chapter 6, site-characterisation data are associated with several sources of
potential errors and uncertainty regarding equipment, measurement techniques,
representativity, etc. Many of the parameters used in the site evaluation (e.g. hydraulic
conductivity) cannot be measured directly, but need to be estimated indirectly with
interpretation models. The assumptions associated with such interpretations introduce
additional uncertainties. To estimate a portion of this uncertainty, detailed analyses of the
measured borehole data are performed. These analyses include a multivariate analysis of
data from hydraulic, geological and geophysical measurements in boreholes, as well as a
re-interpretation of all hydraulic packer-test data, using the Generalised Radial Flow (GRF)
theory. In addition, the correlation between hydraulic and other borehole data is
qualitatively assessed by direct inspection of the data and by use of a 3D visualisation
technique. The aim in SITE-94 is to evaluate the impact of the quantified uncertainties by
means of parameter-sensitivity analyses in the hydrogeological site models.
3) Simple scoping calculations
Site data suggest that the crystalline rock that underlies Aspo is highly heterogeneous, with
fracture properties and small-scale hydraulic conductivities that vary over many orders of
magnitude. Detailed modelling of the flow requires both that this complex information be
assigned to various structures and that a fully three-dimensional solution be obtained for
the flow field.
Before embarking on these ambitious tasks, a set of scoping analyses is performed, based
on simple hypotheses concerning the flow-field structure and hydraulic driving forces. Such
simple, scoping calculations and sensitivity analyses are ways to estimate wide bounds on
the system behaviour and to identify the critical uncertainties that must be addressed with
the more complex, detailed site models. Thus, these simple calculations may aid in the
selection of conceptual approaches for modelling site hydrogeology. Such calculations are
also valuable for assessing the reasonableness of the results of the detailed site models,
which often build on conceptual assumptions that cannot be directly verified by the site data
(Sections 10.3 and 11.2.2). However, it should also be kept in mind that the types of
scoping analyses used here do not fully exploit the information that is present in the data.
Moreover, they do not yield estimates of the variability of flow and transport parameters,
but rather just bounds on their ranges.
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4) Development of a hydrogeological model based on the SITE-94 structural model and
integrated interpretation of different hydrogeological and interdisciplinary site data
Groundwater flow depends directly on the site properties. In general, it is assumed that
there is some correlation between hydrogeological structures and geological structures, and
between the evolution of the groundwater flow and the geochemistry at the site.
Interdisciplinary data give information on potential correlations and provide information
for discrimination between alternative site models. Integration of this information is
important for building confidence in the site evaluation.
The SITE-94 approach is to develop a hydrogeological structure model based on the
geological structural model (Tiren et al., 1996; see Section 7.2). This model is then adapted
to geophysical, hydrogeological and geochemical data by means of a 3D visualisation
technique, which makes it possible to visualise large, complex data sets and test different
hypotheses of correlation between, e.g., geological features and hydrogeological and
geochemical properties.
5) Development of quantitative hydrogeology models and multiple interpretations
The hydrogeological evaluation comprises development of a suite of groundwater flow
models on different scales, ranging from the largest regional scale of the Baltic Shield,
down to the scale of the repository rock block at Aspo. Table 7.3.1 gives an overview of
the conceptual models selected on the various scales.
The quantitative predictions of the spatially varying hydrogeology for the site-scale (farfield) radionuclide transport evaluations are all derived from detailed, three-dimensional
models of the Aspo site. On the smallest scale, corresponding to the repository rock block
(length scale less than 50 m), detailed fracture-network models are developed, consistent
with the site-scale models, to evaluate hydrogeological properties of the near-field rock. To
varying degrees, the site-scale models are based on the analysis of regional flow, estimates
of data uncertainty, the scoping calculations and the integrated, hydrogeological structure
model.
Due to the pronounced heterogeneity of crystalline rock and limitations of the site data, it
is often possible to formulate alternative conceptual models that fit the site characterisation
data equally well. To some extent, the validity of alternative conceptual models can be
evaluated by calibration using one data set and validation using another data set. Analysis
of consistency between different site models (e.g. for hydrogeology and geochemistry) may
yield additional information for model discrimination. However, in many cases the site
characterisation data do not contain sufficient information for conclusive discrimination
among alternative conceptual models. The envelope of alternative models is thus a measure
of conceptual uncertainty in the description of the site.
Such conceptual uncertainty is a concern if different models predict different behaviour of
the site, when extrapolated to the temporal and spatial scales that are being considered in
the safety assessment. Furthermore, it is often difficult to determine, a priori, whether a
certain conceptual model is realistic, or even conservative, in terms of its net impact on the
consequence calculations. Therefore, the strategy adopted in SITE-94 is to develop
alternative conceptual site models for site hydrogeology, and to propagate the results
throughout the assessment.
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The two main, site-scale hydrogeological models are based on two distinct concepts: the
discrete-fracture network concept, and the stochastic-continuum concept. These are selected
because they constitute two qualitatively different, but well-established modelling concepts
that can represent the high degree of heterogeneity that characterises crystalline rock. In
addition to these two conceptual models, the possibility of using a modelling concept based
on lithological units (lithofacies model) is explored. This modelling concept was originally
developed for stratified porous formations, where each lithological unit exhibits distinct
hydrogeological properties.
Table 7.3.1 Overview of hydrogeology models selected for the hydrological
evaluation in SITE-94.
Spatial scale

Tested conceptual
hydrogeology model(s)

Regional (length
scale < 1500 km)

• 2D continuum surface model • Analyse present-day
• 2D continuum vertical
regional flow system.
section with density• Estimate boundary
dependent flow (transient)
conditions for site scale
models.
• Analyse time-dependent
regional hydrogeology for
the climate-evolution
scenario.

Semiregional (length
scale < 10 km)

• 2D continuum vertical
section

Site (length
scale < 5 km)

• 3D Discrete Feature model
• 3D Stochastic Continuum
model
• ID simple application of
• Estimate distributions of
Darcy's law
hydrogeological flow and
• Lithofacies model (feasibility transport parameters for
study)
the radionuclide release
and transport calculations.
• 3D stochastic discretefracture network (DFN)
model
• 3D stochastic variableaperture DFN model

Repository rock
block (length
scale < 50 m)

Purpose of model(s)

• Evaluate impact of largescale fracture zones on
site-scale hydrogeology.
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7.3.2

Hydrogeological Setting of Aspo

General
The climate of southeastern Sweden is humid-continental with cool summers. Annual
precipitation is about 675 mm (including snow cover of about 125 mm/a) with most
recharge occurring during snow melt (Svensson, 1987). Evapotranspiration is about
490 mm/a, leaving about 185 mm/a for runoff and recharge of the groundwater systems
(Svensson, 1987).
Soil layers and regolith are thin or nonexistent in many places, with regolith dominated by
glacial drift. Granodioritic and related basement rocks of the Fennoscandian shield (ages
about 1400 Ma to >1700 Ma) are at or near the ground surface in all locations. Flora are
primarily of boreal forest type, but are adapted to thin soils and near-coastal conditions.
The topography of the area is relatively flat and mildly undulating, with occasional steeper
features associated with major fracture zones that traverse the area. The water-table
generally mimics the topography. On Aspo, water-table elevation varies from 0 masl
(metres above sea level) to about 4 masl. (Liedholm, 1991) with typical elevation of 1 to
2 masl. The normal, annual variation of water-table elevation in the area is about one metre
(Nyberg et al., 1992). In the immediate vicinity of Aspo, elevations are at most a few tens
of metres; however, the regional groundwater flow system of the southern Swedish
highlands has maximal elevations over 300 m near its centre, south of Lake Vattern.
Aspo is a small (less than 2 km across), triangular, crystalline-bedrock island, bounded to
the north by an extensive, E-W trending shear zone, to the east by a N-S trending fracture
zone, and to the west by a NW trending fracture zone. Aspo is adjacent to the mainland in
a narrow archipelago of similarly sized islands, along the southeastern coast of Sweden.
Relief on Aspo is low (less than 14 m), as it is in the nearby region.
Groundwater in the Fennoscandian Shield
As a result of the regional deformation history (as discussed in Section 7.2), the
Fennoscandian Shield is heavily fractured in this area. Tectonic structures such as fracture
zones, which are more highly fractured than the surrounding rock, tend to be more easily
weathered/eroded, and hence appear as topographic valleys. Because they often occur as
depressions, regional structures tend to be focal areas for groundwater flow, recharge and
discharge, and often contain surface-water bodies.
In the shield rocks, groundwater flow occurs almost exclusively through fractures and
fracture zones. Hydraulic conductivity of the shield rock varies over many orders of
magnitude, and most of the groundwater flux occurs in connected segments of structures
having the highest conductivity, while almost none occurs through regions of intact
crystalline rock. Such flow paths below Aspo may be associated with structures oriented
in any direction, including subhorizontal zones that do not outcrop at the surface.
Groundwater flow systems in Sweden's crystalline basement occur at a variety of scales.
Path lengths of groundwater flow from point of entry into the subsurface to point of exit
from the subsurface vary from as little as a few hundred metres to a few hundred kilometres
or more. The length of subsurface travel of water depends mainly on the pattern of ground
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surface (and thus water-table) elevation, as well as on the transmissivity and connectivity
of the more-conductive subsurface structures in the bedrock. Another control on flow-path
length is the fluid density distribution, especially for saline deep waters. As in all
groundwater flow systems, water usually enters the subsurface at higher elevations and
exits at lower elevations.
Groundwater below Aspo
The largest scale flow system in the Aspo area consists of water that recharges in the south
Swedish highlands and discharges near the Baltic Sea coast (Figure 7.3.1). The coastal
zone, including Aspo, is the major discharge zone for deep groundwater flow. This must
be the case irrespective of the transmissivity distribution of bedrock structures and fluid
density distribution. The only role the latter play is in controlling the depth of the flow paths
in this regional flow system before the flow exits the subsurface near the coast. Groundwater recharged on the mainland is likely to discharge from permeable structures that
outcrop in the straits surrounding the coastal islands and in the deeper waters immediately
east of the islands.
At shallower depths in the subsurface, smaller flow systems exist at a variety of scales
dependent on the topography and transmissivity distribution of bedrock structures, of lessfractured bedrock and of local sedimentary cover. The exact location, extent and depth of
the smaller flow systems is much more difficult to predict than the large regional system
because there is a great dependence on the above-mentioned controlling factors. Local
elevation highs may be either recharge or discharge areas for smaller systems depending
on all of the controlling factors. On Aspo, it would appear reasonable to expect that because
of the 14 m relief, some recharge of fresh water would occur. However, depending on the
relation of the local topography, transmissivity and density distributions to the same factors
at larger scales, Aspo may be purely a discharge area for deeper fluids occurring in a larger
flow system.
The narrow straits of shallow Baltic Sea water surrounding Aspo are only a few metres
deep. Hydrologically, these straits have little effect on groundwater conditions below the
island. Below the island, there is a small fresh-water body. Below, groundwaters consist of
mixtures of shield brines. Very little subsurface intrusion of Baltic Sea water occurs under
natural conditions (i.e. without pumping wells drawing in the seawater).
The main hydrological feature of Aspo is that, due to its present-day coastal location, it is
in the primary discharge area for the regional flow system of the south Swedish highlands.
Owing to the discharge, shallow shield brines are found in the area. Moreover, discharge
from the regional system is a major control on groundwater flow below the island.
Geochemical evidence of regional flow
There are few deep boreholes that allow characterisation of geochemical distributions in
the southern Swedish highlands regional flow system. Boreholes at the Klipperas research
site (Gentzschein, 1986) intercept relatively fresh waters of less than 50 ppm Cl to their
maximum depth of 900 m (Figure 7.3.2). At the Baltic coast, boreholes associated with the
Aspo Laboratory, KLX01, KAS02, KAS03 and KAV01, all intercept more saline waters
(from 5000 ppm Cl to 12 300 ppm Cl) at depths between 500 m and 1000 m. Brines con-
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Figure 7.3.1 Regional flow systems in Scandinavia, based on areal model of smoothed
groundwater elevation. Vectors indicate groundwater flux (Darcy velocity); line gives
location of cross-sectional model of system discussed in Sections 7.3.3 and 10.3.7.
taining up to 46 000 ppm Cl are intercepted by coastal borehole KLX02, within a drilled
depth of 1705 m (Laaksoharju et al., 1995).
The pattern indicated by these data fits well with the expectation, based on modelling of the
regional flow system as presented below, that groundwaters are relatively fresh to great
depths within the inland recharge area and that deep brines rise near the surface in coastal
discharge areas. The geochemical evidence, although sparse, thus reinforces the notion that
Aspo is in the major regional discharge area.
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Figure 7.3.2 Location of regional geochemical measurements in Aspo region.

7.3.3

Models for Regional Hydrogeology

This section describes the models of regional hydrogeology that were employed in SITE-94.
These include areal and cross-sectional models over a very large scale (1200 km), as
described in Section 7.3.3.1, and a preliminary cross-section model over a lesser, semiregional scale (7 km), as described in Section 7.3.3.2. The implications of the regional and
semi-regional modelling results are discussed in Section 133 A.
The hydrogeological modelling for SITE-94 focuses mainly on the Aspo scale. The reason
is that other parts of the Performance Assessment, such as evaluation of the stability of the
Engineered Barriers and evaluations of radionuclide release and transport, primarily require
estimates of the groundwater flow at the repository scale, as well as along the migration
pathways from the repository to the biosphere. Furthermore, most of the available field data
from Aspo exist at this scale. The groundwater flow is, however, part of a much larger
hydrogeological circulation system and, at Aspo, there is no indication of natural, welldefined, local boundaries to the groundwater flow system.
Knowledge of regional groundwater flow is needed in order to judge the applicability of
more detailed scale models, to assess the justification of boundary conditions applied to the
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detailed models and to assess the impact of changes in large-scale boundary conditions on
the groundwater flow and groundwater chemistry (salinity), which may occur if the climate
changes. In order to obtain such knowledge, the SITE-94 analyses also include some
regional hydrogeological modelling.
The regional modelling is, to a large extent, generic, being based on the general
understanding of hydrogeology in the crystalline basement rock in Sweden. The results of
modelling present-day hydrogeology are presented here, as they should be regarded as
'input data' rather than actual predictions in the Performance Assessment. Changes in flow
due to changed regional boundary conditions, as well as the impact of the potential
uncertainty in regional flow on the detailed flow predictions are discussed in Section 10.3.

7.3.3.1

Regional Flow of Variable Density Groundwater in the Fennoscandian
Shield

The most extensive regional flow analysis in SITE-94 concerns a very large area, including
southern Sweden and the Baltic Sea, and considers both areal and cross-sectional flow
geometries. A complete description of this analysis, including data and assumptions, is
given by Provost et al. (1996).
The regional model is simply a reproduction of the groundwater flow field driven by the
topography of the water-table and indicates general areal flow patterns. The steady-state
flow field shown in Figure 7.3.3a, for the upper 10 km of rock in a region extending from
Norway through southern Sweden and across the Baltic Sea, is calculated on the basis of
specifying hydraulic head everywhere on the surface equal to the local elevation. The
choice of a 10km thickness for the model is somewhat arbitrary but reflects the sort of
depth at which groundwater flow is thought to be practically negligible, owing to the
effective closure of fracture porosity by the high lithostatic load. The Baltic Sea bathymetry
is also specified and the groundwater flow shown in these areas is equivalent to that which
would occur if there were no water in the Baltic Sea. Inclusion of the Baltic Sea would
imply no groundwater flow beneath it. However, this would not affect mainland flow at all
in this model, because all hydraulic heads are specified a priori.
Major regional flow systems are more easily apparent in Figure 7.3.3b, which is the
calculated flow field 2000 years after recharge is stopped everywhere. This causes
smoothing of local flow cells and only large-scale features are visible. Note the eastward
flowing system in the southern Swedish highlands including Aspo. A detail of this area,
with actual steady-state flow as in Figure 7.3.3a, is shown in Figure 7.3.3c.
Aspo is not surrounded by natural hydrogeological boundaries and, as such, much of the
groundwater flow that occurs below Aspo is part of the regional flow system. Analyses of
the regional flow system were done to determine the status of flow below Aspo in the large
system. Cross-sectional simulation of groundwater flow in the Fennoscandian shield of
southern Sweden was carried out along a line extending from offshore of the western
Norway coast to Aspo and across the Baltic Sea to Poland. The particular line of section
selected is somewhat arbitrary, but follows the average regional groundwater flow
directions under present-day conditions (Figure 7.3.1) along a large part of its extent. The
length of the section is based on boundary conditions that occur at the maximum extent of
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Scandinavian ice sheets, discussed later (Section 10.3.7.1) in the context of climate
evolution.
The analysis takes into account the effects of the following physical processes:
•

the formation of deep shield brines,

•

variations in density and viscosity due to temperature, pressure and concentration
gradients and,

•

groundwater flow driven by topographic gradients and fluid density imbalances.

The flow of variable-density groundwater and the transport of dissolved solids under the
influence of pressure and density gradients were modelled numerically using a version of
the U.S. Geological Survey computer code, SUTRA (Voss, 1984) modified to generate
shield brine. In this approach, brine is formed by rock-water interaction and the total
dissolved solid content (TDS) of a parcel of fluid increases with time of travel through the
subsurface.
In the simulation, brine generation occurs according to a simple kinetic model wherein the
brine generation rate is linearly dependent on the difference between TDS content of the
groundwater at any point in the shield, and the TDS of saturated brine. The rate of brine
generation is thus:
rate = k n t (C i a t -C)
where C is the concentration of TDS, Csat is the concentration at saturation (i.e. the
solubility) of the dissolved solids, and kmt is a mass transfer constant, estimated by
calibration.
Variations in hydraulic conductivity with rock type and depth are represented in the
simulations by a stratified conductivity profile (Figure 7.3.4a). The effects of fracture zones
on flow field are considered to be well-represented in an average sense for the regional
analysis by homogeneous conductivity distributions. Conductivity in the Caledonides is
assumed, for lack of information, to be equivalent to the shield rock, although the thrust
faults may be more transmissive than surrounding rock. The sedimentary sequence
overlying the Precambrian basement southeast of Aspo is modelled in a simplified form
that captures the major vertical variations in hydraulic conductivity.
Groundwater flow and fresh-water recharge are generated in the model by assuming that
the elevation of the water-table is near the surface of the ground. On portions of the surface
of the simulated section not covered by the sea, the pressure is ambient (atmospheric).
Portions of the shield covered by sea are subjected to additional pressure associated with
the weight of the seawater.
Figure 7.3.4b shows the simulated present-day steady-state distributions of fluid velocity
and concentration of shield brine for the "base case" of Provost et al. (1996). This "base
case" consists of shield rock with homogeneous permeability that is ten times greater
horizontally than vertically, and a stratified sedimentary sequence extending south-eastward
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from the Baltic Coast near Aspo. In the shallow portion of the cross-section, the velocity
field exhibits the typical pattern of recharge at topographic highs and discharge at
topographic lows. As a result, lenses of fresh water develop beneath the southern Swedish
highlands and the Caledonides. Aspo is situated in an area of natural discharge from the
southern Swedish highlands.
As initially fresh water travels through the bedrock, its salinity increases due to rock-water
interaction. Within each fresh water lens, the increase in density is not sufficient to prevent
the recharge water from flowing upward and ultimately discharging. However, water at the
periphery of a lens travels a longer path at a slower velocity and becomes too dense to be
driven to the surface. At the right-hand margin of the lens beneath the Caledonides, this
dense water settles, forming a clockwise, regional flow circulation in the model.
In the simulation, the major regional discharge area for deep fluids at the lower margin of
the southern Swedish highlands' semi-regional system is at the coast and, as a result, shield
brine occurs near the surface at Aspo. Further inland, shield brine is found only at greater
depths. This is exactly the pattern found in actual field data in the area (e.g. deep fresh
water at the Klipperas field site and shallow brine in the Laxemar boreholes and below
Aspo).
Simulated flow at Aspo is generally eastward and upward. Some of the fresher groundwater
that discharges at the coast near Aspo was recharged near the centre of the southern
Swedish highlands. It thus travels in the subsurface for 100 km at depths up to a few
kilometres in the shield before discharging. For the "base case" in this analysis (with a
porosity of 10'3), the typical velocity at 500 m depth below Aspo is 3xl0"8m/s. The general
flow through the coastal area, including Aspo, and the water chemistry in this discharge
area, are strongly dependent on regional conditions and driving forces.
The general patterns of regional groundwater flow and the status of Aspo in the regional
flow field are similar to those described above in all of the variations considered by Provost
et al. (1996), including variations with layered shield-rock permeability and with higher
vertical than horizontal permeability. However, local correlation between undulations in
topography and exceptionally transmissive subsurface structures, which would cause local
disturbances in the flow field, was not considered in the regional model. Near Aspo, the
topography is not unusual and no exceptionally transmissive structure has been identified.
Thus, the flow field predicted from regional analysis should be a good average
representation of local flow.

7.3.3.2

Two-dimensional Sensitivity Analysis of Semi-regional Groundwater Flow

The present-day, semi-regional flow system is analysed by means of semi-generic
simulations in a 2D cross-section across Aspo (Boghammar and Grundfelt, 1993). The
objectives of this study were to illustrate the impact of large-scale fracture zones and the
relative importance of semi-regional versus local topographical driving forces on the
groundwater flow pattern at Aspo. The simulations do not take the density effects from
differences in salinity into account.
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The model represents a 2D cross-section, oriented NW-SE, with Aspo in the middle, and
extending 7 km horizontally and 1.6 km vertically. Infiltration at the ground surface is
represented by a specified-head boundary condition, with the position of the water-table
assumed to be equal to the elevation of the local topographic surface, reduced with respect
to sea level by a factor of 0.83. The model includes six of the main vertical fracture zones
identified in SKB's hydrogeological site model (Wikberg et al., 1991) plus three additional
fracture zones for variational cases. Sensitivity analyses are performed with respect to
location and properties of hydraulically conductive fracture zones and hydraulic boundary
conditions. One of these variations comprises the inclusion of a highly conductive,
horizontal fracture zone, which extends over the entire length of the section at a depth of
-600 m, and thus acts to connect Aspo to the mainland in the NW.
This model leads to a prediction that the flow pattern at Aspo is controlled largely by the
local, sub-vertical fracture zones, which recharge and discharge significant amounts of
water to the rock beneath Aspo. The water that flows through the repository area is
discharged via fracture zones to the strait SE of Aspo. At greater depths, the general, largescale direction of flow predicted by the model is close to horizontal and is driven SE toward
the Baltic by small regional driving forces. The excess hydraulic head, calculated at
repository depth, is on the order of a few metres, corresponding to the elevation of Aspo.
Dividing this by the 500 m transport distance to the surface gives an effective hydraulic
head gradient of 0.002 to 0.01 (m/m). The predicted pattern of discharge is not changed
significantly, even by introducing the extensive, horizontal fracture zone, because the
higher heads from the mainland are relieved by sub-vertical fracture zones upstream of
Aspo. Figure 7.3.5 illustrates the hydraulic head contours and flux arrows for the variational
case with an extensive horizontal fracture zone.
This model also predicts that, in most cases, flow down to repository depth (i.e. 500 m
depth) is governed by the local topography on Aspo, rather than by regional driving forces.
However, the relative significance of local vs. regional forces cannot be evaluated
conclusively, mainly due to the restricted scale of the model, the limited range of possible
boundary conditions that have been evaluated and the fact that the effects of groundwater
density variation (i.e. due to salinity gradients) are not accounted for. For example, it is
reasonable to assume that an increase of salinity with depth (as is observed at Aspo) will
reduce the driving effect of local topography.
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Figure 7.3.5 Hydraulic head contours and flux arrows calculated with the 2D semiregional groundwater flow model, for a case with an extensive horizontal fracture zone
transmitting high heads from the mainland.

7.3.3.3

Interpreted Hydrogeological Evolution of the Site

Based on the observations presented in Section 7.3.2 and the results of the modelling
presented above, a picture emerges of the likely hydrogeological evolution of the site.
The major water type found below Aspo today, in various admixtures, is shield brine
(Section 7.4). Shield brines are deep fluids with long residence times and long flow paths
between source areas and discharge areas. These fluids would be found at depth in the
Fennoscandian shield, irrespective of climatic influences at the surface. Surface conditions
can force the brines to flow in various directions and to mix with and discharge with more
recent recharge waters in various proportions The present-day distribution of groundwater
and brines below Aspo can be explained in such terms.
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The ages of discharging regional groundwater/brines found below Aspo may be on the
order of a few million years, assuming that they recharged in the central portion of the south
Swedish highlands. A flow velocity on the order of 0.1 m/yr along a flow path about
100 km long is implied, if recharge area elevation above the coast is 100 m, regional
effective porosity is 10'3 and regional effective hydraulic conductivity is 10'9 m/s. Regional
groundwater/brines found today, at about 500 m below Aspo, can thus discharge upward
to the surface in about 5000 years.
Before the onset of the glaciation 20 to 30 ka BP, Aspo was probably, hydrologically, much
as it appears today; whether the coast was to the east or to the west of Aspo is of little
consequence for the present discussion. As the ice sheet advanced over the area, first
cutting off recharge and then providing excess meltwater as recharge, the waters below
Aspo began to change. Oxygenated, glacial meltwater is likely to have replaced existing
fluids to depths of more than one kilometre below the glacier (which may have reached
thicknesses of 2 of 3 km locally). Some meltwater remains below Aspo today (based on
geochemical evidence as described in Section 7.4), but most has been flushed out by
subsequent regional discharge.
As the ice sheet receded, the precursor of the Baltic sea followed at the ice margin, leaving
Aspo submerged approximately 200 m beneath the sea at about 10 ka BP, due to isostatic
depression of the crust. Some of the shallower saline waters found today might derive from
inundation of parts of the Fennoscandian shield by post-glacial seas (Lindewald, 1981).
However, due to the low salinity of these seas, the density contrast with the existing
groundwater was small and, apart from molecular diffusion, there was no other impetus for
submarine intrusion of seawater. Groundwater flow was probably dominated by slow
discharge of the meltwater that had been stored due to high pressures below the ice sheet.
Hence little of the pre-Baltic seawater is found today in the bedrock, although some may
be found in isolated pockets of unconsolidated, glacial sediments.
Eventually, post-glacial, crustal rebound caused relative sea level to fall (this process
continues today, albeit more slowly), and Aspo emerged from the Baltic Sea a few thousand
years ago. At this time, rainwater and snow meltwater began to infiltrate the island, and
soils stabilised through growth of vegetation. Owing to the low relief, there was little
driving force for infiltration and recharge only slowly proceeded to flush the shallow glacial
meltwater from the subsurface. As the ice sheet receded inland, a regional-scale flow
pattern developed, with rain and snow melt inland and discharge near the Baltic coast.
Thus, while Aspo received a small amount of recharge from above, it also became situated
in the discharge area for the regional flow system. Deeper glacial meltwaters in the upland
area began to discharge at local topographic lows and to the coast and meltwaters below
Aspo discharged into the Baltic.
Today, only a small amount of glacial meltwater is still found in the subsurface
(Section 7.4). For the most part, glacial meltwater has been replaced in the upper 100 m by
recent recharge water, and below this, by admixtures of discharging shield brine and waters
recharged further inland. The degree to which meltwaters have been replaced gives some
measure of the regional discharge rate during the few thousand years since Aspo emerged
from the sea.
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7.3.3.4

Implications for Site-scale Modelling of Groundwater Flow

The regional groundwater modelling, as described in Section 7.3.3.1, is used in SXTE-94
mainly to gain an understanding of regional flow patterns and their evolution over time.
This understanding provides a basis for assessing the applicability of particular sets of
boundary conditions, for the site-scale models and the reasonableness of the flow fields
predicted by the site-scale models. Due to the fact that the regional and site-scale models
were developed concurrently, the regional flow predictions are generally not used to define
external boundary conditions for the site-scale models. An exception is for two calculation
cases of the Discrete Feature site-scale model related to the Central Scenario, in which
boundary conditions are taken directly from the regional model (see Section 10.3.8).
The semi-regional, 2D groundwater model is used for a preliminary assessment of the
influence of major fracture zones on groundwater flow patterns at Aspo. The results are not
used directly in the subsequent, site-scale modelling, but are used for qualitative
comparisons in terms of the predicted pattern of discharge from the repository. The Discrete
Feature hydrogeological model of Aspo for SITE-94, as described in Section 7.3.7, includes
a 3D, semi-regional submodel that explicitly accounts for coupling between the 3D sitescale submodel and the conditions imposed at the boundary of the semi-regional domain.
However, with the exception of the Central Scenario calculation cases, as mentioned above,
the effective boundary conditions for the semi-regional domain are not drawn from the
regional-scale simulations.
The regional and semi-regional cross-section models (as described in Sections 7.3.3.1 and
7.3.3.2, respectively) yield different conclusions regarding the relative significance of
regional vs. local driving forces. Whereas the 2D semi-regional model predicts that flow
at repository depth is controlled by heads directly above on the island, the regional model
indicates that a larger-scale flow system dominates at repository depth. This difference may
well be due to artificial limitations of the 2D semi-regional model (the limited scale of the
cross-section, the omission of salinity/density effects, and the fact that boundary conditions
were not drawn from a larger-scale model), rather than due to the more detailed resolution
of structures in the 2D semi-regional model. These artificial limitations are, in many
respects, shared by the 3D, semi-regional submodel of the Discrete Feature model for
SITE-94.
The regional simulations indicate that the depth of penetration of the local flow system
below Aspo depends upon the anisotropy of the system (vertical vs. horizontal effective
conductivity). With higher vertical conductivity, the local flow system reaches greater
depths but, nevertheless, Aspo remains within the regional discharge area. However, the
repository may intercept either locally recharged water or regionally discharging, deep
brines, depending on the effective connectivity, geometry and transmissivity of the local
network of transmissive structures.
The lack of direct coupling between the regional and lesser-scale models in SITE-94 only
allows for a qualitative assessment of the influence of the regional flow system. However,
the regional, semi-regional, and site-scale models all predict discharge in roughly the same
direction (upward and southeastward), with roughly similar values of excess hydraulic head
(a few metres). The semi-regional and site-scale models both predict that the direction of
flow is more steeply upward and, consequently, discharge paths to the biosphere will be
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shorter than predicted by the regional model. Therefore, for the purposes of the SITE-94
Performance Assessment, the results from the smaller-scale models may be taken as
conservative.

7.3.4

Uncertainty in the Site Characterisation Data—First Order
Analysis

The site-characterisation data give rise to various uncertainties, as discussed in the
introduction. An attempt to estimate part of this uncertainty has been done by performing
detailed quantitative analyses of the measured bore-hole data.

7.3.4.1

GRF-analysis of Hydraulic Borehole Packer Tests

As a basis for further hydrogeological model development, SKI initiated a complete reevaluation of hydraulic borehole packer tests performed at Aspo (Geier et al., 1996a). The
initial interpretations by SKB use classical methods for estimating hydraulic conductivity
from lugeon (constant-pressure) tests and subsequent pressure recovery tests (Moye, 1967;
Cooper and Jacob, 1946). These methods are based on assumptions of essentially twodimensional flow geometry around the test section and require attainment of certain
conditions by the end of the test. In SKI's re-evaluation, the transient flow data from each
packer test are analysed to:
1.

test the assumptions of the original evaluation,

2.

produce an alternative database for hydraulic conductivity and transmissivity, based
on a less restrictive set of assumptions,

3.

assess the suitability of particular conceptual models for specific geological units
within the site.

The SKI re-evaluation is based on an alternative model for transient packer-test analysis,
the Generalised Radial-Flow (GRF) model (Barker, 1988; Doe and Geier, 1990). For each
test section, this model yields an estimate of the effective flow dimension for each test, as
well as the hydraulic conductivity. Flow dimension is related to the small-scale
hydrogeological structure of fracture networks connecting to the test section (Figure 7.3.6).
Although this relationship is non-unique, the combined estimates of flow dimension and
hydraulic conductivity provide a more complete characterisation than does hydraulic
conductivity alone and can be used to discriminate among alternative conceptual models
for rock mass hydrology.
A complete reanalysis is performed, working from the original, transient logs of flow rate
and pressure variation during each test (Geier et al., 1996b). Results show that assumptions
made with regard to flow geometry may affect the hydraulic conductivity estimates by
several orders of magnitude. Figure 7.3.7 compares the GRF estimates of hydraulic
conductivity with values from the SKB database, for one of the boreholes at Aspo. The
numbers in the plot indicate the GRF estimates of flow dimension. The most significant
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differences are for sub-cylindrical conduits (flow dimension less than 2), where the GRF
method gives more conservative (higher) estimates of conductivity.
The hydraulic conductivity estimates are utilised in several of the hydrogeological analyses.
In the Discrete Feature model for Aspo (Geier, 1996a, b), the GRF estimates are used:
1.

to estimate the transmissivity distribution for fractures in the repository block,

2.

as a database for comparison with the behaviour predicted by simulation of packer
tests for different discrete-fracture models,

3.

for preliminary estimates of major structure transmissivities.

In the Stochastic Continuum (SC) model of Aspo (Section 7.3.8), the SKB conductivity
database is used:
1.

to estimate the percentage of values in each conductivity class for indicator
simulation,

2.

for conditioning of stochastic realisations.

Discrepancies between GRF and SKB estimates are discussed in terms of SC model
sensitivity.
The SKB and GRF data sets are also utilised in the comprehensive geostatistical analysis
of the site data, as described in the following section.
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7.3.4.2

Multivariate Analysis of Borehole Data

Introduction
The general objective of the multivariate analysis of borehole data (Le Loc'h and Osland,
1996) is to provide a better understanding of the distribution and spatial variability of the
hydraulically highly conductive zones in the fractured rock at Aspo. In most of the
hydrogeological models developed in SITE-94, the implicit assumption is that the hydraulic
conductivity is associated with the fractures and that a good 'model' of the hydraulic
conductivity of the medium should be based on a good prior description of the fractures.
This assumption may be tested by analysing the available data, with three questions in
mind:
1.

Is there clear statistical evidence that hydraulic conductivity data are only linked to
the fracturing or are other data, such as rock type, or other geophysical data that have
been recorded in the boreholes by logging, also relevant?

2.

If some other geophysical data are found relevant to estimate the hydraulic
conductivity of the rock, is it possible to build an alternative geostatistical model
that would estimate or simulate the hydraulic conductivity at unmeasured locations,
based on all the relevant information (rock type, geophysical logs, etc)? Note that
the geostatistical model that was used for the Stochastic Continuum approach
(Section 7.3.8) is solely based on the hydraulic conductivity data.

3.

Can the spatial variability of the hydraulic conductivity within transmissive
structures be described? This information is important to estimate the longitudinal
dispersion along the dominant flow paths.

Data used
The borehole data that were available for this study from the site database (Chapter 6)
include:
•

detailed core descriptions from 14 boreholes, including lithology and fracturing,

•

hydraulic conductivities derived from injection tests (3 and 30 m packed sections),
using the Jacob method of interpretation (data from SKB), the GRF method (from
SITE-94, see above) and also the borehole flow (spinner) data,

•

geophysical logs with 10 cm spacing including caliper, natural-gamma, gammagamma, neutron, near and far magnetic-susceptibility, sonic, lateral and normal
electric-resistivity, single-point electric-resistance, and self-potential logs.

Analysis tools
The approaches used to analyse the data are based on single-variable geostatistical analysis,
multivariate correlation analysis and multivariate geostatistical analysis. The first approach
describes the spatial variability of each parameter in space (tests of stationarity, mean,
variance and spatial autocorrelation using the variogram). The second approach investigates
whether, statistically, there is a link between the value of a variable at a given point in space
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and the value of another variable at the same point. The third approach combines spatial
variability and correlation and may thus detect whether a variable is correlated in space with
another, but with a possible systematic lag. For instance, the hydraulic conductivity at a
given location might be correlated with the value of the lateral electric conductivity
measured a few metres above that location, due to the physical laws governing the
measurement method, or due to measurement errors such as a systematic shift in the
measurement positions. This approach is thus much more powerful than a simple, point-topoint correlation analysis.
Results
The analysis shows that the fracturing data (density of fractures) is, as expected, the major
factor controlling hydraulic conductivity. However, rock type is also a variable that
influences many other properties and, in particular, the hydraulic conductivity. Geier et al.
(1996a) made a similar observation from the GRF analysis of injection test data, concluding
that lithological contacts (between aplites/'fine-grained granite' and the host rock) may be
zones of high hydraulic conductivity. Comprehensive modelling of the distribution of the
hydraulic conductivity in the medium should thus be based not only on the fracture system,
but also on the distribution of rock type.
It is found in general that, along the boreholes, the spatial autocorrelation of all the
variables studied is very weak; the correlation length is, in general, on the order of 3 m (e.g.
for the hydraulic conductivity and fracture frequency) and up to 80% of the variance is
spatially uncorrelated. Only on rare occasions, and for some variables (e.g. fracture
frequency in granodiorite, hydraulic conductivity in aplite), does the correlation length
extend up to 50 m. Given that the available information was obtained essentially along
nearly vertical boreholes, and that the average distance between boreholes is on the order
of 100 m or more, it is not feasible to attempt a horizontal or even three-dimensional
geostatistical analysis of the data. However, this does not necessarily exclude the possibility
that the data might be differently (perhaps better) correlated in the horizontal direction. As
no boreholes were drilled such that a significant length lies within a single fracture zone,
the data do not permit an analysis of the spatial variability of hydraulic conductivity within
any given, conductive fracture zone.
Although the correlation between some of the geophysical variables is sometimes good,
their ability to predict hydraulic conductivity is found to be very weak. This is partly due
to the fact that, although fractures can be detected by geophysical (e.g. sonic or electrical)
logging tools, the existence of fracture filling can make the hydraulic conductivity very
poorly correlated with fracturing. Only the single-point electric resistance shows a small,
negative correlation with hydraulic conductivity, probably because pervious fractures carry
water that has an electric resistivity lower than that of the medium or the infilling.
The only successful attempt at building a multivariate geostatistical model is based on the
natural logarithm of the 3 m section GRF hydraulic conductivities, in conjunction with four
other explanatory variables, when they are made representative of a 3 m section. These
variables include:
•
•

the GRF flow dimension of the same 3 m section,
the total number of fractures in the same 3 m section,
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•
•

the presence of aplite in the 3 m section, at any position,
the existence of a change of rock type within the 3 m section.

The last two variables are less important than the first two, thus confirming the
overwhelming importance of fracturing on hydraulic conductivity. A linear model of
coregionalisation is fitted on these data, using a nugget effect and three exponential
variograms, with ranges of 18, 27 and 300 m. With this model, it is possible to estimate or
to simulate the distribution of hydraulic conductivity in the medium (in one dimension)
using all five variables, with a smaller variance than if the explanatory variables were
omitted.
An attempt to incorporate the spinner data in this model showed that these data need to be
corrected for bias and that their correlation with hydraulic conductivity is rather weak. The
spinner data are, however, better correlated with some other variables. Natural gamma log,
sonic log and, perhaps, magnetic susceptibility and single point electric resistance are also
weakly correlated with the hydraulic conductivity.
Conclusions and recommendations
The fact that correlations are found between hydraulic conductivity, spinner data and other
variables measured in the boreholes and, in particular, rock type, suggests that there is a
potential for a more comprehensive use of measurement data that, in SITE-94, are not
included in hydrogeology models. However, the observed correlations are, in most cases,
rather weak and do not support development of an alternative conceptual site model for
groundwater flow. Instead, the good correlation that is found between fracturing and
hydraulic conductivity lends some credibility to the use, for this site, of the Discrete Feature
conceptual model that is adopted as one of the main models for analysing hydrogeology.
The study gives a list of recommendations to improve the data-collection design and data
processing, for use in a geostatistical framework. A key aspect of data quality for borehole
measurements concerns the accuracy of the coordinates of measurement locations along the
boreholes. For example, in many cases it is not clear how, or with what accuracy, different
borehole measurements had been corrected for bias due to cable extension. As a result it
is difficult to judge whether a weak correlation between two variables that were measured
with different probes, or directly on the core, is a true result, or just an artifact of systematic
or random shift in measurement position. An associated problem concerns the
representativity of different types of measurements. To be able to account for the fact that
different measurements represent different volumes of rock, it is also essential that a good
description of the measurement tools is supplied with the data.
It is emphasised that, for a geostatistical analysis in particular, randomly spaced or regularly
spaced boreholes provide the best data, whereas, for a geological reconnaissance, boreholes
might in general be located in areas where anomalies have been detected or are expected.
In the latter case, the data tend to over-sample anomalies compared to the general properties
of the medium, thus making a geostatistical model more uncertain.
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7.3.5

Simple Evaluation

As a complement to the detailed hydrogeological site models developed in SITE-94,
hydrogeological behaviour is assessed with simple scoping calculations of groundwater flux
and transport parameters. These scoping calculations are based on a ID application of
Darcy's law, simple assumptions regarding flow-field structure and pore geometry and
bounding values of hydraulic driving forces (Dverstorp et al., 1996). The objectives are to
estimate ranges of the hydrogeological behaviour, and to identify critical factors for the
determination of groundwater fluxes and transport parameters, as guidance for the
development of detailed hydrological site models. The analysis considers the Aspo site and
seven other study sites in crystalline rock in Sweden, employing SKB's interpretation of
hydrogeological structures and hydraulic conductivities.
The results for the Aspo site are presented in detail in Section 10.3.3. However, an
important inference that can be noted here is that connectivity and spatial structure of
hydraulic conductivity are key uncertainties for the determination of groundwater flux. The
detailed pore geometry within conductive structures (which defines the relation between
Darcy velocity and flow wetted surface area available for sorption and matrix diffusion) is
an additional key source of uncertainty for transport parameters. The variability of hydraulic
conductivity estimates at the sites studied, including Aspo, is very large (up to 5 orders of
magnitude), both in fracture zones and in the less fractured parts of the rock. However,
limited or no direct information is available in the existing site characterisation data
regarding how conductive elements in the rock mass and fracture zones connect in space,
as most hydraulic measurements represent only a small volume of rock. The properties of
a calibrated flow model will thus, to a large extent, depend on conceptual assumptions that
cannot be directly supported from the site characterisation data. This finding is an important
motivation for evaluating site hydrogeology with alternative conceptual models.

7.3.6

Qualitative Hydrogeological Assessment of Site Data and the
SITE-94 Structural Model - Basis for Detailed Models

This (long) section makes a qualitative assessment of the available hydrogeological data
from Aspo together with the geological structure model and relevant geochemical
information. This assessment forms the basis for the formulation of the detailed quantitative
hydrogeological models to be used as input in subsequent consequence analysis, it
constitutes parts of the justification for the use of these models an thus represent an
important element of integration between overall site evaluation and specialised modelling.

7.3.6.1

Introduction

The structural geological analysis resulting in the SITE-94 structural model (Tiren et al.,
1996, and Section 7.2), the geochemical analysis (Glynn and Voss, 1996, and Section 7.4)
and a hydrogeological analysis of the data (Voss et al., 1996) are integrated in this section
to yield a qualitative hydrogeological characterisation of Aspo to about one kilometre
depth. This hydrogeological characterisation is of a qualitative nature and consists primarily
of inspection of the available data and attempts to express, in simple terms, any basic
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hydrogeological relationships observed in the data. The integration requires simultaneous
consideration of many data types and is accomplished, in part, with the aid of threedimensional visualisation on graphic workstations.
The following approach is taken in this hydrogeological characterisation. First, the
structural model of the site (Section 7.2) is developed on the basis of geological and
geophysical information collected on the surface and in boreholes only. No hydrogeological
or geochemical information is used, either to generate or to constrain the structural model.
Next, the completed structural model is evaluated hydrogeologically to determine its ability
to describe the locations of flow measured in the subsurface and its power to delineate paths
of subsurface pressure propagation. Finally, the structural model is compared with the
subsurface distribution of water types based on geochemical analysis (Glynn and Voss,
1996) to explore whether the structures contained in the model explain the location of
distinct water bodies or chemically uniform flow paths. In summary then, the following
types of test are performed to assess the SITE-94 structural model:
•
•
•
•
•
•

correlation of subsurface flow indications with geological factors
correlation of the structural model and subsurface flow indications
comparison of the effectiveness of the SITE-94 geological model and a random
structural model in explaining the hydrogeological data
correlation of the structural model and observations of pressure propagation
correlation of structures which have indications of flow and structures which act as
pathways for pressure propagation
correlation of the structural model with geochemical patterns.

These tests, as discussed below, lead to an overall assessment of the hydrogeological value
of the structural model.
It would also have been possible to use the hydrogeological and geochemical data together
with the geological-geophysical data at an early stage to develop the structural model.
However, in this study, such early data synthesis is avoided in order to allow for an
independent check on the structural model and its capability to predict site hydrogeology.
The SITE-94 structural model is based primarily on surface data, consisting of a map of
extensive discrete-fracture zones and topographical lows and data on orientation of
fractures in outcrops, as well as subsurface data consisting mainly of locations of crushed
rock in boreholes and borehole radar measurements. These data provide a basis for finding
fracture zones, but not simple discrete fractures. Simple discrete fractures cannot be reliably
connected through the subsurface volume given the data available for model construction.
Unfortunately, both fracture zones and simple fractures may act as fluid conduits of equal
importance. The clear result is that subsurface flow paths associated with simple fractures
will not be included in the SITE-94 structural model. Notwithstanding, it is assumed that
the type of structures that are included in the model (semi-planar fracture zones) are indeed
among the major hydrogeological features controlling subsurface flow below Aspo. No a
priori assumption is made concerning the distribution of flow (e.g. uniform or channelled)
within any structure.
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7.3.6.2

Aspo Hydrogeological Base Data

The water-table on Aspo rises to a maximum height above the Baltic Sea of about 4 m near
the island centre and decreases to about zero elevation at shores. Some fresh water recharge
occurs in the island interior, with discharge near the shores. Geochemical evidence,
described later, indicates that this recharge water remains shallow, penetrating only the
upper tens of metres below the island surface. As measured in most boreholes, the watertable responds quickly to recharge events on the island. Pressure response at great depth is
also swift, which indicates that there are permeable structures throughout the island that
connect the surface to the water-table and greater depths and that storage is low.
Borehole flow indications
Direct evidence of conductive structures in the subsurface is given by borehole
measurements with the borehole flowmeter in 11 cored boreholes on Aspo. There are
61 flow points measured where water enters boreholes through a conductive structure and
23 ranges where water enters the borehole diffusely over the entire range. Owing to the
nature of the measurement in this test, the structures discharging water to a borehole
necessarily conduct fluid over some distance and should be considered as 'well-connected,
conductive structures.'
Geophysical borehole logs
Indirect evidence of conductive structures may be based on indications obtained from a
number of geophysical logs: single-point resistivity, acoustic, fluid conductivity and fluid
temperature. Taken together with resistivity and acoustic indication of an intersecting
structure, an abrupt shift in fluid conductivity and temperature logs gives strong indication
that the structure is well-connected and conductive. Outside the borehole ranges where
borehole flow measurements were made, geophysical indications of conductive structures
are used to augment the collection of subsurface points where flow occurs. There are
35 geophysically-indicated flow points, making a total of 119 indications of flow at
borehole points or within borehole ranges observed under Aspo.
Pumping tests
Single-hole pressure tests with straddle packers at 3 m distance were conducted along large
reaches of most cored boreholes and interpreted by two methods. These short-term tests
give indications of locally conductive structures. There are many more indications of highpermeability structures indicated by these tests than by direct (borehole flow) and indirect
(geophysical) flow measurements. However, because of their brief duration, well-connected
conductive structures are not distinguished from 'dead-end' conductive structures by these
tests. Existence of a subsurface flow, as indicated by a measured flow point in a borehole,
requires that a relatively high conductivity also be measured at that point. However, a high
measured conductivity is no guarantee that fluid can flow.
A large number of tests was conducted where one open borehole or packed-off borehole
section was pumped and sections of many other boreholes were monitored for pressure
changes at various depths separated by packers. Most of these tests lasted about one week,
one test lasted a few weeks (LPT1) and the longest test lasted about three months (LPT2).
There were many monitored sections providing a large amount of data. The early time
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portions of these tests are extremely useful in locating conductive structures. Much of the
early drawdown propagation occurs along planar paths indicating pressure propagation
along near-planar structures. Later time data are less useful for locating specific, conductive
structures because so many intersecting structures participate in drawdown transmission
that unambiguous interpretation is very difficult.
Tracer tests
Tracer tests were conducted at the site by SKB but little information on natural flow paths,
of interest to the current analysis, is obtained from such data. Further, the choice of
injection and withdrawal locations was based on SKB's interpretation of hydrogeological
site data and this type of interpretive information is excluded from the SITE-94 analysis.

7.3.6.3

Correlation of Subsurface Flow with Geological Factors

Local geological factors such as rock type, contacts between different rock types
(lithological contacts) and mechanical alteration of rocks such as crushing and fracturing,
may be major controls on the ability of fluid to migrate through the rock. Some of these
factors may be determined directly by inspection of cores from boreholes, while some
factors may be determined indirectly by geophysical measurements.
Correlation with geophysical logs
A complete set of geophysical borehole logs collected for the Aspo site was compared with
the 119 points/ranges of indicated subsurface flow in the boreholes to determine whether
there is any correlation of flow location with geological factors. Four of these logs exhibit
very high correlation with the locations of flow indications: natural gamma radiation of the
rock, single-point resistivity of the rock, borehole radar measurements and the sonic log.
Correlation with rock type
The detailed, manually-mapped core logs of each cored borehole (KAS series) were
compared with the borehole flow indications to determine whether there is any correlation
of flow location with geological factors at the Aspo site. It was found that the 119 locations
of indicated flow are distributed throughout the rock volume with no apparent preference
for any rock type. The cores/boreholes consist of: granites: 72% by volume containing 70%
of flow indications, aplites: 18% by volume containing 20% of flow indications, and basic
rocks: 9% by volume containing 9% of flow indications. Hydraulic conductivity, on the
other hand, appears to be correlated with rock type, as described in Section 7.3.4.2.
Correlation with crushed rock
In total, flow indications occur twice as often (66%) in crushed rock as in uncrushed rock
(34%). Because there is only 4.2% crushed rock in the whole rock volume, and 66% of flow
indications occur there, 44 times more flow indications occur in crushed rock than in
uncrushed rock. In aplites, 91% of flow indications occur in crushed rock. Of flow
indications that occur wholly within aplite, 71 % are near the aplite contacts with the host
rock.
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Correlation with fractured rock
Of the 34% of flow indications that do not occur in crushed rock, about one third (or 11 %
of all flow indications) occur at locations with notable enhancement of fracture frequency.
The local enhancement of fracture frequency is often two to three or more times the
background frequency (of 2 to 3 fractures/m) and has a width of about 1 m along a
borehole. The remaining two thirds of flow indications in uncrushed rock (about 23% of
all flow indications) occur at points with low to moderate fracture frequency and may be
associated with single fractures. Note, again, that the structural model does not include
single fractures or regions of enhanced fracture frequency as a structure type. Thus, it may
be expected that the 23% to 34% of borehole flow indications associated with these
geological factors will not occur within any of the structures included in the model.
Summary
The above facts have the following implications regarding the dependence of subsurface
flow on local geological factors.
1.

Flowing structures are uniformly distributed among rock types. There is no
enhancement of flowing structures in any particular rock type.

2.

The existence of crushed rock, in general, is a major factor allowing fluid flow.
About two thirds of all flowing structures are composed of crushed rock.

3.

The flows in the remaining third of flow indications occur in discrete fractures or
clusters of fractures, but fractures control only half as many points of measurable
subsurface flow as crushed rock structures.

4.

Nearly all flow paths in aplite are encountered in crushed rock, and the majority of
these occur near the contact with the host rock.

5.

Subsurface flow locations have a high correlation with geophysical anomalies
measured by four borehole logs: natural gamma, single-point resistivity, borehole
radar and sonic. Of these, only the borehole radar is directly used to construct the
SITE-94 structural model.

Note that some of the crushed-rock zones may have been caused by drilling (and not
distinguished by SKB in the GEOTAB database from pre-existing crushed rock), falsely
enhancing the correlation between crushed rock and flow (see also Section 6.5).

7.3.6.4

Structural Model Correlation with Subsurface Flow

To test the power of the SITE-94 structural model to predict paths of subsurface flow, the
most discriminating parameter is arguably the location of flow indications in boreholes.
This parameter, described earlier as 'direct and indirect flow indications', is compared here
with the structural model. The hydrogeological predictive capacity of the structural model
is measured simply, by direct comparison of spatial location of flow indications with the
location of all structures (Figure 7.3.8a). Three-dimensional measurement of the shortest
distance between flow indications and structure gives a true measure of the spatial
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correlation of all structures with all flow indications. As pointed out earlier (see
Section 7.2) one cannot expect a one-to-one correspondence between flow indications and
the structure model since some large scale features may be poor conductors and since
networks of small scale features may constitute significant flow paths. Consequently, the
evaluation partly provides information on the need to include conductive features below the
scale of the geological structure model.
Intersection tolerance
To decide whether a given distance between a structure and a flow indication in 3D is
significant, for the purposes of this test, an intersection tolerance was specified in terms of
the radius of a sphere around each flow indication point. Any structure that crosses that
sphere is considered to coincide with the flow indication. The sphere radius may be
considered as the maximum distance in which errors in spatial location of flow indications
or structures are ignored, for the purpose of finding intersections. Alternatively, the use of
such an intersection tolerance may be viewed as taking into account the finite thickness of
the structures. A tabular structure with a thickness of twice the intersection tolerance would
coincide with the flow indication even if the plane through the centre of the structure did
not coincide exactly.
Analyses are given for intersection tolerances (sphere radii) of 1 m, 2 m, 3 m, 5 m, and
10 m, in Voss et al. (1996). A tolerance of 1 m is a very stringent requirement for the
closeness of acceptable intersections, while a tolerance of 10 m implies generous
acceptance of less proximity at intersections. Here, results are described for an intermediate
intersection tolerance of 3 m.
Flowing structures in S1TE-94 structural model
For this simple analysis, it is assumed that, if a structure intersects at least one point or
range of indicated flow, it is at least conductive over part of its extent. These structures are
termed 'flowing structures.' There is a different count of flowing structures for each
assumed value of intersection tolerance. For a 3 m tolerance, there are 34 flowing structures
and 11 structures that are not tested (i.e., do not pass within 3 m of any logged borehole).
Thus, of 52 total structures in the SITE-94 structural model, only 7 structures are found to
have no indication of internal flow. Here, these are termed 'non-flowing structures.' The
average number of flow indications intersecting any flowing structure is 2.5. The number
of flow indications occurring in each structure ranges from one to eight. It should be noted
that a large fraction of the tested structures in the SITE-94 structural model are found to be
'flowing' for all of the intersection-tolerance values that were considered (Voss et al.,
1996).
Subsurface flow indications explained by SITE-94 structural model
Using a similarly simple approach, the points and ranges of indicated flow in boreholes are
considered to be 'explained' when they coincide with a borehole-structure intersection and
a flow indication. For an intersection tolerance of 3 m, there are 55 explained flow
indications of a total of 119 indications. Thus, 54% of all flow indications are unexplained
and 46% are explained by structures in the SITE-94 structural model.
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Figure 7.3.8 a) SITE-94 structural model of Aspd containing 52 structures (view from
southeast), b) Structures in SITE-94 structural model found to be flowing' on the basis of
both borehole flow indications and borehole pressure tests (29 structures), c) Random
structure set for Aspd with same density of structures throughout model block as within the
best-characterised region of the southern portion of Aspd (includes 80 structures).
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7.3.6.5

Testing the Hydrogeological Value of the SITE-94 Structural Model

A series of tests, as described by Voss et al. (1996), are conducted to appraise the
significance of the observed correlation between the SITE-94 structural model and flow
indications. The objective of these tests is to determine how much of the observed
correlation is due to pure chance and how much is due to information built into the
structural model. Below is a summary of one of these tests, which compares how well a
random structural model and the SITE-94 structural model explain the locations of flow
indications in the boreholes.
Structure density in the SITE-94 structural model
For a fair comparison between the SITE-94 structural model and a random set of structures,
the random model should have the same intensity (total structure area per unit volume),
throughout the simulation region, as in the central portion of the SITE-94 model, where
most boreholes are concentrated and, hence, a larger number of structures have been
inferred. The average intensity of structures was determined by sampling the SITE-94
model within cubical measurement boxes of varying size, located at various points in the
model. An average intensity of 0.065 m2/m3 is obtained consistently for box side lengths
of 50 to 500 m (Note that only the surface area of one face of each structure, rather than of
both faces, is included in these intensity estimates).
Generation of random structural model
One hundred realisations of the 'random' structural model are generated by Monte Carlo
simulation. Each structure was generated as a plane through three independent, random
points, each of which was generated by a 3D Poisson process within the 2 x 2 x 1 km deep
block (This method of generation may have resulted in a somewhat higher proportion of
gently vs. steeply dipping structures in the random model, relative to a spherically uniform
distribution of orientations). In each realisation, a sufficient number of structures is
generated to attain the intensity of 0.065 m2/m3, corresponding to the intensity of structures
in the SITE-94 structural model. An example of one realisation, containing 80 random
structures, is shown in Figure 7.3.8c.
For each realisation, the intersections between structures and boreholes are compared with
the measured flow indications in boreholes and the percentages of 'flowing structures' and
'explained flow indications' are calculated, as described above for the SITE-94 model.
Stable running means and variances are obtained after 50 realisations.
Results of test
For an intersection tolerance of 3 m, the SITE-94 structural model explains no more
subsurface flow indications than do random sets of structures (46%). However, more
SITE-94 model structures are found to be flowing (65%) than in random structure sets
(51%). Furthermore, the maximum and average numbers of flow indications that coincide
with at least one structure are higher for the SITE-94 model, than for the random structures.
Thus, a higher fraction of structures in the SITE-94 model are flowing than in a random set
of structures, and each SITE-94 structure, on average, coincides with more flow indications
than does a random structure that is flowing.
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Thus, each flow indication, on average, coincides with more SITE-94 structures than
random structures, which indicates that SITE-94 structures tend to intersect each other more
often near boreholes than do random structures. This largely explains why the SITE-94
model contains more 'flowing' structures than a random model. If the SITE-94 model were
correct, these results would imply that subsurface flow is most likely to occur along
structure intersections. However, as noted above, the SITE-94 structural model does not
explain a greater number of flow indications than does a set of random structures with the
same intensity.
This observation is not surprising in terms of the alternative view of intersection tolerance.
For an intersection tolerance of 3 m, which corresponds to tabular structures 6 m thick, and
for an intensity of 0.065 m 1 , about 39% of the total model volume is filled with structures.
Any random or model set of tabular structures having this volume should roughly coincide
with 39% of point flow indications. Considering that some flow indications occur over
borehole sections of finite length, the percentage of coincidence should be somewhat
higher. Indeed, both the random sets and SITE-94 model coincide with just a slightly higher
percentage of flow indications. This result neither confirms nor contradicts the correctness
of the SITE-94 structural model.

7.3.6.6

Structural Model Correlation with Paths of Pressure Propagation

An important test of the ability of the structural model to represent important paths of fluid
migration below Aspo is its ability to predict paths of fluid pressure propagation. It may be
expected that fluid pressure changes will propagate most readily along structures that
conduct fluid flow. While many of the structures in the SITE-94 structural model conduct
fluid flow in at least part of the structure, according to the correlation with flow indications,
it remains to be seen whether these structures transmit changes in pressure. The data
collected in the multiple-hole, pressure-transmission tests on Aspo are used to determine
the capacity of the structural model to predict such paths, as follows.
Visualisation
The 19 pressure transmission tests (not including the LPT2 test which repeats tests in
KAS 06 for a longer time period) were each represented in a 3D visualisation; boreholes
and packers were visible. At each elapsed time in a given test for which data were provided,
the measured borehole sections were coloured according to the logarithm of drawdown
(pressure drop due to pumping). Thus the 3D propagation of drawdown through the
subsurface at Aspo is represented as a sequence of snapshots in time. By visually
comparing each of the 52 structures with the pumped borehole section and the sections of
other boreholes that experience drawdown, it is determined which, if any, of the structures
act to connect these sections.
Inspection of the 3D drawdown patterns makes it clear that, immediately following the
onset of pumping, the pressure drop propagates along planar features, causing drawdown
at measurement sections in nearby boreholes (Figure 7.3.9). At later times, drawdown
propagates along more complex paths, possibly 'turning corners' where structures intersect.
Later in each test, drawdown spreads through other structures intersecting the first
structures, to many of the borehole sections that were monitored, at all distances from the
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Figure 7.3.9 Pressure propagation during multiple-borehole pressure test KAS09T1.
Boreholes are shown in dark red with packers as light red bands. Pressure was measured
in each section of each borehole shown. Borehole KAS 09 (long yellow borehole on right)
was pumped and pressure was monitored in each section of each borehole shown.
Colouration of a borehole section indicates arrival of a pressure change, starting with the
highest pressure drop in yellow (pumped borehole) and descending in the colours green,
blue and purple. Pressure distribution is shown at times: 2 min, 50 min, and 200 min
following onset of pumping. At early time, pressure change propagates along two
structures, indicated in dark green, in the SITE-94 structural model (Structures 40/NS-4G
and 51/ENE-9M, according to the notation ofTiren et al, 1996).
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pumped section. After about one day, many borehole sections on Aspo indicate some
drawdown and thus, at least, an indirect connection to the pumped section.
Interpretation of the initial, planar paths in terms of some of the 52 structures in the model,
is straightforward, while interpretation of the secondary paths of propagation that evolve
after drawdowns 'turn corners' is difficult, if not practically impossible. 'Early time' for all
of these tests ends after one-half to one hour, depending on the test. Complete results of the
visual inspection for 'early-time' pressure propagation are given by Voss et al. (1996).
Results
The structural model contains structures that explain nearly all of the 'early-time' pressure
propagation in tests on the southern part of Aspo. However, relatively few pressure
propagation paths in tests conducted in the northern part (in KAS03) are explained by
model structures. This is due to both the lack of nearby boreholes and the sparsity of model
structures in the area. In total, 30 model structures match (counting both exact and nearconnections) the apparent paths of 'early-time' pressure propagation in the tests and may,
therefore, be considered to transmit pressure changes in the fluid. Eighteen model structures
are not in the vicinity of any pumped sections of boreholes and are thus not checked by
these tests. Four of the structures that are checked do not transmit pressure. The structures
appear as active pressure conduits in one to seven of these tests. Because of the clarity and
sparseness of the paths of pressure propagation at early time, it is unlikely that the good
spatial correlation found between SITE-94 model structures and these paths is accidental.
The 30 structures are considered to be definite pressure conductors below Aspo.

7.3.6.7

Correlation of Flowing- and Pressure-transmissive Structures

Of the 30 structures that are found to transmit pressure, 29 are also found to be 'flowing'
by comparison with flow indications, for an intersection tolerance of 3 m or less
(Figure 7.3.8b). For a given one of these 30 structures, an average of 2.5 flow indications
coincide with structure (with a tolerance of 3 m or less), and an average of 3 multiple-well,
pressure-transmission tests indicate that the structure transmits pressure. This is strong
evidence that these 30 structures act as subsurface fluid conduits, at least in the measured
portion of their extent in the modelled area.

7.3.6.8

Structural Model Correlation with Aspo Geochemistry

Visualisation and water types
The correlation of geochemical distributions and the Aspo structural model are investigated
by inspection of a three-dimensional computer graphic visualisation. The geochemicallysampled borehole sections are coloured according to the water type found in each section.
Overlapping sampling sections are placed alongside the borehole to the east and samples
collected at later times in each section are placed alongside the borehole section in sequence
towards the north. This three-dimensional water-type visualisation, showing both spatial
distribution and temporal trends, is compared individually with each of the flowing
structures in the model and with surface features such as the coast of Aspo. Moreover, the
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number of borehole locations sampled is relatively few, making it difficult to draw general
conclusions concerning distribution of water compositions in individual structures.
Groundwaters from Aspo and nearby areas (Laxemar and the island of Avro) may be
classified into five different water types based on their chemical and stable isotopic
characteristics. The five different water types are:
1.
2.
3.
4.
5.

'recent waters',
waters with close to 5 g/1 chloride,
'deep waters',
glacial meltwaters,
'seawater imprint' waters.

These waters are explained in Section 7.4.
Results
Generally, salinity stratification of the three-dimensional geochemical distribution is
observed, even within individual structures. More dilute, 'recent' waters are found in
shallow borehole sections, the more saline '5 g/1 chloride' waters are found at intermediate
depths near 500 m and the most saline 'deep' waters are found between 500 m and 1000 m
depth.
The 'seawater imprint' waters are found only in structures crossing sampled borehole
sections near the perimeter of Aspo and each of the waters could be explained by the
presence of at least one or more SITE-94 model structures outcropping into the Baltic Sea.
Most Aspo groundwaters, however, do not show any 'seawater imprint'. This indicates that
the Aspo area is a discharge area for most of the saline groundwaters present. The seawater
character of fluid in these structures increased as more water was pumped from the
structures. Deeper portions of structures contain shield brine. Recharged dilute waters with
isotopic compositions close to modern precipitation (part of the 'recent' water group) only
occur at shallow depth (less than 100 m).
Samples collected early (during drilling) have higher salinity than waters collected in the
same locations at later time. This indicates a major reorganisation of water types during the
field testing program, leading to some uncertainty concerning spatial interpretation of the
geochemical data (see also Section 6.5).
A few locations at shallower depths contain glacial meltwater. The glacial meltwater occurs
in both structures identified as flowing and non-flowing. The reason for its persistence in
the subsurface may be that it occurs in poorly conductive structures with relatively slow
movement, or it may occur in flowing structures if there is an extensive reservoir of such
water along the flow path.
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Hydrogeological implications of geochemical distributions
There is apparently no single structure that separates large regions of waters of different
type in the subsurface. Also, the distribution of water types is too complex to be explained
by the existence of one (or a few) major flowing structure(s) below Aspo. Many structures
seem to participate in producing the observed geochemical distribution.
Because, in any given borehole, there are discrete changes in water type from one
penetrated structure to the next, it appears as if each structure has a distinct water
composition. Careful inspection of the available data, however, reveals that no model
structure has uniform fluid chemical composition. Each structure sampled more than once
contains more than one type of water, and chemical composition of fluid in the structure
appears to be depth-stratified. This implies that flow through each structure may not be
uniform and/or that flow paths consist of a chain of segments occurring in a number of
structures. Both of these circumstances would lead to mixing of water types within or
among structure segments at intersections.
A conjecture consistent with the above observations is that each segment of a structure
(portion of structure between intersections with other structures) contains a unique uniform
water composition. With the available data, however, it is not possible to test this. It may
be that the borehole activities and sampling process have so thoroughly rearranged
geochemical distributions that the original distribution is totally obscured in the collected
data and that few specific conclusions concerning correlation of model structures with
water types may be fairly drawn. On the other hand, this rearrangement of waters could
serve as useful information for testing hydraulic connectivity, had the initial groundwater
distribution been more thoroughly characterised, for example by first-strike groundwater
samples.

7.3.6.9

Integrated Hydrogeological Interpretation of All Data Types

Taken together, the geological, geophysical, hydrogeological and geochemical
measurements give a strong description of Aspo hydrogeology. The granodioritic
subsurface rock has undergone complex deformation resulting in zones of weakness, or
structures cutting across all rock types. Subsurface flow occurs in these structures and
primarily in portions of structures consisting of crushed rock. Flow occurs somewhat less
often in structures consisting of individual fractures or clusters of simple fractures. There
may be some preference for flow to occur along intersections of structures. Subsurface flow
below Aspo is evenly distributed among rock types. However, most flow is associated with
portions of deformation structures containing crushed rock. Aplites do not contain more
locations of subsurface flow than other rock types, but flow in aplites most often occurs in
portions that are crushed near contacts with other rock types.
The pattern of subsurface pressure transmission gives the impression of planar pressure
transmitters, in agreement with the assumption of semi-planar structures in the model.
Spatial distribution of flow indication in boreholes and paths of subsurface pressure
propagation agree that there are discrete conductive features and they agree on which
structures are hydraulically active. Both the relatively homogeneous nature of the spatial
distribution of chemical water types and the pressure propagation data at late time,
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following onset of pumping in a borehole, indicate a highly complex flow system, not
dominated by any particular structure. Thus, interconnection of structures (rather than
location of individual structures) controls both pressure propagation and flow field.
No dominant and extensive hydraulic structures could be identified below Aspo. Most
extensive structures identified in the model are conductive at least in some sections. Most
structures are hydraulically well-connected (for flow and pressure transmission). There is
no evidence of uniform flow within any structure or segment, indicating that flow may be
channelled within structures. Also, there is no evidence of a long flow path in any single
structure under natural conditions.
Most flow paths apparently consist of a connected chain of segments belonging to different
structures. Fluid may move through a segment in a uniform or channelled manner and mix
with flows from other contiguous segments at an intersection, finally continuing in the same
structure, turning into a segment of another structure, or diverging into a number of
intersecting structures.
On the local scale, this highly complex flow field is very difficult to characterise in detail
with any field data collection programme. On a larger scale, this flow field may, perhaps,
be amenable to representation by homogeneous descriptions with relatively constant
parameter values, although this has not been positively demonstrated in SITE-94.

7.3.6.10 Assessment of the Structural Model as a Hydrogeological Explanation
What the SITE-94 model explains
Of 52 structures in the SITE-94 model, 11 are neither tested for pressure transmission, nor
by borehole flow measurements, geophysical salinity or temperature logging. Thus, there
are 41 structures tested for occurrence of flow and pressure transmission. Of these 41, 34
(allowing an intersection distance of 3 m), have segments that conduct fluid flow, and 30
of these structures transmit pressure changes. Thus, about 3/4 of identified and tested
structures in the model are definite fluid conductors. It is believed that these structures
actually exist and conduct fluid, at the very least in the southern area of Aspo, in the area
of greatest borehole density.
What the SITE-94 model does not explain
The model explains only part of the flow found in the subsurface; 34% of flow indications
are in structures such as simple fractures that are not included as structures in the model.
Thus, there are 66% of measured flow indications that the model could possibly explain.
In actuality, the model explains only 46% (for an intersection radius of 3 m). This
apparently poor performance of the structural model may be blamed in part on the fact that
not all locations with mechanical deformation of bedrock (in other words, locations with
crushed rock or radar indication) are possible to correlate between boreholes as structures.
Although these indications may be the local expression of conductive structures, these
could not be included in the model. Still, only about two-thirds of all flow indications that
should be possible to explain with the model are actually explained by the model. Finally,
sets of structures with purely random locations having no basis in field data explain as
many of the flow indications as does the SITE-94 structural model. This does not show that
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the SITE-94 model is incorrect, but gives no clear proof that the model contains
hydrogeological information on flow at the site. The only certain check on the model would
be correlation of flowing model structures with flowing structures actually found in the
Hard Rock Laboratory tunnels below Aspo. Such a comparison may, perhaps, be possible
at a later time.
Missing structures in the SITE-94 model
Allowing that the 30 'definitely conductive' structures correctly explain half of all
measured flow indications, what explains the other half? Rather than an inaccuracy in the
existing model structures, there is likely to be a simple lack of structures in the model.
Some of those missing may be of the extensive site-scale type already included, while
others may be of a local inter-borehole scale and not discernable in the data employed. It
is certain that the SITE-94 model is missing many single, discrete, fluid-conductive
fractures in the rock mass. These exhibit little or no geophysically-measurable anomaly and
cannot generally be correlated over inter-borehole distances.
This lack of structures in the model is due in part to the limited time and resources allowed
for model construction, and to the early date at which the model was finalised in order to
allow other SITE-94 groups to proceed with their analyses. Some of the subsurface flow
at Aspo can indeed be explained using a hydrogeological site model, and other aspects may
have been possible to explain given more time and resources.
Implications of results
The SITE-94 model explains about half of the measured flow locations and much of the
pressure transmission in the area of maximum borehole density. The implication is that,
within the area covered by this already complex structural model, there are additional,
hydrogeologically significant structures that have not been characterised. The impressive
amount of data collected by SKB on Aspo suffices to explain only partly the geological
structure and groundwater flow within a relatively small volume of rock. To characterise
the entire 2 x 2 x 1 km deep volume of the SITE-94 structural model would require
collection of an immense amount of data. Even if this were done, there would, in all
probability, still be uncharacterised structures within the volume. It must be concluded that,
given the state of the art in site characterisation methods, any attempt at a detailed
characterisation of fluid flow and solute transport through fractured bedrock, similar to that
at Aspo, will lack sufficient data for a unique explanation.

7.3.6.11 Bias and Uncertainty in Data and Interpretation
Because of the complexity of the data, many uncertainties are inherent in any interpretation
of the data. The boreholes are clustered in one area of Aspo so the resultant structure
density must be greatest and the structure locations most accurate, within the borehole
cluster. Conversely, structure location is less certain away from boreholes and surficial
lineaments. Locations are noticeably poor where structures cross borehole KAS03, the only
deep borehole that provides data in the northern part of the island.
The SITE-94 structural model includes only extensive structures (< 500 m), which are
assumed to go through the modelled rock domain. There were many smaller-size features
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that could possibly have been used as structures; however, these were not included due to
time constraints and the great complexity of the data, even for just the extensive structures.
Many smaller-size structures have the same geological character as the 'flowing' extensive
structures in the model and, therefore, the subsurface points of flow associated with these
are unexplained by the model.
The most highly sampled structures are the nearly horizontal ones, because they are
penetrated by the most boreholes per structure. However, there is poor recognition of nearhorizontal structures because of their lack of surface expression and difficulties in
correlating indicative properties among the boreholes. Hence there are few near-horizontal
structures in the model. Difficulty in recognising these structures may lead to
underestimation of horizontal transmissivity and connectivity of the bedrock. For the same
reasons, there is poor recognition of structures outcropping below water. The result is
undoubtedly that many structures are missed outside the main borehole cluster on southern
Aspo and many structures under southern Aspo that do not outcrop are also missed.
In this study, all structures were assumed to be approximately planar and continuous
throughout the Aspo model area, in order to make the problem tractable in the short time
available for the work. This is certainly an over-simplification for many of the structures
found. In order to maintain simplicity, structure planes were not allowed to be offset at
block boundaries by movements along other structures. There is evidence of vertical
movement and hundreds of metres of lateral movement along structures (see Section 7.2
and Tiren, et al. 1996). Thus, many of the structures cannot be continuous as has been
assumed. This can cause significant error in location of some structure segments and should
be kept in mind when assessing the above results.
In testing the power of the SITE-94 structural model to explain the movement of
groundwater, it is likely that even random structures, or structures included in error or at
the wrong locations, will intersect with some flow indications, giving a false indication of
a flowing structure. The available geological data for identification of structures exist only
along the boreholes, and measured flow necessarily also occurs at points in boreholes
constrained to be very near those from which structures are generated by collection of data
in a borehole. Thus there is a high likelihood of coincidence between structures and flow
indications, as demonstrated above.
The apparent complexity of the subsurface transmissivity distribution and flow field below
Aspo makes detailed hydrogeological characterisation of the site ambiguous and many
specific interpretations are possible. This situation motivates the analysis of multiple,
alternative models in the Performance Assessment.

7.3.6.12 Conclusions - Implications for the Formulation of Detailed Quantitative
Models
The qualitative assessment of the available hydrogeological data from Aspo together with
the geological structure model and relevant geochemical information serve two coupled
purposes:
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•

it forms the basis for the formulation of the detailed quantitative hydrogeological
models to be used as input in subsequent consequence analysis,

•

it constitutes parts of the justification for the use of these models.

From the evalution the following main conclusions can be made:
•

the geological structure model contains a considerable amount of the features that
makes up the flow paths of the site and this fact should be acknowledged in any
detailed quantitative model,

•

there is a significant degree of uncertainty regarding which features in the structure
models which account for the flow, several hypotheses are possible,

•

there is a significant amount of the flow at the site which cannot be explained by the
flow in features of the structure model, a detailed flow model needs to include flow
paths below the scale of the identified structures.

In SITE-94 these observations are taken care of in the formulation of two conceptually
different approaches to the flow modelling Discrete Feature modelling and Stochastic
Continuum modelling. Within these two main concepts different variants are developed.
The models are fully described in the following two sections (7.3.7 and 7.3.8).
Consequently, the detailed quantitative hydrogeological models used in SITE-94 are based
on an integrated assessment of all soft and hard data available from the site and a thorough
evaluation of part of the hard data. Such integration between overall site evaluation and
applications of specialised models is probably key for making performance assessments
truly site specific. In retrospect it is clear that even further integration would have improved
the models and the justification for them. Careful planning of such integration, well ahead
of the work, appear to be of vital importance for a succesful evaluation of site specific data.

7.3.7

Development of a Discrete Feature Hydrogeological Site Model

7.3.7.1

Introduction

The SITE-94 structural model also serves directly as the basis for a hydrogeological model
based on the discrete feature concept (Geier, 1996a, b), which is used in SITE-94 to predict
site-scale groundwater flow and effective hydrogeological parameters for Performance
Assessment calculations. The Discrete Feature model is based on a three-dimensional,
deterministic representation of the fracture zones in the SITE-94 geological structure
model, plus a stochastic representation of smaller-scale fractures within the repository. As
shown in Figure 7.3.10, the Discrete Feature model integrates structural data on a range of
scales, becoming progressively more detailed closer to the repository and individual
canister sites.
The basic concept of discrete-feature modelling is to represent conductive structures in
terms of a collection of discrete, planar, transmissive features, which interconnect to form
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a three-dimensional network. Pressure and flow in the network are governed by the 2D
groundwater flow equation within each structure and by continuity of head and
conservation of mass at intersections. Transport is governed by the advection-dispersion
transport equation and conditions of conservation of mass and perfect mixing at
intersections.
Figure 7.3.11 illustrates the different types of conductive structures that were represented
in some or all variants of the Discrete Feature model for SITE-94, including:
1.
2.
3.
4.

single fractures,
fracture zones,
directional conductivity of the 'rock mass',
the Disturbed-Rock Zone around repository tunnels.

The Discrete Feature approach differs from continuum models in that groundwater flow and
solute transport are assumed to take place only via pathways that are explicitly present in
the discrete-feature network.

Figure 7.3.10 Conceptual illustration of a Discrete Feature model for Performance
Assessment, containing features ranging from fracture zones, on the semi-regional scale,
to individual fractures near the deposition holes.
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Figure 7.3.11 Components of a Discrete Feature model including (a) fracture zones or
single, deterministic fractures, (b) stochastic fracture populations, (c) rock mass
representation as a regular grid of orthogonal features, and (d) Disturbed-Rock Zone
features around repository tunnels.

The development and calibration of the Discrete Feature model for SITE-94 is described
by Geier (1996a). Application of this model for predictions of hydrogeological parameters
for Performance Assessment is described by Geier (1996b).

7.3.7.2

Semi-regional and Site-scale Model of Fractures and Fracture Zones

The deterministic portion of the Discrete Feature model for SITE-94 was developed based
on the SITE- 94 geological model (Tiren et al., 1996). The objective was to produce a
geologically-based model that reproduces the main observed aspects of hydrogeological
connections at the site. The development of this portion of the Discrete Feature model is
based on:
1.

structures from both the semi-regional and the site-scale geological models
(Section 7.2),

2.

GRF estimates of transmissivity from single-hole tests,

3.

hydrogeological response data measured during cross-hole tests on Aspo.
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The basic conceptual assumption is that large-scale hydraulic connections within the site
are controlled by flow through the network of identified, geological structures.
The domain of the Discrete Feature model is a 5 x 5 x 1 km deep block centred on Aspo
(Figure 7.3.12). All 47 of the semi-regional structures with surface traces in this area are
included in the model. Curved structures are approximated as a series of connected planar
segments, with dips as estimated by Tiren et al. (1996).
Site-scale structures, specified as three-dimensional grids by Tiren et al. (1996), are
included within the 2 x 2 km area covered by the site-scale structural model. Initial
estimates of the hydraulic properties of these structures are obtained from the GRF analysis
and type-curve analysis of cross-hole hydraulic tests. The number of site-scale features in
the model is reduced from 52 to 30 based on these initial estimates, and further reduced to
21 by eliminating site-scale structures that coincide with semi-regional structures. It may
be noted that these results are in close agreement with the qualitative analysis given in
Section 7.3.6.6.
The deterministic portion of the Discrete Feature model was assembled by combining the
semiregional and site-scale features to produce a single, mesh with triangular elements,
representing all connections among these features. An additional feature was added to
represent lateral conductivity in the uppermost 50 m of rock under Aspo. The upper
boundary was modelled by as a surficial feature at the top of the model, and with elevations
equal to the topography for points on land, and equal to mean sea level for points under the
Baltic and straits around Aspo. 127 packed-off borehole sections within the modelling
domain were modelled explicitly as internal, specified net-flux boundaries.
For the base-case variant, the conditions at the upper boundary were specified as uniform
infiltration (flux of infiltrating meteoric water per unit area) on land, and fixed heads equal
to the water surface elevation were specified at points undersea and under the freshwater
lake, Frisksjon. For several boundary-condition variants, as discussed below, the on-land
portion of the upper boundary was assigned fixed heads equal to the topographic elevation.
The value of infiltration to the bedrock was estimated, by calibration of the base-case model
as described below, as 2.8 mm/year, which comprises less than 2% of the potential recharge
(annual precipitation minus evapotranspiration), or about 8% of the estimated actual
infiltration of 35 mm/year at the ground surface (potential recharge minus runoff, based on
figures from Rhen, 1991). This could be interpreted as an indication that over 90% of the
surficial infiltration is drained to the sea via the regolith, without entering the groundwater
system in the bedrock. However, these estimates should be viewed with caution, as the
calibrated infiltration rate is strongly correlated with the transmissivity of the surficial
feature (here set to 10'8 m2/s). When the surficial transmissivity is increased, the surficial
infiltration that can be accommodated by the model also increases due to an increased
capacity for draining water directly to the sea, but the net influx to the groundwater system
in the bedrock is not significantly affected.
For the base case, the boundary condition at the base of the model is no-flow, while fixedhead and no-flow conditions are assigned, respectively, on the landward and seaward
vertical boundaries of the semiregional domain. The no-flow boundaries represent an
extreme case of the confinement that might conceivably result from to saltwater intrusion
seaward of and beneath Aspo, and which could be expected to produce relatively steep, and
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hence conservative discharge paths for radionuclides. Based upon the results of the
variable-density regional modelling, as described in Section 7.3.3, such conditions may not
be regarded as most probable. Several variants of the discrete-feature were developed to
analyse the effects of other configurations of boundary effects, including a case with
linearly varying, fixed heads on all external boundaries.
The initial estimates of hydraulic properties for the site-scale and semi-regional structures
are refined by calibration in the Discrete Feature model. First, the infiltration rate and the
surface-layer transmissivity are calibrated with respect to the steady-state head distribution
on Aspo. Next, the initial estimates are calibrated with respect to the observed, long-term
drawdowns in cross-hole hydraulic tests. Short-term cross-hole tests are simulated in the
model, the simulated drawdowns are compared with observations and hydraulic properties
of the discrete features are adjusted to improve the fit. The calibrations of infiltration and
discrete-feature properties are accomplished by an algorithm for automated optimisation
with respect to the total absolute discrepancy in simulated vs. observed heads or
drawdowns.
The calibration is successful in producing a model that reproduces the undisturbed head
distribution within a few decimetres at most points on Aspo. The final drawdowns
predicted by the model for long-term pumping tests in boreholes KAS06 and KAS07 tend
to be much too high, particularly in the northwestern part of Aspo. However, predicted and
observed final drawdowns in the vicinity of the SITE-94 repository generally agree within
a factor of 2 or 3.
Several variations are analysed to assess the effects of uncertainties in the deterministic
portion of the model with respect to the predicted hydrogeological parameters for
Performance Assessment. A structural variation is performed by assigning an alternative
estimate of dip to structures in the Avro fracture zone. Hydrogeological variations include
a change in the relative transmissivities of steeply-dipping and gently-dipping fracture
zones and introduction of stochastic variability of transmissivity within individual
structures. Hydrogeological variations are also performed with respect to the effective
boundary conditions on the seaward boundary, upper surface and base of the model.
Besides these variations, discrete feature implementations of two independently developed
geological/hydrogeological site models are evaluated. The variational cases are discussed
in Section 10.3.4.2.

7.3.7.3

Discrete-Fracture Network Model for the Repository Rock Block

Stochastic models for the rock within the repository are developed based on a statistical
analysis of fracture data from core drilling and outcrop fracture mapping (Geier and
Thomas, 1996). A separate geometrical DFN model is derived for each of the four main
rock types found at Aspo. Alternative statistical forms (types of models) are considered for
each of the following fracture population properties: location (clustering), orientation, size
and fracture transmissivity. Data utilised in the analysis include fracture frequency in cores,
fracture orientations from core and outcrop mapping, fracture trace lengths on outcrops and
3 m packer test transmissivities as evaluated by GRF analysis.
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Figure 7.3.12 Domain of the SITE-94 Base Case Discrete Feature model. The island of
Aspo is visible in the centre. The block shown is 5 * 5 km in plan view and extends I km
downward from sea level. Red lines indicate semiregional structures; the dips of these
structures shown in the figure are schematic. Blue arrows indicate the hydraulic heads
applied along the lateral boundaries.

The main conceptual assumptions of the DFN model development are that groundwater
flow takes place through networks of fractures within the rock mass and that the
hydrogeological behaviour of those networks can be described in terms of statistical models
for the fracture population, defined in terms of the fracture properties listed above.
Two alternative models representing the dominant rock types at repository depth (Aspo
diorite and Smaland granite) are selected for analysis in the integrated Discrete Feature
model. The hydraulic properties of these DFN models are evaluated against data by
simulating transient simulations of 3 m packer tests within realisations of the DFN model
and performing a statistical comparison between the distributions of transmissivity and flow
dimension obtained by GRF analysis of the simulated tests and the distributions that are
obtained by GRF analysis of the actual tests from Aspo (Figure 7.3.13). The estimated
model for the primary rock type, Aspo granodiorite, is found to be acceptable without the
need for calibration. The model for the second rock type, Smaland granite, requires
calibration of the fracture transmissivity distribution to produce agreement with observations.
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Figure 7.3.13 Statistical comparison between the distributions of flow dimensions and
transmissivity obtained by GRF analysis of simulated and actual packer tests, for the rock
types a) Aspo granodiorite (left) and b) Smdland granite (right).

1.3.7.4

Integrated Discrete Feature Model of the Aspo Site

The integrated Discrete Feature model for SITE-94 is formed by combining the
deterministic portion of the model with the stochastic, DFN model for the repository block.
Independent realisations of the DFN model are generated by Monte Carlo simulation of the
fracture population within a 450 x 320 x 80 m block around the SITE-94 repository. These
are combined with the deterministic Discrete Feature model to give multiple realisations
of the combined model. In order to keep the model practicable, while providing detailed
resolution of fractures adjacent to each of 40 modelled canister sites (chosen at random
from the 160 available canister locations, but kept constant for all realizations of the
model), low-transmissivity and small-scale fractures are discarded from each realisation,
depending on the distance from each fracture to the nearest canister site.
Apart from the uncertainty associated with each portion of the Discrete Feature model,
uncertainty in the combined model may result from the fact that the deterministic and
stochastic portions were calibrated separately. The combined model is partially validated
by predicting the transient drawdowns and tracer arrivals during a long-term pumping and
tracer test, LPT2, for a single realisation of the model. For monitoring intervals in the
vicinity of the SITE-94 repository, the simulated transient drawdowns generally agree well
with observations in terms of the absolute and relative magnitudes and sequence of
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response for multiple sections in any given borehole. For monitoring intervals in the
northwestern part of Aspo, however, the predicted drawdowns tend to be excessive,
suggesting that additional, high-transmissivity structures may be present in this area which
are not represented in the model.
The tracer-test simulations yield approximately the same proportion of intervals with tracer
recovery as the actual tests, depending upon the model used for fracture-zone porosity and
on the interpretation of ambiguous recovery data from the actual tests. The model predicts
multi-peak arrivals in a few cases, which may also be seen in the actual tests (the latearriving peaks in the actual tests were attributed to second sources in which the same tracers
were used). Median residence times for recovered tracer cover approximately the same
range for simulations as in the actual tests, although for particular intervals the predicted
times are in error by factors ranging from 0.05 to 10.
The main uncertainties in the model, after calibration, probably relate to the connectivity
and flow on a semi-regional scale. The model appears to be fairly well-determined in the
immediate vicinity of the repository, where the greatest density of cross-hole
hydrogeological data are available from the site investigations. The uncertainty regarding
the semi-regional scale could best be reduced by additional, large-scale interference tests
with sources located in northwestern Aspo and on neighbouring landmasses such as
Laxemar and Avro. The results of tracer tests in LPT2 are somewhat too ambiguous and
too few in number to serve as a proper validation data set for the transport aspects of the
Discrete Feature model. Additional tracer tests, with more distinctive tracers to prevent
interpretation ambiguities, would be helpful for constraining the transport properties of the
model.
One aspect of the uncertainty regarding semi-regional structures is that the connectivity of
the site-scale portion of the model is considerably higher. This is a result of the more
intensive characterisation of the structures on Aspo, relative to neighbouring land masses.
The relatively high connectivity and conductivity of the model around Aspo, along with the
presence of topographically higher areas on three sides of the model, leads to head values
that generally decrease from the boundaries toward Aspo (Figure 7.3.14). This implies a
generally converging pattern of flow toward Aspo. To the extent that this is caused by a
contrast in effective properties between the local and semi-regional scales, this convergence
may be an artifact of the contrast in intensity of characterisation and the manner in which
data from different scales have been utilised in the structural and hydrogeological
modelling.
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Figure 7.3.14 Cross sections showing the distributions of groundwater head and Darcy
velocity within the Discrete Feature model for the Reference Case (Base Case model
variant - see Section 10.3). Coloured line segments in plots (a) and (c) represent
intersections between the discrete features and the plane of each cross section; the line
colours indicate the magnitude of hydraulic head. Coloured arrows in plot (b) represent
the magnitude and direction of Darcy velocity through the plane of the repository; the
arrow colours indicate the magnitude of the vertical component of Darcy velocity.
Coordinates (X, Y,Z values) are in the OKG system for Aspo.
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7.3.8

Development of a Stochastic Continuum Hydrogeological
Site Model

7.3.8.1

Introduction

The second of the main hydrogeological site-scale models is based on the stochastic
continuum concept. In contrast to the Discrete Feature site-scale model, where water flows
only in permeable discrete fractures or fracture zones, the Stochastic Continuum site model
treats the rock as a random, equivalent porous continuum that is hydraulically connected
everywhere. The model generates conditioned stochastic realisations of the 3D hydraulic
conductivity field using a non-parametric technique. The input data consist exclusively of
the values and distribution of hydraulic conductivity interpreted from borehole packer tests.
Apart from that, no attempt was made to calibrate the model on the hydraulic interference
test data or any other site data, other than in a qualitative sense.
Uncertainties related to the hydraulic conductivity structure are explored by constructing
several alternative hydraulic conductivity fields with different correlation structures and
connectivity properties. For example, geological evidence on the existence of major fracture
zones is taken into account by constructing hydraulic conductivity fields with long range
correlation features in the major fracturing directions.
The Stochastic Continuum model is used to estimate effective hydrogeological parameters,
including near-field and far-field Darcy velocities and far-field dispersion, for the radionuclide release and transport calculations by means of steady-state flow and particle
tracking calculations in a similar way as for the Discrete Feature site model (Section 10.3).
The development of the Stochastic Continuum site model is described in detail by Tsang
(1996).

7.3.8.2

Data Used

The Stochastic Continuum model uses 844 hydraulic conductivity (K) values interpreted
from injection tests performed in 3 m packed-off sections along 7 cored boreholes (KAS02
through KAS08) at Aspo. The data used are the K estimates interpreted by classical
methods based on 2D flow geometry, as obtained from the SKB database (Section 6.4). The
hydraulic conductivities were divided into six classes, separated by indicators, each
spanning about one order of magnitude. Figure 7.3.15 shows the frequency histogram of
these hydraulic conductivity classes (log10 scale). These data are used for generating threedimensional conditioned stochastic hydraulic conductivity fields.
A geostatistical analysis shows that the hydraulic conductivity data are very poorly spatially
correlated and appear mostly as randomly distributed. However, this finding is based on
data along boreholes that are predominantly in the vertical direction. The large spacing
between the boreholes (on the order of 100 m) does not allow for a meaningful search for
a 3D correlation structure. Furthermore, as no boreholes were drilled along a major fracture
zone, this analysis is also unable to determine whether strong connectivity and correlation
exist along the planes of major fracture zones. That is, even if long-range correlations were
present in the data, they would be difficult to detect. This was verified by estimating
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variograms from a synthetic hydraulic conductivity field possessing long range correlation
features (cf. Section 7.3.4.2).
Given that geological evidence, as well as the hydraulic interference tests, have shown that
such correlation is likely to exist, the model is constructed so as to generate arbitrary longrange correlation for the highest hydraulic conductivities parallel to two of the major sets
of fracture zones in the S1TE-94 structural model (see below for details).
Transient interference test data, including short-term and long-term between-borehole
pumping tests, are used in a qualitative sense to assess the validity of the Stochastic
Continuum model (Section 7.3.8.4). The interference tests were carried out by pumping in
entire boreholes or in small transmissive sections isolated by packers. Drawdown was
registered in packed-off sections in observation boreholes. In the Stochastic Continuum
model, hydraulic connectivity is global and the locations of large hydraulic conductivity
regions differ from realisation to realisation. It is, therefore, not appropriate to use the
interference data in the sense of specific section-to-section response, as in the Discrete
Feature approach. Instead, the data are utilised in terms of histograms: a histogram of the
total number of observation sections arranged by spherical distance from pumped section
to observed section, coupled with a histogram of sections with any (good, intermediate or
poor) hydraulic response. For the short term pumping tests (3 days pumping period), 34%
of the observed sections showed some response to the pumping. For the long-term pumping
test (LPT2), the fraction of observed sections that displayed some hydraulic response
increases to 77%. More significantly, for distances less than 450 m, almost 100% of the
observed sections demonstrate strong hydraulic communication with the pumped hole,
KAS06.

7.3.8.3

Stochastic Generation of Conditioned 3D Hydraulic Conductivity Fields

The model represents a block of rock of 500 x 700 x 600 m3, divided into 10 x 10 xlO m3
smaller blocks. A non-parametric, conditioned, multiple-indicator simulator, ISIM3D
(Gomez-Hernandez and Srivastava, 1990) was used for the generation of conditioned, 3D
hydraulic conductivity fields. The non-parametric technique allows the distribution to be
input directly, as is given by the data shown in Figure 7.3.15. An isotropic, spherical
covariance model is assumed for each of the indicators of the six hydraulic conductivity
classes, with an arbitrary correlation range of 20 m, except for the two highest hydraulic
conductivity classes where the covariance model is assumed to be anisotropic with a 20 m
range in one direction and a 200 m range in the other two directions.
The long-range correlation for the highest hydraulic conductivities is oriented in the two
main fracturing directions in the SITE-94 structural model, namely NNE (dip 80° to the
NW) and NNW (dip 80° to the NE). These assumptions lead to a more or less random
hydraulic conductivity field with a series of high permeability features extending out from
the sections along the boreholes where the highest hydraulic conductivities were measured.
This produces a 3D heterogeneous continuum with planes of correlated high conductivity
embedded in a more uniform 'matrix' of lower conductivities. By this approach the
generated fields will, in principle, mimic some of the features of a discretely fractured
medium.
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Figure 7.3.15 Frequency distribution and cumulative distributions of the 'point'
measurements of hydraulic conductivities as derived from injection tests in 3 m packed off
borehole sections. Indicators are shown by vertical lines.

The conductivity fields generated by the Stochastic Continuum model are illustrated in
Figure 7.3.16. Conductivities are rainbow colour-coded according to the six classes in the
distribution of Figure 7.3.15, starting with the highest class in red and descending in the
colours orange, yellow, green, blue and purple. Figure 7.3.16a shows a 3D view of a single
realization of the stochastic field, highlighting one of the preferred planes within which the
highest conductivity classes are correlated with a 200 m range, as described above. A long
correlation length is apparent for the high-conductivity classes (represented by red grid
blocks), relative to the shorter correlation lengths for the low-conductivity classes (green

Figure 7.3.16 Examples of 3D stochastic, conditioned hydraulic conductivity fields generated with the indicator simulation technique,
showing (a) a 3D view of a single realisation, in which a plane of preferred correlation of high-conductivity classes (shown as red grid
blocks, versus green and blue blocks for low-conductivity classes) is highliglited, and (b) a 2D section showing the location of the highest
two classes of hydraulic conductivities (red patches),with long range correlation lengths in two major fracturing directions, and the
configuration of the boreholes used for conditioning. Colour coding along the boreholes represents the hydraulic conductivity values used
for conditioning.
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and blue blocks). Figure 7.3.16b shows a stochastic realization together with the
experimental configuration of the boreholes. Each block with a hydraulic conductivity value
that falls into the highest class is indicated by a red dot. The colour coding along the
boreholes represents the "measured" hydraulic conductivities used for conditioning. The
thin, orange lines bracketing the small sections of the boreholes represent locations of
water-bearing fractures, as indicated by spinner flow measurements (according to Stanfors
et al., 1991, Figures 3.7 - 3.8). As result of the long range correlation, the highest
conductivities congregate in NNE and NNW orientated planes. It should be noted that the
preferred orientations indicated in Figure 7.3.16a are not represented by a constant, high
hydraulic conductivity. Instead they contain a wide range of conductivity values, although
favouring the high conductivities (red grid blocks) and longer correlation length.

7.3.8.4

Discussion of Model Validity

An important strength of the Stochastic Continuum model is that it honours the location and
values of the interpreted hydraulic conductivities by means of conditioning. This is in
contrast to the Discrete Feature model where such conditioning is difficult. However, it is
important to remember that the block conductivities in the Stochastic Continuum model are
an idealised representation of the packer test measurements. Thus, if transient simulations
of packer tests were run in this model, quite disparate results may be obtained. Because the
Stochastic Continuum model is constrained only by the values and correlation structure of
hydraulic conductivities, it is possible to construct a variety of alternative stochastic fields,
with different flow and transport properties, that do not contradict the data. The
incorporation of long-range correlation structures, guided by 'soft' geological information,
is one such example. These structural features are not supported by the hydraulic test data
but do not contradict the data. In order to address how such and other conceptual
uncertainties affect the predicted flow and transport properties, a number of variants
reflecting different assumptions on hydraulic conductivity structure are evaluated in
Section 10.3.5.
The validity of the Stochastic Continuum model is assessed in a qualitative sense by
performing transient simulations of the short-term interference tests in hydraulic
conductivity fields generated by the model and comparing the results with the actual tests
performed at Aspo. The model calculates response (pressure drawdown) as a function of
distance from the pumping well at the end of the (3 days) pumping period for 20 arbitrarily
selected pumping well sites. The simulations are performed for two alternative stochastic
hydraulic conductivity fields, one with the long range correlation features and one isotropic
with the short correlation length (20 m) for all hydraulic conductivity classes. For
comparison, each simulation is also performed for a homogeneous field of hydraulic
conductivity where the constant hydraulic conductivity is taken as the geometric mean of
the values in the stochastic field.
The results of these simulations indicate that the Stochastic Continuum model captures
important characteristics of the field tests. Figure 7.3.17 shows the simulated pressure
response to pumping in an arbitrarily selected highly conductive well site. The dots
represent the response at different grid blocks for the stochastic field with long range
correlation structures and the solid curve shows the result for a homogeneous conductivity
field. At this short duration of pumping, as a result of flow channelling, the pressure
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Figure 7.3.17 Simulated pressure response at different observation grid blocks after
3 days of pumping in an arbitrarily selected high-conductive well site, for a stochastic
hydraulic conductivity field with long-range correlation structure (dots) and a
homogeneous field (solid curve).

response varies significantly depending on location of the observation well in the stochastic
field. Even at small distances from the pumping well, the stochastic field gives rise to little
or no pressure response in a fraction of the observation points. These results could not be
obtained with a homogeneous model. The Stochastic Continuum model also gave pressure
response for distances far beyond that predicted with the homogeneous field. For longer
pumping periods, the pressure response becomes universal in a continuum model as a result
of the global connectivity properties.
The stochastic field with long-range directional correlation tends to give pressure response
at somewhat larger distances than with isotropic correlation structure, but the difference in
the results is not quantitatively significant. Hence the interference tests cannot be used to
discriminate between these two alternative hydraulic conductivity fields.

7.3.9

Variable Aperture Discrete-Fracture Network Modelling

A special variable aperture DFN model, introduced in this section, is used as one means of
estimating the flow wetted surface area, i.e. the contact area between flowing water and the
fracture walls, for the near-field rock. Section 10.3.6 summarises the different attempts at
estimating this important parameter in SITE-94.
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The flow wetted surface area is an important parameter for radionuclide transport in that
it controls the capacity for sorption and diffusion into the microfissures of the rock (matrix
diffusion). It is often expressed as fracture area contacted by flowing water per unit volume
of rock, specific flow-wetted area, a, (m2/m3). A high value of a,, (i.e., large contact area per
unit rock volume) implies a high capacity for retardation of radionuclide transport in the
geosphere and, hence, smaller release of radioactivity to the biosphere.
The flow wetted surface area may possibly be viewed as an intrinsic geometric property of
the rock. However, when estimating an effective surface area to be used as input to
radionuclide transport calculations it is necessary to take into account flow field effects. In
heterogeneous fractured rock flow and, hence, transport may be unevenly distributed over
the available fracture surfaces. Therefore, in SITE-94, the parameter a,, is primarily
estimated as an effective parameter for a given flow field.
The parameter a,, is difficult to assess from the type of site characterisation data that is
available for SITE-94. Relevant data include multiple-scale tracer tests with non-sorbing
and sorbing tracers and detailed information on the small-scale fracture properties. In place
of such field data, simple scoping calculations are conducted with a variable-aperture, DFN
model, VAPFRAC (Nordqvist et al., 1992), to get rough estimates of a, for the repository
rock block. The analysis is described in detail by Nordqvist et al. (1995).
The VAPFRAC model generates stochastic three-dimensional networks of interconnected
circular disc fractures based on statistical distributions for the fracture centre location,
fracture radius and fracture orientation. Each fracture is represented by a varying aperture
field with specified aperture distribution and correlation structure. Figure 7.3.18 shows an
example of the stochastic aperture field in the plane of a single fracture (spatial correlation
length of 0.4 of the fracture side length). This detailed resolution of the rock heterogeneity
naturally gives rise to multiple-scale dispersion and flow channelling effects that
characterise tracer transport in fractured rock.
The fracture network model parameters are the same as those derived for the detailed
fracture network of the Discrete Feature site model (Section 7.3.7.3). The aperture
distribution within the fracture planes is assumed to follow a lognormal distribution (with
a multi-Gaussian correlation structure), guided by the few data published in the open
literature that are available for rock fractures. The parameters of the aperture distribution
are calibrated to give the same effective hydraulic properties as the single aperture fractures
in the Discrete Feature site model. No additional calibration or attempt at validation is
performed for the VAPFRAC model.
The parameter a,, is evaluated separately by means of synthetic tracer experiments for both
non-sorbing and sorbing tracers in the variable-aperture DFN model using the technique
described by Dverstorp et al. (1992).
Because the basic assumptions on fracture network geometry and aperture distribution in
the fracture planes are not uniquely supported by site-specific data, the analysis comprises
a set of variational cases to explore the sensitivity of the a,, parameter. Of the model input
parameters, the location process for the fractures, the fracture aperture variance, the
aperture correlation length, the fracture discretisation and the flow domain volume are
varied.
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Figure 7.3.18 Illustration of a variable aperture field used to represent individual fracture
planes in the VAPFRAC 3D Discrete-Fracture Network model (from Moreno et ai, 1988).

The results of the VAPFRAC simulations and the use of the results in the radionuclide
transport calculations are presented in Section 10.3.6.

7.3.10 Summary and Implications for Other Parts of the Assessment
The hydrogeological analyses for SITE-94, as described above, have considered processes
on scales ranging from continental-scale groundwater flow to heterogeneity within
individual fractures. The main steps in the analysis included:
1.

assessment of the regional hydrogeological setting and regional hydrogeological
modelling,

2.

assessment of uncertainties in the site characterisation data,

3.

simple scoping calculations of flow,

4.

a qualitative, integrated hydrogeological interpretation of diverse, interdisciplinary
data from Aspo,
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5.

development of quantitative hydrogeological models, based upon multiple
conceptual models, for scales ranging from the repository block scale (<50 m) to
several kilometres.

Each of these steps typically involve multiple variants of two or more distinct types of
models.
Taken as a whole, the hydrogeological analyses for SITE-94 incorporate a very large
portion of the available site data. The models are partly calibrated and tested to ensure
consistency with the hydrogeological field tests that were performed at the Aspo site.
However, each particular model or analysis emphasises a different subset of the site data
and not all aspects of the database are treated with an equal degree of quantitative rigour.
Furthermore, in no particular model are all of the site data fully integrated, nor is it possible
to validate fully any particular conceptual model. Therefore substantial conceptual
uncertainty can be said to persist. On the other hand, large efforts are made to evaluate
systematically various sources of uncertainty by formulating alternative conceptual models
and conceptual variants. A discussion of the importance of these model uncertainties
requires an understanding of how these affect effective transport parameters and the
consequence analysis calculations and, therefore, appears in Chapters 10 and 17.
Regional hydrogeological modelling
The regional hydrogeological modelling include three separate, 2D continuum models.
A 1200 x 1200 km areal model of steady-state, topographically-driven groundwater flow
in the uppermost 10 km of crust is used to gain a general understanding of regional flow
patterns. The results indicate that Aspo lies within an eastward-flowing, regional system
that extends from the southern Swedish highlands toward the Baltic coast.
A 1500 km long by 10 km deep, vertical cross-section model is used to evaluate the
combined effects of topographic gradients and fluid density imbalances on regional flow,
taking into account variations in density and viscosity due to temperature, pressure and
dissolved-solids concentration gradients. The model includes a simplified, kinematic
submodel for generation of deep shield brines by rock-water interaction. Besides
topographic and bathymetric data, this model makes use of regional geological
interpretations and information on the present-day distribution of groundwater salinity.
The results indicate that Aspo lies within the primary discharge zone for the regional flow
system of the southern Swedish highlands. This discharge is a major control on
groundwater flow at repository depths below Aspo and is responsible for the shallow
occurrence of shield brines in the area. The results of the large-scale cross-section model
are used to assess the appropriateness of different sets of boundary conditions that are
applied to the site-scale models for present-day conditions (the same basic model is also
applied to assess the impact of long-term climate changes on effective, large-scale boundary
conditions, as described in Section 10.3.7.1).
A smaller-scale, 7 km long by 1.6 km deep, vertical cross-section model is applied to
investigate the impact of large-scale fracture zones on site-scale hydrogeology. Density
effects are not taken into account in this model and both the regional hydraulic conductivity
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structure and effective boundary conditions in this model are simplified. However, the
model predicts a pattern of discharge to the strait SE of Aspo and effective hydraulic
gradients of 0.002 to 0.01 m/m, which are comparable with the results from the more
detailed site models.
Assessment of uncertainties and correlations in the site characterisation data
Uncertainty in the hydraulic conductivity data from Aspo, which provide the main basis for
assigning hydrogeological properties in the site-scale models, is appraised by a complete
re-evaluation of the transient, hydraulic packer test data from boreholes on Aspo, using the
Generalised Radial Flow (GRF) methodology. This yields both new estimates of hydraulic
conductivity and estimates of the effective dimensionality of flow in each packer test. Both
conductivity and flow dimension estimates are used directly in the multivariate analysis of
borehole data and in the construction and validation of DFN models for the detailed
(<50 m) scale. The most significant differences with the prior estimates of hydraulic
conductivity are for tests exhibiting low flow dimension, where the GRF analysis gives
higher estimates than the prior conductivity database.
The sensitivity of the site-scale Stochastic Continuum (SC) model to the evaluated
uncertainty in hydraulic conductivity is not evaluated directly, but is argued to be minor as
the low-dimension tests account for a minority of the database. The flow dimension
estimates also provide indications regarding the appropriateness of conceptual models for
particular rock type. However, these indications are not conclusive, due to the fact that
many different physical systems can give rise to a given, effective flow dimension, in a
single-hole packer test. Resolution of this non-uniqueness would require additional types
of hydraulic test data, which were not available from Aspo.
Interrelationships among the various hydraulic, geological and geophysical measurement
data from boreholes are investigated systematically, by a series of univariate and
multivariate geostatistical analyses. These analyses examine the spatial variability of each
type of observation, taken separately, correlations between different types of observations
at any given point in space, and combined spatial variability and correlation between
different types of observations. Most correlations are found to be weak and thus do not
motivate the development of additional types of hydrogeological conceptual models within
S1TE-94. A notable exception is a correlation between hydraulic conductivity and fracture
intensity, which is in agreement with the conceptual assumptions of the DFN model.
The geostatistical analyses indicate that there are also correlations between hydraulic
conductivity and other variables such as rock type and the GRF flow dimension. In
particular, transitions between aplite and granite or granodiorite are indicated to be
hydrogeologically significant at this site, which agrees with qualitative findings of the GRF
analysis. Such findings suggest a potential for more comprehensive use of these data in the
construction of hydrogeological site models (e.g. using the lithofacies approach). However,
such possibilities are not developed within SITE-94. The resolution of the geostatistical
analysis is limited by several aspects of the site database, including positional inaccuracy
for measurements in boreholes, clustering of measurements along mainly near-vertical
boreholes and clustering of boreholes at the site.

198
Simple scoping calculations
A simple model for scoping calculations, consisting of a one-dimensional application of
Darcy's law, simple assumptions regarding flow field structure and bounding values of
hydraulic driving forces, is applied early in SITE-94 to develop widely bounding estimates
of possible system behaviour and to identify critical uncertainties to be addressed with the
more detailed, 3D site models. One important inference, which is obtained directly from
the process of formulating this model, is that a key uncertainty concerns the connectivity
and spatial structure of hydraulic conductivity. Since, in general, particular conceptual
assumptions regarding these factors cannot be verified directly from the available site data,
this is treated in SITE-94 as a key conceptual uncertainty and addressed by the parallel
development of multiple conceptual models. The simple model is also used directly, as
presented in Section 10.3.3, to predict Darcy velocity and effective transport parameters for
the consequence calculations.
Integrated hydrogeological/structural model
A qualitative, integrated hydrogeological interpretation of the various hydrogeological,
geochemical and geophysical data from site characterisation is produced based on the
geometrical framework provided by the geological structural model. All available data from
boreholes on Aspo are considered in this analysis. The integrated interpretation can be
viewed as a possible basis for defining the hydrogeological character of the site and, in
particular, the sufficiency of the structural geological model for explaining the
hydrogeology. However, due to the fact that this interpretation was carried out in parallel
with the development of other site models, the results are used only to appraise the
applicability of the other models to the site, rather than as a basis for deciding how those
models should be developed.
A comparison of borehole flow indications (flowmeter anomalies and/or geophysical
indicators of flow) with geological factors indicate that:
1.

the volumetric frequency of flow indications is independent of rock type,

2.

about two-thirds of all flowing indications occur in crushed rock, with the remainder
occurring in discrete fractures or clusters of fractures,

3.

flow indications in aplite are predominantly associated with crushed rock and, of
these, a majority occurs near the contact with the host rock.

A comparison between flow indications and points where structures in the geological model
intersect boreholes shows that a slight majority of the flow indications are not explained by
structures in the model. This implies that a substantial number of connected, transmissive
features at the site have not been included in the geological structural model. The nature of
these 'missing' features can only be speculated upon but, possibly, they include some
fracture zones that could not be correlated among boreholes (due to limitations of the site
characterisation programme) as well as transmissive, discrete fractures. This result confirms
the necessity of including a stochastic aspect in the detailed site models.
Furthermore, it is found that the geological structure model does not explain a greater
proportion of the flow indications than does a random set of structures with the same
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volumetric density. However, structures in the model are more frequently associated with
flow indications than are a random set of structures, due to a tendency for a larger number
of structures to share a given flow point, in the case of the geological structure model.
While these results do not necessarily imply that the geological structural model
corresponds poorly to the actual set of hydrogeologically active structures, on the other
hand they do not give any clear confirmation of the hydrogeological value of this model.
Observed pressure drawdowns during 19 pumping tests are compared with the geological
structures, using 3D visualisation software, to visually identify which structures participate
in the transmission of pressure between boreholes. Of the 52 structures, 18 are interpreted
as uncharacterised, with respect to the drawdown data. Of the remaining 34, four clearly
do not transmit pressure changes. The other 30 coincide with pressure propagation
pathways and are considered in the integrated interpretation to be 'definite' pressure
conductors. When the indications of cross-hole pressure transmission are considered
alongside the indications of flow in boreholes, just 11 of the 52 structures are still
uncharacterised. Of the remaining 41 structures, 34 are found to conduct ground water over
some portion of their area, including 29 of the 30 'definite' pressure conductors. The
combined flow and pressure-transmission indications give strong evidence that these 29
structures act as distinct, subsurface conduits, at least within the area sampled by the site
characterisation programme.
A comparison between hydrogeochemical groundwater types and the structural model, also
using 3D visualisation, shows that variation of groundwater type is present in all structures
for which more than one sample is available. Salinity stratification with depth occurs even
within individual structures. Groundwater with a glacial meltwater imprint is found in a few
locations at shallow depths, within structures that have been interpreted either as flowing
or non-flowing. A complex flow field with no particular, dominant structure and with
mixing at intersections within the network of structures and/or heterogeneous flow within
individual structures, is suggested by the available data. The sparsity of sampling locations
and questions as to what degree the groundwater samples represent undisturbed conditions,
make any detailed interpretation of this flow field highly speculative.
Development of quantitative hydrogeology models and multiple interpretations
Due to the apparent complexity of the site-scale flow system and the conceptual uncertainty
regarding the connectivity and spatial structure of hydraulic conductivity, multiple models
for the site-scale and detailed-scale hydrogeology are developed in parallel. The site-scale
models include 3D models based on two different concepts, namely the Discrete Feature
(DF) and Stochastic Continuum (SC) concepts. The detailed-scale models include both an
ordinary, discrete fracture network (DFN) model that is embedded in the site-scale DF
model, and a variable-aperture version of the DFN model that is used for separate, blockscale modelling. A limitation shared by all of these models is that hydrogeochemical
information is not utilised directly.
The DF site model for SITE-94 consists of a site-scale, 3D network of deterministic,
discrete, transmissive features, representing semi-regional and local-scale structures within
a 5 x 5 x 1 km deep block around Aspo, combined with a stochastic DFN model for the
rock mass within and around the SITE-94 repository. The site-scale portion of the model
represents a quantitative synthesis of geometrical information from the SITE-94 geological
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structural model and hydrogeological data, including single-hole transmissivity profiles,
hydraulic head measurements, pressure transmission data from pumping tests and tracer test
results. The base case DF model and numerous conceptual and parametric variants, are
applied directly in SITE-94 to predict hydrogeological parameters for the near-field and farfield Performance Assessment. Limitations of the DF modelling include the facts that
variants other than the base case were not calibrated separately (which limits the accuracy
with which these variants address the true uncertainty) and that the stochastic portion of the
model is not conditioned on observations in boreholes. Some elements of the model are not
well constrained by the available site data, most importantly the effective transport
parameters for the site-scale structures, the connectivity of the semi-regional-scale portion
of the model and the effective boundary conditions on the exterior of this domain.
The DFN models for the repository scale and more detailed scales consist of statistical
descriptions of the 3D populations of discrete fractures, for each of the major lithological
categories in the rock mass. These models represent a synthesis of geological data from
surface mapping and core logging, plus hydrogeological data interpreted from packer tests
in boreholes. The models for the two main rock types, Aspo granodiorite and Smaland
granite, are partly validated by a statistical comparison between GRF interpretations, for
the actual packer tests and for tests simulated in stochastic realisations of the DFN models.
The DFN models are applied in several ways within SITE-94, including:
1.

for prediction of far-field and near-field parameters in the integrated DF model,

2.

as a stochastic, geometrical framework for the variable-aperture DFN modelling,

3.

in the form of 2D cross-sections, for detailed-scale geomechanical modelling.

A key aspect of the DFN models, which is poorly constrained by the data available from
Aspo, concerns the large-scale connectivity of the fracture networks. Furthermore, it should
be noted that the DFN models do not take mechanical effects (e.g. depth-dependent stress
distribution and stress concentrations near the repository tunnels) into account, but this
deficiency is probably rather insignificant compared to other uncertainties.
The variable-aperture DFN (VAPFRAC) model for detailed-scale flow and transport
consists of stochastic realisations of the DFN model, within a 30 m cube, for the
predominant rock type, granodiorite. Within each fracture, aperture varies according to a
geostatistical model based on generic single-fracture data. The effective flow-wetted
surface for transport, ar, is estimated from synthetic, block-scale tracer experiments for
both sorbing and non-sorbing tracers. The key uncertainties, which arise from the fact that
fracture network geometry and aperture variation are not fully constrained by site-specific
data, are addressed through sensitivity studies.
The SC site model for SITE-94 consists of a 500 x 700 x 600 m block, with a stochastic
hydraulic conductivity field defined in terms of a geostatistical model for six classes of
hydraulic conductivity. For the two highest-conductivity classes, an anisotropic covariance
is assumed to be aligned with two of the most prominent sets of structures in the geological
structural model, which results in a tendency for tabular, relatively high-conductivity
structures to occur in realisations of the model, parallel to these two sets of geological
structures.
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Each realisation of the SC model is conditioned upon the hydrogeological packer test data,
which means that the hydraulic conductivity value assigned to each 10 m cube in the model
is equal to the conductivity interpreted from packer tests, if any, at the same location, while
preserving the estimated or assumed correlation structure among 10 m cubes. The largescale connectivity properties of the SC model are partly validated by a statistical
comparison of transient responses in simulated and observed pumping tests.
The base case SC model, and several variants, are applied directly in SITE-94 to predict a
partial set of the hydrogeological parameters for the near-field and far-field Performance
Assessment. Limitations of the SC modelling include the use of highly idealised boundary
conditions for the flow domain, the limited utilisation of geological information and the fact
that the model does not yield a full set of hydrogeological parameters for the Performance
Assessment (in particular, flow-wetted surface), which necessitates this model being
complemented by other types of models. A key conceptual uncertainty, which is addressed
by the use of model variants, is that the available site data do not support discrimination
with respect to the large-scale correlation structure.

7.4

GEOCHEMISTRY

This section describes the geochemistry of the Aspo site under the present, natural
conditions, undisturbed by the influences of a hypothetical repository. In relevant sections
in Chapters 10,11 and 12, this information is used to extract the parameter values and other
information which are required for the subsequent analysis of chemical features and
processes in the assessment.

7.4.1

Introduction

The focus of the geochemical evaluation presented here are on those characteristics that
may be of importance for barrier stability and performance and which may influence the
behaviour of radionuclides after canister failure. The rock and its mineralogy are described
in Section 7.4.2. The characteristics of groundwater are presented in Section 7.4.3 and those
processes that influence groundwater chemistry in Section 7.4.4.
Inspecting the PID in Figures 7.1.1 and 7.1.2 reveals that there are many FEPs that affect
the water chemistry and that many FEPs are affected by it. The water chemistry affects the
transport properties of the rock mass (mainly precipitation/dissolution and sorption) as well
as the water chemistry in the buffer. Primary influences affecting the chemistry include rock
mineralogy, weathering processes, temperature and the chemistry of surrounding
groundwaters, as well as different transport processes (making groundwater flow an indirect
influence).
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7.4.2

Rock Properties and Mineralogy

7.4.2.1

Rock Mineralogy

The bulk rock matrix (between fractures) takes part (along with fracture infill minerals) in
geochemical rock-water interaction processes which determine groundwater composition.
It is also the medium in which matrix diffusion and sorption of radionuclides occurs. The
mineral composition of the rock matrix must be known in order to allow an evaluation of
these processes in a Performance Assessment.
Section 7.2 discusses the lithology and structural relationships of Aspo and its
surroundings, while a full account of these matters and the mineralogy of rocks and fracture
infillings is given by Tiren et al. (1996).
The Aspo bedrock (Kornfalt and Wikman, 1988; Wikman et al., 1988) is mainly composed
of granitoids, which constitute about 76% of the bedrock. Aplites, about 15% of the
bedrock, form networks of dykes or elongate bodies. Greenstones, about 9% of the bedrock,
occur as single dykes or intercalated in laminated sequences together with aplite.
The granitoids (granodiorites dominate, but there is a range in composition from granite to
quartz monzodiorite) are mainly composed of plagioclase, quartz, K-feldspar and biotite
(42, 20, 17 and 12 volume %, respectively. Modal analyses of 29 samples show standard
deviations of 5-7 vol. %). Epidote is a minor mineral (4 vol. %), and minerals with an
occurrence of less than one volume percentage include chlorite (altered biotite), muscovite,
sphene, apatite and opaque minerals. Petrochemical analysis shows that the Aspo granitoids
consist of two groups of rocks. One group consists of intermediate rocks with a mean SiO2
content of ~ 61 wt % and the other group consists of acid rocks with a mean SiO2 content
of ~ 68 wt %. The intermediate group of Aspo granitoids is reddish grey, while rocks of the
acid group are greyish red in colour. The intermediate group of Aspo granitoids has a higher
content of total iron oxides (FeO+Fe2O3), MgO, CaO and TiO2 compared to the acid group,
while the acid group has an increased content of K2O and is also slightly more oxidised (a
higher Fe2O3/FeO ratio).
The aplites (true granitic composition) have a uniform mineralogical composition. The
main minerals are K-feldspar, quartz and plagioclase (38, 31 and 21 volume %,
respectively). Minor minerals are epidote (4 vol. %), muscovite (3 vol. %), biotite
(2 vol. %). Minerals with an occurrence of less than one volume percentage include
chlorite, opaque minerals, calcite and fluorite. The petrochemistry of aplites sampled from
outcrops and drillcores is relatively uniform. However, the distribution of less mobile
elements such as titanium and iron indicate that the aplites can be separated into two
groups. Aplites with a low TiO2-content (0.10-0.15 wt % TiO2) generally have a lower
content of total iron (0.83-1.60 wt % FeO+Fe2O3), while aplites with a higher TiO2-content
(0.33-0.37 wt % TiO2) also have an increased content of total iron oxides (2.0-2.8 wt %
FeO+Fe2O3). The content of total iron appears not to be related to the state of oxidation
(Fe2O3/FeO-ratio) in the rock. The higher Fe2O3/FeO ratio and CaO content in aplites
sampled at the surface indicate shallow alteration of the aplite.
In SITE-94, all compact dark-green rock types at Aspo are called greenstones. The
greenstones form a relatively inhomogeneous group of rocks (ranging in composition from
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dacite to basalt) and comprise intrusive rocks, different types of hybridic/mixed dark rocks
and altered basic rocks. The main minerals of the greenstones are plagioclase, biotite and
amphibole (37, 19 and 18 volume %, respectively). Minor minerals are pyroxene
(0-14 vol. %), epidote (11 vol. %), quartz (8 vol. %), K-feldspar (0-4 vol. %), chlorite
(2 vol. %). Minerals with an occurrence less than one volume percentage include opaque
minerals, apatite, sphene, and calcite. Surface samples appear to be slightly oxidised.

7.4.2.2

Physico-chemical Properties

SITE-94 takes account of radionuclide transport and retardation by matrix diffusion. To
evaluate this, the porosity and diffusivity of the rock matrix are clearly key factors.
However, transport properties of the rock matrix from the Aspo site were not investigated
in the original site characterisation programme. Nevertheless, some measurements of the
porosity (and the redox capacity) of Aspo samples have been performed in Finland. Based
on these and other data, values for these parameters and matrix diffusivity are discussed
below.
Other transport/retardation processes in the rock matrix which can be found on the PID are
not evaluated in SITE-94. For example, anion exclusion, a mechanism whereby the
electrostatic properties of structured water layers on the mineral surfaces comprising pore
walls repels anions, is not evaluated in the present study. Anion exclusion effectively
reduces the diffusivity and the available porosity into which anions can diffuse, thus
reducing the efficiency of matrix diffusion as a retardation mechanism for these species. Its
omission from SITE-94 is thus non-conservative and a complete safety assessment would
need to address this issue.
Conversely, the omission of surface diffusion, a mechanism whereby cations migrate within
the electric double layer adjacent to mineral surfaces and might thus diffuse deeper into the
matrix, thereby increasing the retarding effect of matrix diffusion, is regarded as
conservative.
The following information is a condensed form of a compilation of physico-chemical data
for the parameters discussed above, prepared for use in SITE-94 by Andersson (1996a).
Matrix porosity
The total porosity of a rock mass may be divided into several different porosities,such as
flow porosity and matrix porosity. The latter might be further divided into connecting
porosity, dead-end porosity and non-accessible porosity. In modelling of migration with
matrix diffusion, the porosity values should cover connecting and dead-end porosity. The
sum of such porosities has been determined to be 0.09 and 0.18% for two samples from
Aspo (Andersson, 1996a; Valkiainen, 1992).
Based on this information, a matrix porosity of 0.1% is suggested for SITE-94, a
representative value for this type of rock. Information on the correlation between porosity
and other transport/retardation parameters and of its spatial variability is still lacking,
however.
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Matrix diffusivity
Experimental evidence shows that crystalline rock has a more or less continuous pore
system in the rock matrix (SKI, 1991; Skagius and Neretnieks, 1985). Radionuclides
advecting in a fracture system may then diffuse into the matrix porosity and sorb on the
inner surfaces of the mineral grains. This mechanism has an enormous potential for
retardation of sorbing radionuclides and could be a decisive factor in the Performance
Assessment of a repository (Neretnieks, 1980; cf. also SKI, 1991). For a more detailed
discussion of this phenomenon, the reader is referred to the recent review by Neretnieks
(1996).
No determination of matrix diffusivities has been made on samples from Aspo. Based on
comparisons with other studies and estimation by an empirical relationship between
diffusivity and porosity, Andersson (1996a) has suggested a value of 3.10"14 m/s2 for the
effective diffusivity of the rock matrix. Generally, data for crystalline rock seem to fall in
the range 1014 to 1013 m/s2 (Neretnieks, 1996).
The question of the extent of a continuous pore system through the rock is not yet resolved.
A limitation in matrix penetration depth would have the greatest impact on the retardation
of elements with small to intermediate sorption coefficients. Based on recent studies of
natural analogues (Montoto et al., 1992; Neretnieks, 1996) the range of observed matrix
diffusion distance from fracture surfaces in granite is about 2-10 cm. Consequently, a
penetration depth of 5 cm is used for the calculations in SITE-94. However, it should be
noted that such relatively small penetration depths are observed mainly for species with
relatively high sorption coefficients, such as the natural decay series radionuclides. Thus,
as a variation, a value of 25 cm is used in SITE-94 as an upper limit variant. Whilst this
may be optimistic for strongly sorbing radionuclides, it may be unduly conservative for
weakly sorbing, anionic species. This issue requires more detailed consideration and
justification in an eventual safety case submission.
Redox capacity
The available reducing capacity of the rock is determined not only by the concentration of
Fe(II) in the rock matrix (and pyrite in fractures), but also by other factors, e.g.:
•

the chemical form of Fe(II), which determines its availability for both kinetic and
thermodynamic reasons,

•

the distribution of Fe(lT) in the matrix and the texture of corresponding minerals
which, for given contact times, will limit the available capacity.

Thus, effective reducing capacities are generally a small portion, down to a few percent, of
the total amount of Fe(II) in the rock. Measured capacities fall in the range about
0.03-1 keq/m3 (Andersson, 1996a). Two samples from Aspo provide values of 0.036 and
0.056 keq/m3 which, in fact, seem to be lower than normal. In this context, it may be of
interest to note the similarly abnormally low concentrations of Fe(II) in the groundwaters
at Aspo. Based on this evidence, Andersson (1996a) recommends a value of 0.04 keq/m3
for the SITE-94 calculations, although this value might well be on the low side in
comparison to most other sites.
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7.4.2.3

Fracture Infillings

Fracture infillings are defined as any solid material situated on and/or between the walls of
a fracture. Fracture infillings can be magmatic intrusions, minerals precipitated from
aqueous solutions, fragmented rock/cataclastic products, redistributed clastic/cataclastic
material and altered wallrock or infilling materials. The geological history determines the
character of fracture infillings.
Talbot and Munier (1989) present a succession of fracture infillings related to the
deformation history of Aspo. Early epidote-quartz veins were formed along mylonitic
shears trending N to NW. Epidote was also an index mineral in early faults trending NW
to NE and in NNW-trending thrusts. Epidote+chlorite formed later and occur preferentially
in structures trending c. E-W, comprising steep faults and northwards dipping thrusts.
Subsequently, the principle fracture infilling was chlorite, which is typical for NW trending
fractures. Post-chlorite distortion in the rock is accommodated by pre-existing structures.
However, the formation of fracture infillings does not necessarily take place as a single
event. Existing fractures, open/closed and/or connected/isolated, are all affected during
deformation of the bedrock. Fractures may be reactivated one or several times and the
character of the resultant fracture infilling will be more or less complex. However, the
SITE-94 study clearly indicates that old fractures may reactivate and that new fractures may
also be formed (Tiren et al., 1996). Fracture infillings within a given set of fractures may
differ, as some fractures may have been connected (formed flowpaths for groundwater),
while others have not. This implies that the character of the fracture infillings of every
structure included in a model may have to be considered separately.
Fracture minerals such as calcite, chlorite, ± epidote, ± hematite/Fe-oxyhydroxide are
typical for fractures forming the flowpaths of groundwater in the rock, while in sealed or
hydraulically unconnected fractures, minerals such as pyrite, laumontite and fluorite may
also occur (Tullborg, 1989).
The mineralogical characteristics of fracture zones identified in the 3D model of Aspo are
shown in Table 7.4.1. These and similar data will be important for an integrated description
of groundwater flowpaths and potential transport paths for radionuclides in a real site
characterisation exercise. In SITE-94, this information is not analysed further, owing to
time constraints.
A more detailed presentation of the above is found in Tiren et al. (1996).
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Table 7.4.1 Character of fracture zones included in the 3D model of Aspd. Relationship to
wallrock, structure, alteration and fracture minerals (based on SKB borehole logs, GEOTAB).
Group of
fracture zone
according to
trend (Number
of zones/number
of borehole
observations)

Types of
wallrock: Same or
Various (number
of transected
aplites, observed
at rock contacts)

Structure

Alteration

Fracture minerals

WNW
(8/44)

Various
(11 aplites,
10 at contacts).

Slick.,
Horn., Tect.,
(Myl., Bre., Fol.)

Oxi.
Tect.,
(Weath., Epi.)

Chi, Cal,
Epi.,
(Hem., Iro)

NNW
(9/33)

Various
(9 aplites,
14 at contacts).

Slick., Tect., Horn.,
(Fol.)

Tect., Oxi.,
(Weath., Epi.)

Cal, Chi,
Epi., Hem.
(Lau., Pyr.)

NS
(4/16)

Various
(7 aplites,
7 at contacts).

Horn.,

Oxlject.,
(Weath.)

Chi, Cal,
Epi., Hem.,
(Iro., Pre., Pyr.)

NNE
(6/30)

Various
(11 aplites,
12 at contacts).

Slick.,
Tect.,Hom.,
(Fol., Myl.)

Oxi., Tect.,
(Weath., Epi.)

Cal, Chi,
Epi., Hem.,
(Pyr., Iro., Flu.,
Lau.)

NE
(6/22)

Various
(7 aplites,
8 at contacts).

Slick.,
Horn., Tect.,
(Fol., Bre.)

Oxi., Tect.
(Weath., Epi)

Cal, Chi,
Epi., Hem., Pyr.,
(Iro.)

Horn., Tect., Slick.,
Bre., Myl., Fol.

Tect.,
Epi., Oxi.,
(Weath.)

Chi, Cal, Epi.,
Hem.
(Iro., Pyr., Cla)

Tect.,
Myl., Slick.,
(Horn., Fol., Bre.)

Tect.,
Oxi.,
(Epi., Weath)

Cal, Chi,
Hem., Epi.,
(Iro., Pyr., Lau.)

ENE
(10/38)

EW
(9/18)

Same (3 zones in
aplite).
Others Various
(12 aplites,
17 at contacts).
Same (1 zone in
aplite, 1 zone in
Aspo granitoids).
Others Various
(5 aplites,
7 at contacts).

Tect., Slick.
(Fol., Myl.)

Abbreviations
Structure (within the fracture zone): Brec.=breccia, Fol.=foliated, Hom.=homogeneous, Myl.=mylonitised,
Slick.=slickenside/tectonic striation, Tect.=tectonised
Alteration (wallrock): Epi.=epidotised, Oxi.=oxidised (red coloured), Tect.=tectonised, Weath.=weathered
Fracture minerals: Cal.=calcite, Chl.=chlorite, Cla.=clay, Epi.=epidote, Flu.=fluorite, Hem.=hematite, Iro.= ironoxyhydroxides, Lau.=laumontite, Pre.=prehnite, Pyr.=pyrite
The relative occurrence (dominating, common, (scarce)) of characteristics: e.g. Tect., Myl., Slick., (Horn., Fol., Bre.)
and Chi, Cal, Hem., (Iro.)
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Investigations of fracture minerals at Aspo, mainly performed by Tullborg et al. (1991) are
also discussed by Andersson (1996b) with the following conclusions:
•

Zones of hematite are observed in the granite. They were probably formed under
hydrothermal conditions over 100 Ma ago and not by more recent oxidation of
magnetite in contact with water.

•

Clay minerals, e.g. of the illite/smectite type, are found together with crushed rock
in zones of up to 1 m width. Kaolinite is not common. Ingrowth of pyrite in these
has probably occurred during the last 300 Ma and this age correlates with the latest
hydrothermal episode. An important question is whether these zones are highly
conductive, or whether the clays have sealed the fractures.

•

Goethite is probably better correlated to groundwater flow than hematite, while
siderite is not found.

•

Calcite, which is definitely correlated with flow, has a low content of iron.

•

Fluorite is common, explaining the presence of fluoride in the groundwater.

•

Epidote, quartz and chlorite (iron-rich) are most likely of hydrothermal origin and
of the same age as the Gotemar granite (1400 Ma). Epidote is present in large
amounts close to the fracture surfaces, which indicates that it has been formed very
early in the fracture history, and probably does not contribute to the water
composition.

•

Zeolites like laumontite and prehnite are of more recent hydrothermal origin.

•

Calcite, chlorite and epidote have been found to dominate the filling mineralogy of
conductive fractures (not zones) in 'fine-grained granite', Aspo diorite and Smaland
granite. There are very few observations of pure iron minerals (e.g. hematite,
hydroxides, etc.)

7.4.3

Groundwater Chemistry

The geochemical characterisation of groundwaters near the Aspo Hard Rock Laboratory
within the context of the SITE-94 project is described in detail by Glynn and Voss (1996).
The principal objectives of this study are to use the available geochemical and isotopic data
from Aspo boreholes, provided by SKB, to determine:
•
•
•
•
•

the origins of groundwaters in the vicinity of Aspo
the processes responsible for the hydrochemical evolution of these waters
residence times of different waters in the rock
the structural and hydrogeological implications of variations in groundwater
chemistry and isotopic compositions
the implications of mineralogical distributions for past groundwater environments.
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The approach used is to carry out a detailed hydrochemical and isotopic evaluation of 'first
strike' and well-characterized groundwaters, relating this to the location of groundwater
samples with respect to rock structure and mineralogy. An important aid to this evaluation
is thermodynamic modelling of rock-water chemical equilibria to establish how these
interactions have controlled the evolution of different bodies of groundwater within the
rock.
Groundwaters from Aspo island and from the surrounding areas (Laxemar, Avro) are
classified into five different water types based on their chemical and stable isotope
characteristics:
(1)
(2)
(3)
(4)
(5)

'recent waters',
waters with close to 5 g/1 chloride,
'deep waters',
glacial meltwaters,
'seawater imprint' waters.

Deuterium contents and chloride concentrations are the primary variables used to classify
most of the groundwaters (Figure 7.4.1). Isotope data are only available for CCC and SPT
data types and for shallow percussion-drilled boreholes. (CCC and SPT are SKB's
nomenclature for 'completely characterised' water samples and for waters 'sampled during
pumping tests'.)
Waters 'sampled during drilling' (SDD waters following SKB's nomenclature) and most
water samples taken during later groundwater monitoring were not analysed for stable
isotopes and are therefore classified using different variables, although this secondary
classification is consistent with the first. Chloride concentrations are used as the primary
variable to separate water Types 1, 2 and 3. 'Seawater imprint' waters are determined on
the basis of their Mg/Ca and K/Na ratios. The 'glacial meltwaters' (Type 4) in the CCC and
SPT data groups do not have any distinctive chemical characteristics and, lacking isotopic
data, none of the SDD and monitoring waters can be classified into water Type 5.
All groundwaters considered were sampled before the start of the excavation of the Aspo
tunnel in October 1990. The excavation of the tunnel is shown by Glynn and Voss (1996)
to have had a significant effect on groundwater chemistry, lowering chloride concentrations
in many borehole sections (Figure 7.4.2).
Similarly, hydrogeological testing (pump tests, interference tests, etc.) and groundwater
sampling activities also appear to have had a significant dilution effect on the overall
salinity of the groundwaters. Chloride concentrations in SDD samples, corrected for
dilution by drilling waters, are estimated to have been about two times higher on average
at any given depth than chloride concentrations for 'representative ground-water samples'
(SKB's terminology) in the CCC and SPT data groups (Figures 7.4.3 and 7.4.4). SDD
samples also exhibit a wider spread of chloride concentrations at given depths, compared
to the CCC and SPT samples. Although sample section lengths are usually significantly
greater for SDD samples than for CCC and SPT samples, these latter samples show a much
smoother distribution of chloride concentrations with depth, as if the groundwaters had
been partially 'homogenised' by the pumping and sampling activities.
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The distribution of the five water-chemistry Types is investigated in relation to the
distribution of fracture surfaces (structures) in the structural model built by Voss et al.
(1996). No correlation is found between water types and individual structures. Each
structure is found to contain more than one type of groundwater, implying that flowpaths
consist of a series of segments through multiple structures. Pressure propagation data
collected during hydrogeological interference testing also offer support for complex multifracture flowpaths. Generally, salinity stratification is observed, even within individual
structures. More dilute, 'recent' waters are found in shallow borehole sections, the more
saline '5 g/L chloride' waters are found at intermediate depths near or at less than 500 m
depth and the most saline 'deep' waters are found between 500 m and 1000 m depth.
The 'seawater imprint' waters are all found near the perimeter of Aspo and each of the
waters could be explained by the presence of at least one or more structures which extend
into the Baltic sea floor. Most Aspo groundwaters, however, do not show any 'seawater
imprint'. This indicates that the Aspo area is a discharge area for most of the saline
groundwaters present. Recharge of dilute waters (part of the 'recent' water group) only
occurs at shallow depth (less than 100 metres).
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Figure 7.4.1 6IHO and 5D as a function of chloride and in relation to each other in
Simpevarp groundwaters. Data labels specify the upper and lower borehole lengths, in
metres, delimiting the section from which water was drawn. The sampling procedure (CCC
or SPT) is indicatedfor some of the diamond-core drilled boreholes (names start with the
letter 'K'). Sample numbers are indicated for percussion-drilled boreholes (names start
with the letter 'H'). The Global Meteoric Water Line is drawn in the lower graph along
with a meteoric water line with a deuterium excess of +2 (dashed line), thought to reflect
a colder, more humid, climate than today.
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Figure 7.4.2 Chloride concentrations in SPM ('sampled during monitoring') samples as
a function of time. Construction of the Aspo Hard Rock Laboratory tunnel started in April
1991.
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Figure 7.4.3 Chloride concentrations in groundwaters from borehole sections sampled
during drilling. The data have been corrected for measured drill-water concentrations.
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7.4.4

Rock-groundwater Interactions

7.4.4.1

Identified Groundwater Interactions

Shallow groundwaters ('recent' waters) in the Simpevarp area are predominantly NaHCO3rich waters. The chlorinity and overall salinity of the waters gradually increases with
increasing depth. As the chlorinity increases, groundwater compositions change to
Na-Ca-Cl type waters and, eventually, to Ca-Na-Cl type waters. Na, Ca, Sr, Br and Li
concentrations also increase with depth and exhibit a very strong correlation with Cl
concentrations. Although Br concentrations are not measured for all groundwater samples,
Br/Cl ratios in the Aspo groundwaters are usually higher than the seawater or Baltic water
ratio, even in the shallow groundwaters. 'Deep' groundwaters generally have a higher Br/Cl
ratio than the shallower 'recent' and '5 g/1 chloride' type waters (Figure 7.4.5). Similarly,
Li/Cl and Sr/Cl ratios are much higher and Na/Cl ratios are lower than modern seawaters
or Baltic waters (Figure 7.4.6). Consequently, it is logical to believe that most Aspo
groundwaters do not contain significant amounts of modern Baltic water, or even waters
of Baltic precursor seas. Such marine waters would need to have been profoundly modified
by freezing and/or evaporation and/or matrix diffusion and additionally by intense waterrock interactions to explain the current chemical characteristics of the groundwaters.
Deuterium and oxygen-18 contents also provide evidence for the relative scarcity of marine
water.
Total dissolved inorganic carbon, fluoride, silica, magnesium and potassium are all nonconservative constituents in Aspo groundwaters; their concentrations generally do not
correlate with chloride concentrations or with depth and appear to be controlled by waterrock interactions.
As the calcium concentration of the waters increases with depth and chloride concentration,
alkalinities decrease down to 1 mg/1 (as HCO3"); the groundwaters typically maintain a
slight supersaturation with respect to calcite. pH values generally increase with decreasing
alkalinities. Calculated equilibrium partial pressures of CO2 decrease down to 10"5
atmospheres in 'deep' waters. Silicate hydrolysis is most likely to be responsible for the
general increase in pH values with depth (and with higher Cl concentrations).
Concentrations of dissolved silica, another non-conservative constituent of Aspo
groundwaters, appear to be controlled by chalcedony saturation in the shallower
groundwaters; silica concentrations and saturation indices decrease with depth, implying
control by either a more stable silica solid phase or by other silicate minerals at depth.
Similarly, fluoride concentrations decrease with increasing calcium concentrations, as the
waters remain near equilibrium with respect to fluorite.
Magnesium and potassium concentrations and Mg/Ca and K/Na ratios are distinctively
higher in 'seawater imprint' waters than in other Aspo groundwaters. Reactions appear to
be affecting both magnesium and potassium concentrations. Although there is some
correlation between potassium and magnesium concentrations, the concentration of
potassium in seawater imprint waters is significantly less than might be expected from a
Baltic water source, considering either their chloride and deuterium contents or even just
their magnesium content. Removal of potassium by incorporation into illite or, more
generally, by irreversible fixation into clay-interlayer positions, is a possible explanation.
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Similarly, magnesium concentrations may be affected by incorporation into chlorite,
although the rate of magnesium removal is probably much slower than the rate of potassium
removal.
Aspo groundwaters do not contain any dissolved oxygen and are generally sulphidic. The
waters are typically near saturation or oversaturated with respect to amorphous iron
sulphide and amorphous uranium dioxide. Iron and manganese concentrations often seem
to be correlated. Manganese concentrations decrease with depth, presumably because of
sorption uptake caused by the increase in the pH of Aspo groundwaters with depth. The
increase in pH causes the deprotonation of sorptive surfaces (surfaces are more negatively
charged) and a resultant increase in the sorption uptake of cations such as Mn2+.
Measured Eh values are generally near -0.30 V. Eh values calculated from the
sulphate/sulphide redox couple are, on average, only about 50 mV higher (more positive)
than the measured values, which suggests that this redox couple is actually quite close to
equilibrium with the Fe37Fe2+ redox couple and is close to the 'mixed potentials' measured
by the Eh electrodes, a rather unusual occurrence in most groundwater environments. In any
case, at these low Eh values, almost all dissolved iron is in the soluble +n oxidation state
and almost all uranium is in the highly insoluble +FV oxidation state.
Reductants responsible for the low Eh values currently observed in Aspo groundwaters are
primarily:
•
•
•

dissolved organic carbon (DOC),
sulphidic minerals such as pyrite,
silicate minerals with iron (II) such as iron-rich biotites and chlorites.

Although Fe(II)-containing and Mn(H)-containing silicates may readily react with dissolved
oxygen present in surficial waters, and will also affect measured Eh values simply through
their dissolution to equilibrium, sulphide minerals and organic carbon in particular are
generally much stronger and more reactive reductants. Dissolved organic carbon
concentrations will generally be very high in surficial groundwaters, at least during
interglacial periods (such as the current one), and can be considered the 'driving force' for
the reduction but can be expected to be extremely low in subglacial meltwaters during
glacial times. Meltwaters under an ice cap can also be expected to have high dissolved
oxygen contents, three times higher than the concentration expected at equilibrium with the
atmosphere. Under such conditions, pyrite, Fe(II)-biotites and Fe(II)-chlorites will be the
main reductants available to react with dissolved oxygen. Minor amounts of residual,
probably highly refractive (relatively unreactive), organic material may also remain in
fracture fillings.
The presence of iron oxyhydroxide (rusts), presumably consisting of goethite and less stable
forms of iron oxyhydroxides, is observed (Tullborg, 1988; Tullborg et al., 1991),
throughout the borehole cores at Aspo, i.e. down to about 1000 m and, especially, in the
more hydraulically-conductive fractures. This indicates that transport of oxygenated water
into the deep system may indeed have taken place in the past, perhaps during the last
glaciation over the area. Although reductants were undoubtedly present, their reaction
kinetics and/or the diffusion of oxygenated water into the rock matrix was most likely slow
compared to the advection of oxygen-rich water in the fractures, especially in individual
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fractures (as opposed to 'fracture zones' or wide 'crushed-rock' structures). The occurrence
of such oxygenated waters is discussed further and modelled in Section 10.4.
Although dissolved uranium concentrations are usually low in sampled groundwaters
(between 0.1 and 0.7 mg/1), the concentration of uranium in fracture fillings (average
15 ppm) is about three times higher than its concentration in the parent rocks. Uranium
concentrations, together with dissolved radon measurements, allow an estimation of the
average effective surface area of 3.1 m2 per litre of fluid, or an 'average' fracture aperture
of 0.65 mm, for the Aspo groundwater system. These estimates are based on previous
calculations made for groundwaters from the Stripa mine in Sweden, and from the
Carmenellis granite in Cornwall (Andrews et al., 1988). The effective surface area can be
used for estimation of the specific surface area parameter a,, i.e. the flow-wetted surface
area per volume of rock (see Section 10.3.6).
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Figure 7.4.5 Bromide concentrations and bromide/chloride ratios as a function of chloride
concentrations in Simpevarp groundwaters. The chloride concentration determined for
Baltic water samples near Aspo is 4000 mg/l. The RLI and RL2 linear regression lines are
calculated for samples with less than 35 mg/l Br and more than 35 mg/l Br, respectively.
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Figure 7.4.6 Lithium, sodium and strontium concentrations as a function of chloride.
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7.4.4.2

Simulation of Aspo Groundwaters

Geochemical modelling can be used for prediction of possible future changes and the
consistent description of the variability in geochemical parameters needed for estimation
of barrier performance and radionuclide behaviour. For a given site, this modelling must
be based on an understanding of how observed geochemical phenomena have developed
due to past and present processes and, in particular, regarding which solids are reactive on
the relevant timescales. Part of this understanding can be obtained by attempting the
simulation of the observed concentrations of important constituents in the groundwater.
This section presents the results of such simulations for the conditions at Aspo.
The waters sampled from boreholes at Aspo have been formed by complicated processes
occurring during extended time intervals. The different waters have been present in fracture
systems for a long time and might be assumed to have reached equilibrium with respect to
at least some of the fracture minerals. This also holds for the Type waters, as defined in
Section 7.4.3. However, as a consequence of the natural flow and of the forced flow from
pumping during boring, rinsing and sampling, the Type waters have been mixed to form
the waters sampled from the boreholes. This might explain linear relationships as shown
in Figure 7.4.7, where the waters from KAS03 down to 600 m may be interpreted as
mixtures of waters from 130 and 600 m. As is discussed above, a choice of five types of
waters is enough to describe the D and Cl concentrations observed in a large number of
sampled waters.
Although groundwater models which only take mixing into account may be successful in
explaining concentrations of some elements, the concentrations of most elements cannot
be explained in this simple way. An example is seen in Figure 7.4.8, where it is obvious
that the iron concentrations at intermediate levels cannot be obtained simply by mixing
waters from levels 130 and 600 m. The same holds for several other elements, e.g. K, C,
Ca, Mg as well as for parameters such as pH and pE. Obviously, reactions between the
aqueous species and with fracture minerals play an important role in the formation of
groundwaters at different levels from Type waters. For simulation of this process both
mixing and reactions have to be considered.
For this purpose an extended version of the PHREEQE geochemical code (Parkhurst et al.,
1985) is used. This code is incorporated in the CRACKER code, which simulates the
mixing process over different scales along transport paths for groundwater (Emren, 1993;
Emren, 1996a). In CRACKER, fracture minerals are assumed to be distributed randomly
across a fracture plane in accordance with observed or reasonable abundances. Water
flowing in a fracture between two surfaces is supposed to equilibrate locally with mineral(s)
within diffusion distance at the time scale considered. While the water moves, it is mixed
with water from the neighbourhood. Since the mineral sets found in nature normally contain
incompatible minerals, i.e. Gibb's phase rule is violated, global equilibrium is rarely
possible. This does not prevent a local equilibrium with respect to a small subset of
minerals.
The process of sampling is simulated by mixing about 900 equilibrium waters from
different locations in the fracture. No mineral-water reactions are allowed to occur in the
simulation of this mixing process, but speciation reactions in the mixed water are supposed
to be fast enough and are thus modelled by the CRACKER code.
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Figure 7.4.7 D vs Cl concentrations in KAS03. Proposed end members: 131 m, 616 m and
931 m. Between 131 and 616 m D is almost linearly dependent of Cl. {Data from Smellie
and Laaksoharju, 1992; cfEmren, 1996b.)
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Figure 7.4.8 Iron concentration vs chloride concentration in KAS03 at levels from 130 m
to 600 m (end points of the curve) (Data from Wikberg et al, 1991; cfEmren, 1996b.)

Simulation of Type waters
The Type waters are supposed to represent a source of groundwater with constant
composition representing a steady state set of equilibria with respect to fracture minerals.
This means that if a Type water is used as input in a CRACKER simulation with a
reasonable mineral set from the site (Andersson, 1996b), almost the same water should
appear as output from the simulation. Figure 7.4.9 shows results from such a simulation
with the Type water at 130 m in KAS03 (Emren, 1996b) implying that there are mineral
sets with mineral abundances within the range according to observations for which the
composition of the 130 m water remains stable. Further, it is found that the Type water at
600 m is stable with respect to the same mineral set.
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An elementary way to analyse ongoing processes in a rock-groundwater system is to
calculate the saturation index (SI) of the groundwater with respect to a set of minerals
known (Andersson, 1996b) or suspected to be present in the system. Thus, a negative value
means that the mineral tends to dissolve, while a positive value indicates precipitation.
Assuming an equilibrium model for the groundwater, one would expect that the minerals
most active in controlling the groundwater properties to be close to equilibrium with respect
to the groundwater. Thus, from the observed saturation indices in Figure 7.4.10, one would
expect minerals like quartz, calcite, hematite and magnetite to control water properties,
while others, such as goethite do not participate in reactions with the groundwater. This,
however, might be questioned for two reasons:
1.

Minerals like goethite and amorphous iron hydroxide are observed in Aspo fractures
as well as hematite and they are known to react with water at a higher rate than
hematite (Andersson, 1996b).

2.

SI values based on simulated groundwaters seem to compare with SI values based
on observed groundwater compositions as seen in Figure 7.4.10 only if those
minerals with saturation indices considerably deviating from zero are included in the
simulations.

There may be other ways to explain this behaviour, however, and the question of how to
deal with mineral assemblages not obeying the phase rule is not yet resolved (Glynn and
Voss, 1996).

Figure 7.4.9 Simulated and observed properties of the water from KAS03 at 130 m
(Emren, 1996b).
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Figure 7.4.10 Saturation indices for a number of minerals with respect to the observed
and CRACKER-simulated water from KAS03 at 130 m (Emren, 1996b).

Simulation of intermediate waters
When waters of different composition are allowed to enter the fracture simultaneously in
a run of the CRACKER code, both mixing and reaction are considered (Emren, 1996b).
This mixing-reaction model is able to describe observed properties. For example,
Figure 7.4.11 shows observed and simulated iron concentrations at different positions along
the borehole KAS03. An important feature in this diagram is that the observed levels of
iron in the intermediate waters are higher than in the supposed Type waters. The tendency
towards higher iron concentration in the mixed water is quite obvious. It should also be
mentioned that, according to the simulations, Fe-containing alumino silicates (chlorites) are
playing an important role and these have to be treated as solid solutions with observed
compositions being used.
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Figure 7.4.11 Observed and simulated iron concentrations vs positions in the borehole
KAS03 (Emren, 1996b).

7.4.5

Conclusions and Implications for Other Parts of the
Assessment

Rock properties and mineralogy
The bedrock at Aspo is mainly composed of granitoids (~ 75%), aplites (~ 15%) and
greenstones (~ 9%). Mineralogical and petrochemical data are rather scarce in the material
available for analyses in SITE-94 and full use of this information has not been made, for
example, for more extensive geochemical modelling or mapping of possible transport
pathways.
Based partly on measurements from Aspo, the following parameters have been determined
for the rock matrix:
•
•
•
•

matrix porosity: 0.1 %
matrix diffusivity: 3xl0'14 m2/s
penetration depth: 0.05 m, with 0.25 m as a variant (upper limit)
reducing capacity: 0.04 keq/m3

Fractures may be activated recurrently, for example, in connection with glaciations, and
new fractures may also be formed. This means that the occurrence of fracture minerals is
complex and has to be considered separately for every structure. Available mineral data for
zones of the 3D model are now compiled. These data have not been analysed further within
SITE-94, however. Calcite, chlorite, epidote, hematite/Fe-oxyhydroxides are typical infills
for fractures forming groundwater flowpaths. In sealed or unconnected fractures, pyrite,
laumontite and fluorite may also occur.
Groundwater chemistry
Groundwaters at Aspo have been classified into five chemically and isotopically distinct
Types:
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1.
2.
3.
4.
5.

'recent' waters
'5 g/1 chloride waters'
'deep' waters
'seawater imprint' waters
'glacial meltwaters'.

The classification is made primarily on the basis of chloride and deuterium content, and,
when impossible because of missing stable isotope analyses, the classification is made on
the basis of chloride concentrations and Mg/Ca and K/Na ratios.
Rock-water interaction processes
Shallow waters are predominantly of the NaHCO3 type. The chlorinity/salinity increases
with depth to around 5 g Cl/1 at 500 m depth and the groundwater composition gradually
changes to Na-Ca-Cl and Ca-Na-Cl. Most Aspo groundwaters do not contain significant
amounts of modern Baltic water and they do not contain any dissolved oxygen. The waters
are typically near saturation or oversaturated with respect to amorphous iron sulphide and
amorphous uranium dioxide. Measured Eh values are generally near -0.30 V and fall close
to both the sulphate/sulphide and the ferric/ferrous redox couples. The following reductants
are primarily responsible for the currently observed low Eh values:
•
•
•

dissolved organic carbon (DOC)
sulphidic minerals such as pyrite
silicate minerals with ferrous iron such as iron-rich biotites and chlorites.

The presence of 'rusts' (iron oxyhydroxides) has been observed along all the boreholes
cores, i.e. down to about 1000 m. This may be taken as an indication of the ingress of
oxygenated waters at these depths in the past, probably in connection with glaciations.
Geochemical simulations have shown that the analysed groundwater compositions are
compatible with observed mineral abundances. These simulations also indicate that chlorite
and iron oxyhydroxides are important reactive solids in the geochemical system at Aspo.
Implications for other parts of the assessment
The geochemical site evaluation presented in this section is used as input to Section 10.4,
which extracts the parameter values and other information which are relevant for the
subsequent analysis of chemical features and processes in the assessment. This information,
in turn, is used as one of the inputs in the evaluation of canister stability, buffer
performance, fuel dissolution and radionuclide migration discussed primarily in Chapters
11 and 12.
Implications for site investigation
The majority of chemical and isotopic data were collected as part of the "Complete
Chemical Characterisation" (CCC) and "Sampling during Pumping Test" (SPT) sampling
efforts. The data measured at these efforts show a comprehensive characterisation.
Unfortunately, most of the "CCC" and "SPT" samples were collected after extensive
pumping had been conducted either in the same borehole or in its vicinity. The pumping
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activities appear to have resulted in significant dilution and homogenisation of the Aspo
groundwaters. Extensive pumping was needed to reduce the oxygenated drilling water
content of the groundwaters as to be able to obtain meaningful concentrations of redoxacti ve minor constituents and of other constituents affected by the mixing of high alkalinity,
high DOC, high pCO2 drilling waters with deeper native groundwaters. Nevertheless, many
constituents (such as Na, Ca, Mg, and K) appear to have been relatively unaffected by the
admixture of shallow dilute drilling waters, but were affected by pumping activities. Indeed,
once corrected for their drilling water content, the waters "Sampled During Drilling" (SDD)
proved very useful in identifying some of the characteristics of the groundwaters originally
present in the system.
In future drilling programmes it would be beneficial with a greater effort at characterising
the waters sampled during drilling. Deuterium and 18O analyses, along with Br, Li and Sr
should be conducted so at to better understand the origin of the waters and of their solutes.
Identifying the amount of drilling water present in the SDD samples would be essential in
this effort and it is therefore recommended that a second and easily measurable tagging
compound (in addition to uranine) is used. Additionally, a complete characterisation of the
drilling waters used and full identification of their provenance should be ensured. Further
recommendations are given by Glynn and Voss (1996) and by Geier et al., (1996).

7.5

ROCK MECHANICS

This section presents the derivation of a rock mechanical model of the Aspo site and
discusses its validity. An important input to this model is the geological structure model
presented in Section 7.2. Using the rock mechanical model developed, Section 10.2
evaluates the mechanical stability of the far-field rock and Section 11.2.1 evaluates the
mechanical stability of the near-field rock for the scenarios specified in Chapter 9.

7.5.1

Introduction

An important aspect of the repository integrity is its mechanical stability. Fractures can
open, close or shear and the rock mass may fail, forming new fractures due to changes in
the rock stress distribution, as shown in the Process Influence Diagram in Figure 7.1.1.
These changes may, in turn, affect groundwater flow as well as the mechanical stability of
the Engineered Barriers. Processes that may affect the stress field include external and
internal mechanical loads (such as an ice-cover or excavations), changes in the temperature
field as well as the groundwater pressure. Consequently, rock mechanics is fully coupled
to hydrogeology and temperature (Tsang, 1987), although omitting these couplings may
certainly be justified in many circumstances. In addition, lack of data or lack of knowledge
may make it necessary to make simplifications also for situations where indeed the
couplings could be more significant.
Rock mechanical analyses in SITE-94 build on previous studies related to this field (Shen
and Stephansson, 1990, and Rosengren and Stephansson, 1990). The analyses provide
information on the rock stress distribution, rock mass movement, fracture initiation and
fracture propagation with respect to mechanical perturbations and heat load. Numerical
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analyses are performed by the three-dimensional distinct element code 3DEC (ITASCA,
1994) and models based on the boundary element method (Shen, 1993). Neither of these
models considers the full hydro-mechanical coupling. A fully coupled hydro-mechanical
analysis of the 'rock excavation damaged zone' was performed by Noorishad et al. (1996;
see also Section 11.2.1.2). However, the analysis was preliminary and the results are not
used further in SITE-94.
The SITE-94 rock mechanical analyses, which are fully described by Hanson et al. (1995a,
b) and Shen and Stephansson (1996a, b), have been carried out at two different scales:
•

The far-field scale, approximately the size of Aspo island.

•

The near-field scale, the size of a tunnel and deposition hole.

The far-field model builds on the structural model of fractures and faults at Aspo, described
in Section 7.2. The near-field model is based on the detailed fracture network models
defined in Section 7.3.
This section describes how the rock mechanical models are set up based on the available
field information from Aspo. The loads applied are based on different scenarios which are
defined in Chapter 9 and concern the effects of excavation, heat release of spent fuel, and
future glaciations. The results of the analyses are presented in Sections 10.2 (far-field) and
11.2.1 (near-field).

7.5.2

Far-field Rock Mechanical Model

The conceptual far-field rock mechanical model, contained in the computer code 3DEC
(ITASCA, 1994), is a rock mass consisting of a 3D assemblage of rigid or deformable
blocks. The boundaries between the blocks constitute the fracture zones and can be
assigned various deformation characteristics. The rock mass may transfer heat through
thermal conduction. Stress and temperature are coupled through the thermal expansion of
the rock. A special model is set up for calculations of propagation of permafrost (KingClayton et al., 1995). The behaviour of the model is discussed in Section 10.2.
On the basis of information from surface mapping, drill cores, drill holes and seismic
surveys of Aspo island, a structural model of fracture zones is established (Tiren et al.,
1996) as described in Chapter 7.2. The structural model, which contains 52 different
fractures, is used as geometrical input to the rock mechanical model. Alternative models
of the rock structure are not analysed, although the uncertainty in the structure model could
well have motivated such variants.

7.5.2.1

Model Size and Geometry

Hansson et al. (1995a) describe the details of how the SKI structural model is adapted to
the rock mechanical analysis. The size of the far-field model is 4x4x4 km. An inner region
of size 1.5 x 1.5 x 1.5 km is defined and contains Aspo and the repository area. The inner
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region is discretised with a finer mesh than the rest of the model, so that more detailed
results in the vicinity of the hypothetical repository can be obtained.
Due to limitations of computer capacity, it is difficult to include all the existing 52 fracture
zones and major faults of the SKI structural model into the computational model.
Consequently, several structures are removed or merged to nearby structures, using a set
of criteria described by Hansson et al. (1995a, b). The criteria aim at removing only
structures that would not significantly affect the stress distribution.
After the reduction process, 23 fracture zones (out of 52) remained, as shown in
Figure 7.5.1. Figure 7.5.2 shows the representation of the selected structures in the 3DEC
model, Figure 7.5.2a illustrating a global view and 7.5.2b showing the inner region. For
comparison, Hansson et al (1995a, b) also carry out further reductions of the number of
fracture zones and analyse two models with only 15 fracture zones.

7.5.2.2

Material Models and Properties

Elastic and isotropic material behaviour is assigned to the intact rock in the far-field study.
For the fracture zones, the deformability is assumed to be elastic/plastic with a MohrCoulomb failure criterion.
The dominant rock types in the Aspo area are Aspo diorite and Smaland granite. Their
mechanical properties were tested in the laboratory and were found to be similar (Wikberg
et al., 1991). The mean uniaxial compressive strength of the Aspo diorite is 183.5 MPa and
for Smaland granite, 188.7 MPa. For both the Aspo diorite and Smaland granite the
Young's modulus is about 60 GPa and Poisson's ratio is 0.23 and 0.24 respectively.
Therefore, to simplify the calculations, a common set of mechanical properties is assigned
to both rock types. Table 7.5.1 lists the properties of intact rock which are used in the farfield modelling.
The mechanical properties of fracture zones for the far-field modelling are:
1.
2.
3.
4.

normal stiffness
shear stiffness (Ks)
friction angle (()))
cohesion (C).

These properties can only be determined using small-scale laboratory tests. For large-scale
fracture zones, no laboratory data exist. Therefore, the properties of the fracture zones are
estimated based on assumptions of the Young's modulus and Poisson's ratio of the
fractured rock and the width of fracture zones, as explained by Hansson et al. (1995a, b).
From a compilation of a large number of laboratory experiments and the results of
numerical modelling, Shen and Stephansson (1990) estimate that the friction angle (4>) is
likely to be in the range 15° to 30° and the cohesion (C) is likely to be in the range 0 to 20
MPa for faults and fracture zones. Based on the results of this study and additional
sensitivity analyses with SKI structural model, Hansson et al. (1995a, b) decided to use
<)) = 20° and C = 5 MPA in the far-field model (Table 7.5.1).
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Figure 7.5.1 Distribution of fracture zones in the SKI model (Tiren el al., 1996) after the reduction process in the
Aspd area (after Hansson et al, 1995a, b).
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a)

Figure 7.5.2 Geometry of the far-field computational model with 23 fracture zones afier
the reduction process, a) Global view of the model, 4 * 4 * 4 km. b) A detailed view of the
inner region, 1.5 * 1.5 * 1.5 km (afier Hans son et al, 1995 a, b).
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The thermal inputs to the models are thermal conductivity, specific heat and linear
expansion coefficient. The values used for the intact rock are taken from Shen and
Stephansson (1990), and are listed in Table 7.5.2.

Table 7.5.1 Material properties used in the far-field models. The properties for the intact
rock are based on (Wikberg et al, 1991). The properties of the fracture zones were selected
by Hansson et al (199lab).
Property
Young's modulus, E (GPa)
Poisson's ratio, v
Shear modulus, G (GPa)

Intact
rock

Fracture
zones

65
0.32

10
-

24.5

5

Friction angle, (J> (°)

-

20

Cohesion, C (MPa)

-

5

2700

-

Density, p (kg/m3)

Table 7.5.2 Thermal properties of the intact rock (Shen and Stephansson, 1990).

7.5.2.3

Property

Value

Thermal conductivity

3.0W/m,K

Specific heat

2.0MJ/m3,K

Linear expansion coefficient

8.5xl06, K1

Model Orientation and Boundary Conditions

The modelled domain is subject to external (in-situ) stresses. Stress measurements were
conducted in three boreholes (KAS02, KAS03 and KAS05) at the Aspo site by SKB
(Wikberg et al., 1991). Data from KAS02 give relatively high horizontal stresses and stress
gradients. The deposition drifts in the SITE-94 hypothetical repository are oriented parallel
to the maximum horizontal principal stress, which has a direction of N40°W. This direction
is also consistent with the majority of measured orientations of maximum horizontal
principal stress in Sweden (Stephansson et al., 1986).
The bottom of the model is fixed with zero displacement in the three coordinate directions.
In an initial calculation, the rock mass is allowed to consolidate under the weight of the
rock. At the vertical boundaries, the applied stresses correspond to the in-situ stresses as
estimated from borehole KAS02 (Bjarnasson et al., 1989). The applied stress increases
linearly with depth down to 515 m, where the stress gradient decreases slightly. For more
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details about the state of stress, see Hansson et al. (1995a, b). The model is oriented so that
the two horizontal principal in-situ stress components are directed normal to the vertical
boundaries of the model.
The consolidated model is the starting point for subsequent analysis of the impact of
different loads discussed in Section 10.2.

7.5.3

Near-field (repository scale) Rock Mechanical Model

In order to evaluate rock mechanics at the near-field scale of the repository, it is necessary
to consider a detailed resolution of the fracture geometry. Two different conceptual models
are used, the first model being the same as the far-field model (TTASCA, 1994), but applied
to the repository fracture network. The network is generated for the hydrogeological
evaluations at the repository scale (see Section 7.3.7.3 and Geier et al., 1996). The second
model (Shen, 1993) is two-dimensional and can handle failure through intact rock. It can
thus be used to study if and how fractures propagate in the vicinity of a deposition hole.

7.5.3.1

Three-dimensional DEM Models

Model size and geometry
Three different three-dimensional fracture networks obtained from the repository scale
hydraulic network model (Geier et al., 1996) are used to represent the rock mass in the
vicinity of a tunnel with a deposition hole. Shen and Stephansson (1996) analyse these
networks with the distinct element method and the 3DEC code.
The size of the 3-DEC models is 25 x 25 x 18 m. An inner region of dimensions
7.5 x 7.5 x 7.5 m is defined inside the model, which contains a deposition hole and has a
finer discretisation mesh so that more detailed results can be obtained in the vicinity of the
deposition hole. The fracture networks supplied by Geier et al. (1996) are simplified
according to different criteria discussed by Shen and Stephansson (1996). Figure 7.5.3
displays the resulting 3DEC discretisations of the three networks.
The model domains are oriented so that the principal horizontal in-situ stress components
are normal to the vertical boundaries of the models in the same manner as the far-field
model, i.e. the z-axis of the model is parallel to the maximum horizontal principal stress.
At the boundaries, constant in-situ stresses are applied. The stresses applied correspond to
the in-situ stress at the 500 m level calculated from the far-field model.

to

Figure 7.5.3 One of the three 3DEC computational models for the near-field study based on fracture network realisations made
by Geier et al. (1996) (after Shen and Stephansson, 1996).
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Material models and properties
The material properties used in the 3DEC near-field model are the same as those used in
the far-field, i.e. a Mohr-Coulomb plastic material for the intact rock and a Coulomb
friction law for the fractures, with constant normal and shear stiffness. Table 7.5.3 lists the
material properties used for the 3DEC near-field study. The thermal properties of the intact
rocks are the same as those in the far-field model, see Table 7.5.2.

Table 7.5.3 The mechanical properties for intact rock and rock fractures for the near-field
3DEC modelling (Shen, 1993).
Properties of intact
rock:

Elastic/plastic
Mohr-Coulomb

Density
Young's modulus
Shear modulus
Cohesion
Tensile strength
Inner friction angle
Dilation angle

p=2700 kg/m3
E=35.71 GPa
G=24.59 GPa
G=10MPa
a t =10MPa
<|)=40o

Properties of fractures
Normal stiffness
Shear stiffness
Friction angle
Cohesion

K.-50 GPa/m
K^50 GPa/m
cf>=30°
C=5 MPa

Two-dimensional BEM models
The three-dimensional 3DEC code cannot handle failure through the intact rock. In the
vicinity of a deposition hole such failures may be an issue, as the mechanical stability and
the hydraulic properties of the rock around the deposition holes are directly related to the
repository barrier properties. Furthermore, the stress situation is governed both by the
impact from local loads such as the excavation itself, the swelling pressure from the
bentonite and the heat from the waste, as well as from external loads.
To study this problem Shen and Stephansson (1996) performed a study with a BEM
(Boundary Element Method) code, which was designed to simulate fracture propagation
and fracture coalescence in two dimensions (Shen, 1993). It sought to study if and how
fractures propagate in the vicinity of the deposition hole due to rock excavation and the
loads from swelling pressure, thermal loading and glaciation.
At present, only a few fractures can be considered in the model owing to the limitation of
computer capacity. The material properties used are defined by Shen and Stephansson
(1996). The boundary element code was applied to different fracture geometries for a
horizontal and a vertical cross-section of a deposition hole, as is discussed in
Section 11.2.1.2
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An initial set of calculations is performed with a single fracture in order to determine the
conditions under which fractures can propagate and coalesce (Figure 7.5.4). The result of
this analysis is that there are different failure modes at different ratios between the applied
minimum and maximum stress {o3lox). A low stress ratio (o3/ol < 0.05) causes tensile
fracture propagation and the failure occurs in the direction of the maximum principle stress.
An intermediate stress ratio (0.10<o3/Oj<0.15) causes fracture propagation in both tension
and shear mode, although the final failure after coalescence is dominated by shearing in the
direction about 60° from the minimum principle stress. A high stress ratio
(0.20<a3/Oj<0.25) only produces shear failure. A stress ratio greater than 0.25 is unlikely
to cause fracture propagation. For further detail, see Shen and Stephansson (1996).

7.5.4

Discussion on the Validity of the Rock Mechanical Models

There are few possibilities to check directly the rock mechanical model predictions against
measured data. Consequently, the applicability of the predictions must, for the most part,
rely on reasoned arguments (see next Section). However, the measured stresses in boreholes
KAS02 and KAS03 can be compared with the stresses obtained by the model after
consolidation. Figure 7.5.5 shows the measured (Bjarnasson et al., 1989) and the predicted
stresses in these boreholes. When comparing these, it should be remembered that the
average stress levels measured in the boreholes are used as boundary conditions for the
model, but the deviations from the linear trends are not part of the boundary conditions and
are consequently a result of the fracture network. The calculated stresses produced by the
computational model agree fairly well with the measured stresses from borehole KAS02
and KAS03. A major discrepancy occurs at about the 600 m level.
Hansson et al. (1995a, b) suggest that the reason for the deviation between model results
and measurements may be due to:
1.

effects from local rock structures,

2.

localised change of rock type at the measured point (which is not considered in the
models),

3.

an inaccurate representation of local stress change by the global stress boundary
condition,

4.

the reduction of the number of major fracture zones in the computational models,
which use a much smaller number than is presented in the structural model (Tiren
etal., 1996),

5.

the omission of joints in the computational models,

6.

uncertainties in the estimation of properties of fracture zones.

Despite all these uncertainties, Hansson et al. (1995a, b) suggest that the overall effect of
the stress difference is small and conclude that the calculated stress results can generally
be taken as representative of global behaviour.
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Figure 7.5.4 Fracture geometries considered for the two-dimensional fracture
propagation analyses. The single fracture (geometry AB(0)), was used to determine the
stress conditions that may create failure of intact rock. The other geometries were used to
study the stability of the near-field rock (Section 11.2.2; after Shen and Stephansson,
1996b).
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7.5.5

Conclusions and Implications for Other Parts of the
Assessment

7.5.5.1

Conclusions Regarding the Validity of the Rock Mechanical Model

Sections 10.2 and 11.2.1 present an extended discussion on uncertainty in the modelling
approaches. Evidently, a major uncertainty in the rock mechanical models concerns the
properties of large fractures and fracture zones at the Aspo site. Laboratory experiments can
only determine, at best, the properties of rock joints; the normal and shear stiffness of
fracture zones are estimated by extrapolation, with little prospect of validation. Sensitivity
analysis, performed in order to derive mechanical properties of fracture zones, is an
approach at overcoming the problem of limited data on the mechanics of fracture zones. In
addition, Hansson et al. (1995a, b) discuss several potential uncertainties and problems of
the far-field model approach adopted. For example:
•

In the current geological structural model provided by SKI (Tiren et al., 1996), the
fracture zones are infinite in size and planar in geometry. The finite dimension and
large-scale undulations of the fracture zones are ignored and this will significantly
affect the resulting stress field.

•

The fracture zone geometry has a major influence on the stress state in the models
and stress concentration artifacts may occur at sharp corners which, in reality, would
fail.

•

Time effects on the fracture mechanical properties (creep) are not considered. This
may be a serious shortcoming owing to the long times over which model predictions
are to be made.

•

Failure of rock matrix and fractures is most likely to occur when excavation of
repository and emplacement of waste canisters are performed, but failure
mechanisms are probably complicated and the validity of the material models
presently used can be questioned for such applications.

Despite all these shortcomings, Hansson et al. (1995a, b) conclude that their model
probably provides reasonable general stress levels, but the validity of detailed predictions
of the stress and shear displacement of individual fracture zones, or the impact of
excavations, could be questioned. For a more elaborate discussion, see Hansson et al.
(1995a, b).
7.5.5.2

Implications for Other Parts of the Assessment

The rock mechnical models developed in this section is used as input to the evaluation of
the rock mechanical stability of the far-field rock (in Section 10.2) and the evaluation of the
mechanical stability of the near-field rock (in Section 11.2.2), for the scenarios specified
in Chapter 9.
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8

THE ENGINEERED BARRIER SYSTEM

The canister, the buffer, the shafts and tunnels, and the backfill and seals constitute the
engineered part of the repository. This chapter describes the initial properties of the
Engineered Barrier System (EBS), processes that may potentially change these properties
and, when applicable, the models used to evaluate their evolution. The outline of the
disposal system as well as the design of the canister are described in Chapter 5. The results
of the actual evaluation calculations are presented in Chapter 11.

8.1

INTRODUCTION

8.1.1

The Engineered Barrier System as a Part of the SITE-94
Process System

The SITE-94 Process System consists of the geosphere and the EBS. Features, events and
processes affecting, in particular, the spent fuel, the canister, the buffer and the tunnels will
directly determine whether radionuclides will be released from the repository. The
influences between these FEPs are described in the STTE-94 Process Influence Diagram
(PID) in the same way as the geosphere FEPs (see Chapters 2 and 7), using the
methodology described in Chapman et al. (1995). Figure 8.1.1 displays an extract of the
SITE-94 PUD covering the most important (IL=10) FEPs and links for the canister and
buffer. The PID reflects the fact that the thermal, mechanical, hydrogeological, radiological
and chemical processes in the engineered barriers all interact and that these FEPs are linked,
in turn, to the geosphere. The importance of these interactions varies and the magnitude of
the interactions depends on the properties of the EBS.
It should be noted that a potentially important region of the PID which is not considered in
the SITE-94 analysis of EBS performance concerns the generation and impacts of gas in
the near-field. Hydrogen gas may form as a result of anaerobic corrosion of the inner steel
canister and this issue, not treated in the following text, would need to be considered in a
full safety assessment.

8.1.2

Assessing the Properties of the Engineered Barrier System

As stated in Chapters 1 and 5, the reference disposal system used in this report is the socalled KBS-3 system. This system is still under development by the Swedish nuclear
industry. It is therefore inappropriate to describe the canister or the other engineered
components in a way similar to that of a safety analysis supporting an application to build
a nuclear facility. Furthermore, SITE-94 is a learning exercise and is not intended for the
development of disposal designs or techniques.
At the time of the completion of SITE-94, full-scale tests are in progress in order to develop
canister design as well as processes for manufacturing, sealing and non-destructive testing
of canisters in the programme managed by the industry. Similar developments are also
underway concerning buffer material, tunnel backfill, etc. Consequently, it is considered

Radioactive decay of mobile
nuclldes, canister

Radioactive decay of mobile
nuclldes, buffer

Figure 8.1.1 Extract from the SITE-94 PID displaying the most important influences (IL=I0) between FEPs in the EBS.
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premature to make any detailed conclusions which may depend on which fabrication
processes will eventually be used or which properties an actual 'as-produced' canister may
have.
At the time of writing, however, interesting results are appearing from the SKB
development programme at a rapid rate. These initial results make it possible to identify
processes which might conceivably give rise to canister malfunctioning. Mechanisms
related to canister longevity are of particular interest in the Swedish programme since, in
the KBS-3 system, the canister is the component of the system that is expected to provide
the initial containment of the radionuclides in the spent nuclear fuel and earlier assessments
have shown canister failure rate (in terms of the distribution of failure times) to be a
sensitive parameter in estimating overall system safety. It should be borne in mind,
however, that any potential weaknesses identified in the present report might be overcome
or circumvented by the industry in the near future. Similar reasoning can also be applied
to the other engineered components.

8.2

THE CANISTER

This section discusses factors of relevance for judging the stability of the canister. Such
factors include aspects of manufacture, testing and sealing, and the mechanical and
chemical properties of the canister. The potential for copper and steel corrosion are main
aspect of these chemical properties. The information provided in this section is used as
input to the evaluation of canister stability discussed in Section 11.5.

8.2.1

Introduction

The anticipated canister design includes an outer copper canister to assure long-term
containment and an inner steel canister to provide mechanical support. The longevity of the
copper canister is potentially a very important safety feature. Indeed, if full containment by
all canisters is assumed for the projected time of 106 years or greater, the performance
behaviour and response of all other engineered and natural barriers becomes largely
irrelevant. The potential for canister failure is influenced by mechanical impacts on the
canister and by corrosion, which is generally shown in the PID (Figure 8.1.1). The effect
of these impacts depends on the canister properties which, in turn, strongly depend on the
techniques used for manufacturing, sealing and testing. For this reason, these latter
conditions will also be addressed in this section.
One important objective of performing an integrated safety analysis is to provide a similar
level of integration in the research and development programme, as well as in the systems
design (Sjoblom et al., 1994). Integration is particularly important when the containment
behaviour of a canister is to be analysed. In this case, integration is required between many
areas of research and fabrication (or processing) development. Even details in the
manufacturing process might have significant implications for canister failure mechanisms
in the repository.

240

A systematic and transparent approach to the identification of scenarios and to the
compilation of links in the Process System (cf. Chapters 2 and 9) is particularly valuable
when a structured and comprehensive description of the future functioning of the canister
is to be compiled. For the reasons given above, it is not possible to include a comprehensive
and integrated description of all the factors affecting canister behaviour in SITE-94.
Analysis at an early stage is useful, however, in order to identify which factors might be
significant. Furthermore, such analyses are necessary as learning exercises in the area of
safety analysis (and may also provide a tool for directing further research and development
work into the pertinent areas). The first analysis in a particular area cannot be expected to
be evenly balanced when compared to other areas or barriers that have been more fully
studied. It does, however, serve as a necessary starting point for further and more
comprehensive work.
In order to facilitate analysis of the fully integrated repository system in the STTE-94
project, different conceivable defects and deficiencies are assumed to exist from the outset
in some of the canisters. This ad hoc assumption is justified in the SITE-94 analysis
because it enables a fuller investigation of the complex interactions and performance of the
site and of each subsystem of the repository. These postulated deficiencies can be attributed
to uncertainties in the canister design, manufacturing and sealing process and the testing
methods, etc., put forward by the industry.
In most cases, it is not possible to make any reliable quantification of such uncertainties,
nor is it justified, since the canister system is still under development. This caution may
seem surprising in view of the considerable experience that exists regarding design and
construction of canisters made of metal. It should be recognised, however, that more or less
pure copper is not a standard construction material (it is mainly used for electrical
conductors where mechanical properties are less of an issue) and that much of the process
development work is either in progress or remains to be done.
Almost pure metals are rarely, if ever, used as construction materials for a number of
reasons, some of which may be related to the very properties desired for a waste canister.
For example, no mechanism has been identified that would lead to diminution of the grain
size once the canister has been formed into its final shape. This is contrary to the situation
in certain other materials such as steel, where diminution can be obtained through cycling
around a phase transition temperature. Moreover, in less pure metal, there may be little or
no build-up of alloying elements on the grain surfaces and subsequent hindrance of the
development of large grains. More full scale experiments, such as those presently being
carried out by the industry, are needed before conclusions can be drawn regarding the
significance of such effects.
Another feature that deserves specific mention is the requirement that the canister function
over a very long period of time and the consequent need for verification of the relevance
of the testing and quality assurance procedures. These time scales extend much further than
the service lives tested in other industrial applications. In materials testing, extrapolation
into areas far outside those of the test conditions is typically carried out with great
reluctance, if at all. In the present case, it is not possible to perform tests of duration similar
in magnitude to the anticipated service life. Thus, a thorough understanding of the pertinent
phenomena in combination with relevant experimental data of sufficient quality appears to
be needed.
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8.2.2

Objectives and Requirements

The role of the canister
Given that the KBS-3 method will actually be selected for the final repository, the Swedish
nuclear industry have to ensure that the canister will be designed, manufactured, sealed,
tested and quality-assured in such a manner that it can be shown that the canister will
function in the anticipated manner in the encapsulation plant, during transport and in the
repository (during the operational phase as well as after closure).
During transportation and handling, the canister will provide a contamination barrier, a
radiation shield, mechanical integrity and protection and a suitable geometry for lifting and
for securing the fuel elements. In the repository, after closure, the canister should provide
containment of the radionuclides.
The canister should also be suitable for control and quality inspection so that its proper
functioning can be assured.
The requirements of the canister
The functional requirements describe the requirements regarding the function of the
canister. They can be derived from the role (described above) that the canister has to play
in the repository after closure and during handling and transportation. Functional
requirements include the following:
•
•
•
•

resistance to corrosion,
mechanical resistance to external load (isostatic as well as non-uniform),
radiation shielding (e.g. in order to minimise gamma-radiolysis),
suitable geometry from a criticality point of view.

In most cases, the functional requirements cannot be confirmed directly. Instead,
requirements have to be placed on properties or processes (e.g. manufacturing and sealing).
Since the latter requirements are related to the manufacturing of the sealed canisters they
might be referred to as manufacturing specifications. In order for the manufacturing
specifications to be used to ensure the function of the canister, it is necessary that the links
between manufacturing specifications and functional requirements are fully established and
proven.

8.2.3

Manufacturing, Sealing and Testing

8.2.3.1

Manufacturing

Copper canister
It is assumed that the canisters are manufactured through a process of rolling, bending and
welding. The rolling process starts with a cast ingot, with large grains (a cast structure with
e.g. dendrites) as well as fissures. During the forging process, including rolling, work is
applied and the fissures are closed. The cast structure is broken down and, as a result, the
material recrystallises to a smaller grain size with a uniform structure.
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The size of the ingot in relation to the size of the rolls may imply, however, that the size
reduction (of the ingot) and the work applied is less than desirable (Bowyer, 1995). In
particular, the interior of the copper plate produced may still contain a coarse grain structure
as well as pores.
Such effects not only affect mechanical strength and corrosion but also the possibility of
nondestructive testing (see Section 8.2.3.3). Further comments regarding the welding of the
bent copper plates are made in Section 8.2.3.2 .
Steel canister
In the case of the steel canister, a solid knowledge base exists regarding both the materials
science aspects and the engineering aspects of this material. The steel canister is made from
a rolled plate of carbon manganese steel (OX520DM), with a minimum thickness of
50 mm. The top and bottom lids are made from another carbon manganese steel
(SS 2103-0) with a thickness of 100 mm. The bottom lid is intended to be welded onto the
cylinder. The manufacturing procedures are well-known standards.
The qualities of this material provide a high mechanical strength and a good stability. The
stability of the material emanates from the small grain size together with the way in which
this grain structure is stabilised. The fine-grained structure in these types of materials is
produced through alloying small amounts of e.g. niobium, titanium and vanadium. These
elements form high-temperature carbides and/or nitrides that are very stable at low
temperature. The nitrides and/or carbides precipitate at the grain boundaries of the material
and thereby prevent the fine-grain structure from coarsening. The yield strength is
proportional to the grain size and can therefore be engineered and optimised.

8.2.3.2

Sealing

It is assumed that the sealing of the copper canister would be carried out by electron beam
welding (EBM). The EBM technology is well developed for a number of industrial
applications, including the sealing of nuclear fuel rods. In the case of copper canisters, the
novel aspects for EBM include the thickness of the canister in combination with the high
thermal conductivity of copper. Thus, even if the volume to be kept molten is as small as
a cylinder of 50 mm length and a diameter of only two or a few mm, a substantial amount
of power (100 - 150 kW) is required for the beam.
One of the main issues to consider in EBM welding is the stability of the beam (Bowyer,
1995). The beam is sensitive to disturbances (e.g. stray magnetic fields or gas molecules)
and can change character very rapidly. In order to regulate the beam, an efficient and very
fast feed-back system of a very low impedance has to be used. Typically, a vacuum has to
be applied over the object to be welded.
Degassing of the copper may occur during the welding operation. Such degassing may take
place if the copper contains some oxygen and may cause formation of pores. Another
mechanism for pore formation is through shrinkage when molten copper metal solidifies.
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The welding process is also likely to affect the grain structure in such a manner that
columnar grains are formed, (Bowyer, 1995). Such grains may form in the direction of the
welding. They are thus parallel to the canister surface and may therefore not be observed
unless explicitly sought. These grains may be larger in size than those in the bulk material,
which might affect the mechanical properties, as well as the possibility of inspection using
non-destructive testing.
The welding process may also lead to segregation of matter, since a molten zone propagates
through the material. Such a zone may bring impurities along with the melt and these
impurities may concentrate at the end of the weld.
The steel canister is assumed to be sealed by laser-beam welding. A penetration of only a
couple of millimetres is required since the canister will be designed in such a manner that
little mechanical strength is required in the weld region. The purpose of this weld is to keep
the lid in place (e.g. during the subsequent operations in the encapsulation plant), to
preserve the dry atmosphere inside the steel canister and to prevent contamination of the
outside by activity from the inside.
There are concerns with respect to steel canister welds. For example, when laser-beam
welding is performed in a fine grain steel alloy like OX520DM, the heat-affected zone
(HAZ) may become brittle (due to the formation of martensite) and thus need to be heattreated (Bowyer, 1995).

8.2.3.3

Testing and Quality Inspection

Testing of the canisters will probably involve all stages of manufacturing, including the
sealing process. Testing during manufacturing will probably be both destructive and nondestructive, while testing of the sealed canisters is only non-destructive. For the purpose of
SITE-94, only non-destructive testing will be discussed.
The main methods considered for non-destructive testing (NDT) are ultrasonic inspection
and radiography. Both may be utilised during canister manufacturing, as well as after the
canister has been sealed. In the present report, they are discussed mainly from the point of
view of testing the sealed canisters.
Ultrasound can be used to detect irregularities in the refractive properties of a solid.
Fissures and pores give rise to reflections, if the orientation is favourable. Pores may not
be detected, however, if the wavelength is somewhat larger than the diameter of the pores.
In copper, the sound velocity (for longitudinal waves) is of the order of 5xlO3 metres per
second. It can thus be expected that frequencies of the order of a megahertz, or higher, are
required in order for pores having a diameter of a few millimetres to be detected.
The ultrasonic waves may also interact with the copper itself if the grain size is of the same
order of magnitude as the wavelength, or larger. The interaction is quite complex since the
refractive properties of copper vary with the orientation of the grain as well as with the type
of wave (transverse or longitudinal). Thus, the waves may change direction as well as
character at the interfaces between the grains. The phenomenon leads to dispersion and to
absorption of the waves. Pores located deep in a copper specimen having a large grain size
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may therefore be very difficult, or even impossible, to detect. In such a case, the absence
of echoes does not indicate any absence of pores but merely that the signal is being
attenuated. The dependence of the grain size on the manufacturing and sealing processes
is discussed in Sections 8.2.3.1 and 8.2.3.2 respectively.
It appears that when ultrasonic inspection is carried out, more detail can be expected from
the region near the surface than from the interior of the copper canister. Also, the weld
regions may be more difficult to inspect than the bulk material.
For radiography applied to a canister, only transmission of the rays is considered. Important
constraints include the thickness of the material and the resolution needed. This implies that
the rays will have to have a high intensity as well as high energy. In an accelerator, a target
is bombarded with particles and as a result x-rays are emitted. The x-ray beam is collimated
and there is a trade-off between collimation and intensity. A proper balance between the
two will, ideally, provide the resolution needed within the time available. The collimated
beam is scanned through the weld region of the canister and differences in the detector
signal level may reflect irregularities in the material tested.
One important aspect concerning testing of the sealed canister, valid for ultrasonic
inspection as well as for radiography, is the question of how the data from testing are used
with regard to statistics. Under ideal conditions, many properties can be controlled and
measured. During actual plant operation, a limit must, typically, be set on the effort spent
on testing. Understanding of the process and a pertinent testing strategy are probably
important prerequisites for success. Nevertheless, when the future behaviour of the canisters
is to be assessed, it should be recognised how various deviations from expected
characteristics may arise, their statistical distributions and the implications of such
deviations on the long-term integrity of the canisters. Such analyses may be of particular
interest in the realms of low probability, where early failures might occur.

8.2.4

Mechanical Properties

Design and manufacture have important implications for the mechanical properties. Thus,
the steel canister inside the copper canister provides a mechanical load-bearing function,
and the outer copper canister, protection against corrosion.
The canister is subjected to and affected by internal as well as external stresses. However,
in the SITE-94 canister analysis, only the external stresses are analysed.
Copper is a soft material and can be highly deformed without cracking at ordinary
deformation rates. For loads that correspond to stresses well below the yield strength and
which are applied for a long time, copper will creep.
After manufacturing (especially the welding operation), residual stresses will be present in
the empty canister. These stresses might be partially relaxed before encapsulation. During
the welding of the lid, new stresses will be introduced. These latter stresses might also be
partially relaxed before disposal.
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After closure of the repository, water will enter and a significant pressure from hydrostatic
loading and swelling of the bentonite buffer will build up (see Section 11.5.2). The pressure
will cause the copper to creep onto the steel canister until the space between the canisters
is essentially eliminated. (Initially, there has to be a space between the canisters in order to
put one inside the other.)
During creep, copper will be less ductile than during ordinary deformations. The creep
behaviour of copper depends on composition, grain structure and temperature. It is
important to ensure that copper has the creep ductility required, even for very slow creep
at comparatively low temperatures (Bowyer, 1995).
In order for the creep to take place at rates that can be measured, the experiments performed
have been carried out at elevated temperatures. These creep data are then used in
extrapolations to the range of interest (25 to 80 °C). In these extrapolations, an Arrhenius
type of equation is assumed. In this expression, the activation energy obtained in the high
temperature range is used for the entire extrapolation.
Such extrapolations are only justified in cases where the same mechanism persists over the
entire temperature range. It is, therefore, of interest to determine what mechanism is
effective within what temperature range (e.g. migration of dislocations or diffusion).
A necessary condition for a creep failure to occur, regardless of mechanism, is the presence
of tensile stresses. The creep behaviour of the canister can thus be altered and improved by
appropriate design.
When the mechanical properties of a canister are considered within the context of
Performance Assessments, the analysis should include canisters that have defects. In spite
of the testing, and due to different effects, some of which are discussed above, defects of
varying sizes, shapes and frequency can be expected to be present in the canisters (Bowyer,
1995).
Defects may give rise to considerable changes in local distribution of stresses and thereby
also to plastic deformation and/or cracking. The low yield strength of copper implies that
copper has a low resistance against such deformations. On the other hand, the high ductility
may imply that cracking will take place only at very large deformations.
Another aspect of defects is that they could be of importance for the feasibility of lifting and
retrieving canisters. This has not been analysed in detail, but the present judgment is that
the critical defect size is large in comparison with what might pass inspection.
The long-term behaviour of the canisters in the repository is discussed further in
Section 11.5.
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8.2.5

Chemical Properties

8.2.5.1

Introduction

A first prerequisite for the long service life of a canister is that it can be shown to have a
sufficiently low rate of general corrosion. Estimates of life-times with regard to general
corrosion of copper are usually based on estimates of the supply of reacting species under
reducing conditions. This supply, in turn, is normally limited by diffusion resistance in the
bentonite, possibly in combination with limits to the concentrations of reactive species at
the outside of the bentonite buffer.
If the lifetime of a canister is limited by localised corrosion, the lifetime will depend on a
combination of the supply of reactive species, the intensity of initiating factors and the
mechanism of the attack.
Thus, when the corrosion behaviour of a copper canister in a repository for spent nuclear
fuel is to be evaluated, it is necessary to understand:
•
•
•
•
•
•

the chemistry of the water contacting the canister,
the reactions that take place at the copper surface,
the properties of the reactants formed,
the migration of reactive species to the canister,
the migration of reactants away from the canister surface (including the rates),
the mechanism(s) for the corrosion process(es).

These aspects are discussed in the following sections.
Evaluations should also be made for the potential effects of microbes, stress corrosion
(including stress state and initial defects) and corrosion from the inside. However, these
three aspects are not dealt with in the SITE-94 project.
The reactions that might take place at the copper surface depend on the composition of the
surrounding groundwater and of the bentonite buffer. The composition of the groundwater
can vary considerably with chemical buffering properties, location, depth and time. Longterm changes in climate or regional hydrogeology may impose sustained changes in the
chemical composition of groundwater at repository depth, as described in Chapter 9.
Furthermore, it can be expected that the redox potential, the iron(II) content and the reduced
sulphur content of the groundwater can be further modified by interaction with the
bentonite buffer.
Typically, groundwaters contain calcium and sodium cations and chloride, sulphate and
carbonate anions. Oxidising water also contains dissolved oxygen, and reducing
groundwater may contain iron(II) and reduced sulphur (in the form of sulphide and
polysulphide). The reduced sulphur is usually present in low concentrations only, but is of
interest in connection with copper corrosion because it reacts with copper under sufficiently
reducing conditions.
The composition of the groundwater at Aspo is described and discussed in Sections 10.4
and 11.5.3. Changes in the composition of the groundwater during the post-operational
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phase of the repository is discussed in Chapter 11 in conjunction with the discussion of the
behaviour of the canister in the repository.

8.2.5.2

Copper Chemistry

Copper and copper alloys have been known to man for thousands of years. They are wellknown for their resistance to corrosion, as has been observed in archaeological artifacts and
occurrences of native copper.
This resistance to corrosion can be explained in part by the fact that copper is
thermodynamically stable in pure, oxygen free water (Moller, 1995). However, dissolved
oxygen in groundwater can oxidise copper to form solid phases or dissolved species. At
high electrochemical potentials, the solid phases formed are expected to be oxides and
oxide-related phases. At low potentials, the solid phases formed are expected to be
sulphides and sulphide-related phases (if sulphur is present). At intermediate potentials,
copper metal is itself thermodynamically stable, see e.g. Amcoff and Holenyi (1992, 1996),
Beverskog (1996a) and Beverskog and Puigdomenech (1995).
In the presence of oxygen, and in neutral to moderately alkaline water solutions, copper is
oxidised to copper(II)oxide. When present, hydroxide, chloride, sulphate and carbonate ions
might be incorporated into the copper(II)oxide type of solids. Different phases will form,
depending on the details in the chemistry of the water contacting the canister. The candidate
phases include: azurite Cu3(CO3)2(OH)2, paratacamite Cu2(OH)3Cl, tenorite CuO, malachite
Cu2CO3(OH)2, connellite Cu37Cl8(SO4)2(OH)62-8H2O and brochantite Cu4SO4(OH)6.
If access to oxygen is limited, copper(I)oxide, cuprite (Cu2O), is formed instead. Copper(I)
is stabilised by chloride ions through the formation of copper chloride complexes. Most of
these complexes are charged and appear in solution. Thus, under such conditions, it is
possible that no solid phase will form on a copper surface that is actively corroding.
Copper reacts readily with reduced sulphur species (e.g. hydrogen sulphide ions) to produce
copper sulphide and hydrogen. A simplified Pourbaix diagram showing the stability and
metastability fields of copper and reduced sulphur is given in Figure 8.2.1. As is explained
in the figure legend, the stability and metastability fields encountered are very different
depending on whether the change is from oxidising to reducing conditions, or vice versa.
Cations present in the groundwater—especially transition metals with a low charge—may,
in many cases, be readily incorporated into copper sulphide-type phases. This chemistry is
even more complex. The compositions are typically variable, there are many phases and
hysteresis effects are common (kinetic factors play a prominent role). Conversions between
phases typically involve redox reactions as well as metastabilities. A typical example of this
behaviour can be found in the copper - iron - sulphur system which is described in Amcoff
and Holenyi (1996). This system is of particular interest since iron(II) is present in the
groundwater and since the bentonite clay contains iron sulphide.
Much of the explanation of the behaviour of copper under reducing conditions can be found
in the fundamental chemistries of copper and sulphur (Hermansson, 1995). In sulphides,
copper has never been observed to have any other oxidation number than +1. This situation
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Figure 8.2.1 Persistency field of (a) CuS and (b) Cu2S. Several phases of intermediate
composition exist; they have been neglected for simplicity. Reduction reactions can be
expected to correspond relatively well with equilibrium processes (the lower persistency
boundaries in the diagrams), while the oxidation reactions are typically path-controlled
(more sulphur-rich phases formed). Note that in a real repository situation, other transition
elements will probably also be present in any sulphides formed. (From Sjoblom et ai,
1995; for further details, see Amcoff and Holenyi, 1996).

is very different as compared to that for oxides where copper may have oxidation numbers
+2 or +1, as mentioned above. The explanation of this behaviour is that sulphur, contrary
to oxygen, is not sufficiently electronegative to remove more than one electron from the
copper atom. Instead, sulphur has a valence that varies between -1/2 and -2.
Moreover, in most, or perhaps all copper sulphides, some of the valence electrons are
delocalised and give rise to a high electric conductivity. Typically, there are many vacant
sites in the structures and a consequent high mobility of cations.
The fundamental differences that exist between the copper oxide and the copper sulphide
chemistries imply that the character of a corrosion attack on a copper canister can be very
different depending on the circumstances.

8.2.5.3

Copper Corrosion

Under oxidising, low-chloride groundwater conditions and at intermediate pH values,
copper(I) and copper(II)oxide type layers can be expected to form on copper surfaces.
Typically, a copper(I)oxide layer is formed between the copper surface and the
copper(H)oxide type layer. Such layers are poor electrical conductors, have a (relatively)
fixed composition and show a low mobility of charged species. Thus, the layers can be
expected to be protective, i.e. once formed, they will inhibit any further attack on a general
corrosion basis (provided that they adhere to the copper metal).
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This situation is a comparatively favourable one from the point of canister longevity under
oxidising conditions. The oxygen available reacts only slowly with the canister, thus
providing time for reactions with other species that can be oxidised e.g. the iron sulphide
in the bentonite. Moreover, since the attack is uniform, a considerable amount of oxygen
will have to diffuse to the canister surface and react before any penetration can take place.
The layers on the copper surface are protective in the sense that they hinder reactions that
would otherwise take place (actually slowing down the rate). Under certain circumstances,
local chemistries, different from those in the bulk of the groundwater, may develop in the
close vicinity of and on isolated parts of the copper surface (Hermansson and Beverskog,
1996). The microchemistry at the copper surface may be separated into anodic and cathodic
areas, perhaps related to faults in the passive film. At such localised areas, pits can form
and, once initiated, they might propagate, since the chemical conditions in a pit will inhibit
restoration of the local protective film. The mechanism is illustrated in Figure 8.2.2.
The possibilities for pit formation, as well as the pitting factor, can be expected to depend
strongly on the details of the chemical environment. The pitting factor is the ratio between
the depth of the deepest pit and the depth of the average corrosion. Pitting has been
observed on many metals. In cases where the metal surface is passivated by an oxide layer,
certain general patterns can be identified. Thus, at low electrochemical potentials, a metal
typically shows immunity towards corrosion. At high electrochemical potentials, in
combination with acidic conditions, no protective layer is formed and a rapid general
corrosion can be observed. At high electrochemical potentials, together with moderate to
high pH-values, 'perfect' passivation might occur (with associated slow uniform corrosion).
In between the latter two areas, and above a minimum electrochemical potential (the
protective potential), pitting might take place. The location of the pitting area in the
Pourbaix diagram is typically heavily dependent on details in the chemistry, e.g. the
chloride concentration. The pits are typically shallow on the acidic side and deep on the
alkaline side.

cu 2 *
Cu+ -complex

Bentonite
clay
Passivating
copper oxide
type layers
Copper metal

Figure 8.2.2 Mechanism for pitting corrosion of copper. (From Sjdblom et al, 1995).
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Under normal conditions (i.e. common applications of objects made of copper), pitting
corrosion is rarely observed on copper. This is due to the noble character of copper itself
in combination with the good passivating properties of copper oxides, extending to very
high electrochemical potentials. Normally this implies that high potentials are required to
initiate a pitting process, potentials that are encountered when the system is in contact with
air (Engman and Hermansson, 1994; Hermansson and Beverskog, 1996).
It cannot be excluded, however, that the situation might be different if the chemistry of the
water is unfavourable. It was mentioned in the preceding section that a number of phases
may form on the copper surface under oxidising conditions in a repository environment.
Thus, different chemistries can be expected to give rise to different Pourbaix diagrams.
Under oxidising and high chloride conditions, the oxidised copper may form charged
chloride complexes that appear in solution. Under such conditions, it is possible that no
solid phases will form on the copper surface, and the corrosion can be expected to be
uniform. However, a real situation could be more complex. Copper(I) complexes formed
at the copper surface may diffuse away from the surface and then react with oxygen to form
copper(II) which, in turn, may or may not form dissolved species depending on the specific
chemistry. If dissolved species are formed, some of them will diffuse away from the copper
surface while others may diffuse to the vicinity of the copper surface. In the latter case,
copper(II) and copper(O) may react to form copper(I). Nonetheless, the copper surface might
be clean and the corrosion uniform.
A possibility is that a slow access of oxygen gives rise to a mild oxidation of iron sulphide
in the bentonite. In such a case, polysulphides may form, diffuse to the copper surface and
participate as reducible species in corrosion processes.
Under reducing conditions and in the presence of dissolved reduced sulphur species,
sulphide layers may form on the copper surface. These layers cannot be expected to be
protective since they are (at least for the most part) good conductors of electrons as well as
of copper cations. Consequently, no mechanism for the formation of normal corrosion pits
has been identified. Indeed, no records have been found in literature on experimental
investigations of pitting corrosion on copper under conditions that resemble those in a
radioactive waste repository (Engman and Hermansson, 1994).
It might therefore be tempting to conclude that such corrosion must be uniform. Localised
corrosion is still conceivable, however. It should be realised that while reduced sulphide
species can migrate (diffuse) through the groundwater in the microporous bentonite buffer,
copper can also be expected to be quite mobile in the copper sulphides formed
(Hermansson, 1995; Berger and Bucur, 1996). Copper might actually transfer more rapidly
through the solid sulphide phase formed than dissolved sulphide (or reduced sulphur)
species transfer through the groundwater. In such a case, the growth of sulphide on the
copper canister might take place at specific locations to form outgrowths of a 'whisker'type using copper from underneath the 'whisker' base. A second possibility is growth of
sulphide crystallites in preferred directions and a third possibility is formation of a sulphide
phase preferentially in pore space or voids in the bentonite. In such processes, pits may
form, although the mechanism for pitting is entirely different from the one described above
for oxidising conditions. The mechanisms are illustrated in Figure 8.2.3.
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Figure 8.2.3 Proposed mechanism for localised corrosion under reducing conditions.
(From Sjoblom, Hermansson, andAmcoff, 1995).

In addition to the sulphide growth mechanisms identified above, uneven corrosion could
also be caused by the uneven inflow of corrodents from fractures in the rock surrounding
a deposition hole, or from the runnel. The availability of corrodents to different regions of
a canister surface may be quite variable.
In order to evaluate canister durability with respect to localised corrosion, it is necessary
to describe the local character of the attack (in addition to knowing the concentrations of
reactive species and their time dependencies). In previous work on localised corrosion, the
local character of the attack has been taken into consideration by the utilisation of a pitting
factor. Such an approach has the advantage of simplicity and might be useful for
illustrations of the significance of localised corrosion.
The previous section discussed how, at high electrochemical potentials, the conditions for
pitting corrosion-~as well as the shapes of the pits—change with chemistry. It was also
mentioned that the degree of local character of the corrosion (determined e.g. as the pitting
factor) can be expected to be sensitive to details in the chemistry. For moderate changes,
the system might shift between passivation, pitting and rapid general corrosion.
It should be remembered, especially when localised corrosion is being considered, that the
canisters will have to be manufactured, and that different deficiencies may be introduced
in the manufacturing processes (cf. Section 8.2.3). Thus, a real canister may have pores and
fissures of different sizes and shapes that may promote crevice corrosion. (Crevice
corrosion is similar in nature to pitting corrosion.) Moreover, matter may segregate in the
weld and this could also give rise to localised corrosion if parts of the weld become more
susceptible to chemical attack. Segregation of matter could also take place through
excessive grain growth which, in turn, could also lead to localised corrosion.
The future chemical behaviour of the canisters in the repository is discussed further in
Section 11.5.3.
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8.2.5.4

Steel Corrosion

In several countries, the reference alternative includes disposal canisters made of steel, a
very well known construction material. Consequently, the corrosion behaviour of steel has
been studied extensively, and a wealth of knowledge is available.
Under oxidising conditions (and in the presence of water), the corrosion of carbon steels
is relatively rapid since passivation is usually inefficient. Pitting corrosion is less of a
problem, in comparison, since the rate of general corrosion is high.
Under reducing conditions, with favourable chemistries and in the absence of galvanic
effects, passivating layers may form and the rate of corrosion becomes relatively slow.
In the SITE-94 project, corrosion of the steel canister is investigated in one pre-study
(Beverskog, 1996b). No calculations or estimates are made of the rate of corrosion. In the
Reference Case studied, it is assumed that—for whatever reason—a hole exists in the
copper canister. The hole is cylindrical with a cross-sectional surface area of 5 mm2. This
is small enough to simulate credibly the effect of an undetected welding defect that very
soon develops into a hole of dimensions significant for the release of radionuclides (SKB,
1992).
For such a geometry the following would be essential in order for galvanic corrosion to take
place:
•

Iron dissolves to iron(II) at a rate sufficiently high to maintain a low pH and to
hinder passivation (extremely geometry-dependent).

•

There is a reducible species available at the surface of the copper canister.

•

The metallic canisters should be good electrical conductors.

•

The porewater of the bentonite should contain sufficiently high concentrations of
ionic species to make it a reasonably good electrical conductor by diffusion of ions.

It would seem that the most important limiting factor would be the supply of reducible
species at the copper surface. Obviously, immediately after closure, residual oxygen will
diffuse to the copper surface and become reduced, thus taking up the electrons generated
when iron is converted to iron(II):
Vi O2 + H2O + 2e" * 2OH'
Fe * Fe2+ + 2e"
Another possibility would be if oxygen reacts with copper to form an oxide-type surface
layer on the copper. Subsequently, when the oxygen has been consumed, the copper oxide
might sustain galvanic corrosion by converting the copper oxide back to copper metal.
However, all these effects have not been considered for the evolution of the near-field
chemistry in SITE-94.
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8.2.6

Conclusions and Implications for Other Parts of the
Assessment

The information provided in this section is used as input to the evaluation of canister
stability discussed in Section 11.5. The main findings are as follows.
A critical issue with the copper material is the structure and size of the grains achieved. It
will be influenced by the manufacturing and locally by the welding of the lid, and will
affect mechanical strength and corrosion, as well as the possibilities for nondestructive
testing.
An inevitable kind of deformation is the creep of the copper canister onto the steel canister
due to the external pressure from the swelling bentonite. The creep behaviour of the copper
together with analysis of defects in the material are the most crucial features to assess
regarding mechanical properties of the copper canister.
A first prerequisite for a long service life of a canister is that it can be shown to have a low
rate of general corrosion, which is generally regarded as limited by availability of the
reactive species, as is in turn limited by diffusion in the bentonite. If the lifetime of a
canister is limited by localised corrosion, the lifetime will depend on a combination of the
availability of reactive species, the intensity of initiating factors and the mechanism of the
attack.
The nature of the copper oxides and sulphides that can form on the surface provides much
of the key to the corrosion behaviour of copper. The copper oxides formed under oxidising
and low-chloride groundwater conditions can be expected to be protective, since they are
poor electrical conductors and have a low mobility for charged species. Different
microchemistries in different areas might, however, give separate anodic and cathodic
areas, which could create pits.
Under oxidising and high-chloride groundwater conditions it is possible that no solid
phases will form on the copper surface, due to the formation of charged copper complexes.
The corrosion can then be expected to be uniform.
Under reducing conditions and in the presence of dissolved reduced sulphur species,
sulphide layers may form on the copper surface. These layers cannot be expected to be
protective since they are (at least for the most part) good conductors of electrons as well as
of copper cations. Such corrosion would then be uniform. However, it cannot be totally
excluded with a 'whisker'-type of localised corrosion. This would have the effect of copper
moving more rapidly in the solid copper sulphide than dissolved sulphide would move in
the groundwater in the bentonite. In such a case, the growth of sulphide on the copper
surface might give whisker-like outgrowths, while pits are formed under the outgrowth, due
to copper depletion.
Besides the influence of the chemical conditions (including separated microchemistries),
defects and deficiencies in the material are important determinants of the possibilities for
localised corrosion.
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The qualitative analysis of the canister in SITE-94 highlights some critical issues regarding
the mechanical and chemical properties of the copper canister. Since there is a more solid
knowledge base for the use of steel as a canister construction material, only minor efforts
are made in SITE-94 to evaluate it.

8.3

THE BENTONITE BUFFER

This section describes the initial properties of the bentonite buffer surrounding the waste
containers and the material models that are relevant for evaluating its function and
performance in the repository.

8.3.1

Introductory Remarks

The buffer consists of highly-compacted bentonite clay emplaced as tightly interlocked
blocks filling the annulus of the deposition holes around the waste canisters, as well as
above and below them. It constitutes a key part of the Engineered Barrier System. Ideally
the buffer should:
•

contribute to conditioning the chemical environment of the canister and the spent
fuel once the canister fails,

•

provide mechanical protection of the canister against any movements in the rock,

•

protect the canister and, eventually, the exposed spent fuel from advective
groundwater flow,

•

retard the migration of radionuclides released from the spent fuel.

In SITE-94 little effort is devoted to new analysis of the buffer and the subsequent text is
thus given largely as background. However, this does not detract from the importance of
the buffer. Many of the issues discussed below would need close scrutiny in a Performance
Assessment connected to a license application. Here, the focus is on those transport
properties that are used in the subsequent radionuclide migration calculations. Important
sections that are not included in SITE-94, but which would be essential in an eventual
Performance Assessment submission, are:
•
•
•
•
•

swelling properties
rheology
thermal conductivity
pretreatment and application methods
quality control.

An example of how many of the important issues can be covered in more detail is provided
in a recent report by Pusch (1995).
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8.3.2

Composition of the Buffer

In SITE-94 the buffer material is assumed to be Volclay MX-80, a type of bentonite
originally produced in Wyoming. MX-80 has a high content of Na-montmorillonite in its
smectite component. The typical mineral composition of MX-80 is given in Table 8.3.1.
The data in Table 8.3.1 are used as an input to the modelling of bentonite porewater
chemistry in Section 11.3. SITE-94 assumes the same redox capacity (0.15 keq/m3) as that
used in Project-90 (SKI, 1991), based on a study by Eriksen and Jacobsson (1983).
The elemental composition of MX-80 is given in Table 8.3.2. Similar data have also been
given by Pusch (1995) and Snellman et al. (1987).

Table 8.3.1 Mineral composition of MX-80 (Miiller-Vonmoos and Kahr, 1983).
Mineral
Montmorillonite
Quartz
Feldspar
Carbonate
Mica
Kaolinite
Pyrite
Organic Carbon

Modal abundance (vol-%)
75
15.2
5.8
1.4
<1
<1
0.3
0.4

Table 8.3.2 The approximate elemental composition (wt%) of MX-80, compiled from
Jacobsson and Pusch (1978).
Formula unit

Abundance (weight-%)

A12O3

60
20

FeA

3

CaO

1

MgO
Na2O
K2O
MnO

1-3
2
0.5
0.03
0.1

SiO 2

TiO2
F

0.1

S (total and in sulphides)

0.1-0.2

PO4
Water (moisture, hydrate water)
Li,O, Cl, Cu, Zn, Cr, Ni, AsO4 each

0.06
5-15
<0.01
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8.3.3

Transport Properties

Much of the text in this section is derived from an earlier report by the OECD/NEA (NEA,
1993).

8.3.3.1

Hydraulic Conductivity

A conceptual model for transport in dense bentonites proposed by Pusch and Hokmark
(1987) describes compacted and dry clays as consisting of dense aggregates that, upon
hydration, swell and fill the residual pore spaces left by the dry compaction process. The
material in the pores is less dense than the initial aggregates of clay platelets and, therefore,
is assumed to be less mechanically stable. The low hydraulic conductivity (K) of compacted
bentonite backfill assures that transport through such materials will be dominated by
diffusion, with possible minor transport arising from non-Darcy flow such as thermal- or
concentration-osmotic effects (Dixon et al., 1992).
Traditional determinations of K for compacted bentonite have used high-pressure apparatus
to decrease the time required to induce measurable flow through the bentonite (e.g., Pusch,
1980). The results of these studies give K values in compacted bentonite of about 10'13 m/s.
These studies show that flow does not occur until the pressures applied exceed, or come
close to, the swelling pressures of the bentonite and conclude that the interlayer structure
is being affected by high water pressures, e.g., collapsing of the structure, allowing flow to
occur. Follow-on studies (Pusch et al., 1985; Neretnieks, 1985) acknowledge that these
applied pressures (in the tens of MPa range) are not relevant to the repository situation and
that initial measurements K values may be overestimated. Use of much smaller applied
pressures (tens of kPa range) led to drops in measured K values to about 10"14 m/s (Pusch
et al., 1985). Even so, applied pressure gradients of this magnitude could still have an
unnatural affect on the bentonite, and high point-pressures within the bentonite could result
in local collapse of the interlayer structure or enlargement of intergranular channels.
Alternative techniques have recently been employed to address the difficulties and
limitations inherent in high-pressure gradient permeability tests. These include application
of low-pressure gradient techniques (e.g., Dixon et al., 1992) and ultracentrifuge technology
(e.g., Conca et al., 1993a). These studies claim that compacted bentonite shows hydraulic
conductivities below a detection limit of 10"16 m/s, a factor of a thousand lower than that
initially measured by high-pressure techniques.
In any case, the hydraulic conductivity of an undamaged buffer seems to be sufficiently low
to ensure that transport will be dominated entirely by diffusion.

8.3.3.2

Diffusivity

For low permeability buffers, diffusion will control the transport of radionuclides from the
failed waste canister to the host rock. The extensive literature on diffusion in clay-based
materials, including bentonite, has been summarised recently (NEA, 1993).
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Diffusive transport, represented by Fick's second law of diffusion for a stable species, is
given by:

aC(x,t)
D „
- f ^ = ^V 2 C(x,t)
J
at
a.

a. = cR. = e + PbKdj

where Cj(x,t) is the concentration of species j , De is the effective diffusion coefficient, and
e is the porosity of the medium available for diffusive transport, ctj is the capacity factor for
radionuclide j , Rj is the retardation factor for radionuclide j , pb is the bulk density of the
material, and Kd j is the distribution coefficient for radionuclide j between the solute and
solid phases.
A standard approach to determining radionuclide specific values of the effective diffusion
coefficient, De (also referred to as the so-called simple diffusion coefficient, Ds, see, e.g.
NEA, 1993) in compacted bentonite, for use in near-field Performance Assessment (e.g.,
Skagius and Neretnieks, 1985; Cho and Oscarson, 1992) is based on the relationship:

in which radionuclide-specific values of the apparent diffusivity, Da, are measured for
compacted bentonite with known e and pb values. Several different techniques involving
radio-chemical tracers may be used, including half-cell/in-diffusion, through-diffusion, and
time-lag approaches in compacted materials (e.g., Cho and Oscarson, 1992; Oscarson et al.,
1992; Sato et al., 1992). If retardation processes significantly affect the migration of a
species in a porous medium, the measured Da will be markedly lower than De.
In conventional, indirect determinations of De, Da values for various radionuclides are
measured for intact, compacted bentonite samples. Separate batch sorption tests are used
to measure Kd-values for the same radionuclides on disaggregated bentonite samples. These
conventional determinations of De give values typically in the range 5xlO"13 to 5xlO"M m2/s
for non-sorbing species (SKI, 1991). Indirect measurements for sorbing radionuclides give
De values for most metals, which are within this range. This includes the actinides, which
fall in the upper part of the range. The alkali and alkaline earth cations behave abnormally,
however, with values higher by about one order of magnitude. This phenomenon is ascribed
to surface diffusion (see below).
An alternative method for direct determination of De for different materials is electrical
conductivity in a potentiostatic or galvanostatic mode, which provides reliable estimates
of diffusion coefficients in electrolyte solutions (Miller 1972; Robinson and Stokes 1959;
Conca et al., 1991). Based on electrical conductivity measurements, De in compacted
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bentonite ranges from 6.5x1013 m2/s to l.lxl0" 9 m2/s, depending on the volumetric water
content of the sample (Conca et al., 1993b).
Surface diffusion has been postulated as a theoretically important mechanism in the
transport of radionuclides within bentonite (e.g., Rasmuson and Neretnieks, 1983; Bradbury
et al., 1986; Jahnke and Radke, 1987; Cheung, 1990). This transport is assumed to occur
within the electric double-layer adjacent to mineral surfaces and is sometimes invoked as
a significant contributor to the overall diffusion coefficient in experiments in geological
systems, especially where model predictions underestimate the extent of tracer diffusion.
This kind of behaviour is shown by, e.g., Cs and Sr.
An alternative to the surface diffusion concept as an interpretation of experimental data has
been suggested recently. If surface diffusion were dominant, or even of equal magnitude
to bulk porewater diffusion, then increased compaction in bentonite would increase
measured diffusion by enhancing the linkages between electric double-layers and
decreasing overall surface-diffusion path length. However, through-cell measurements of
De in compacted bentonite for a variety of radionuclides show that there is a consistent,
albeit irregular, decrease in measured diffusion coefficients with increasing compaction
density (Oscarson et al., 1992). The same systematic decrease in measured diffusion with
increasing compaction is observed in ultracentrifuge tests (Conca et al., 1993b). From this
reasoning, it appears that surface diffusion might be an artifact of the data-fitting procedure
in which De for an intact bentonite sample is indirectly inferred by combining Da for an
intact bentonite sample with Kd measured on a disaggregated sample. An important reason
for these difficulties is that all three parameters (De, e and Kd) depend on both the diffusing
species and the density of the compacted clay (Wanner et al., 1994). This question is not
yet resolved.
From the above discussion, it follows that the values of the transport parameters should be
chosen conservatively, in order not to underestimate the rate of diffusion through the buffer
which is due to conceptual uncertainty. For SITE-94, however, no thorough investigation
is made and the same non-radionuclide specific values for De and e are employed as those
used in Project-90 (SKI, 1991). Thus, transport in the buffer is described by analogy with
transport in the rock matrix (see section 7.4.2.2) and surface diffusion is not considered.
The effective diffusivity is chosen as suggested by Andersson (1991), i.e. 4xlO' u m2/s, and
E is set to 0.36. The former value may be non-conservative for Cs, Sr and Ra. In fact, a
more realistic value may be an order of magnitude greater (for example, if surface diffusion
were to be taken into account) and it should be noted that other recent assessments have
used effective diffusivities for cations which are up to three orders of magnitude more
conservative. The choice of De value thus represents an uncertainty within the SITE-94
analysis. However, a preliminary analysis shows that with the conceptual model used for
radionuclide transport in the near-field in SITE-94, release to the far-field, of at least Cs,
is governed by release from the waste-form rather than diffusion in the bentonite.
It should be noted that, in the discussion above, as with the rock matrix, the effects of anion
exclusion are not considered. In the bentonite buffer the potential impact of anion exclusion
on radionuclide releases is the opposite to that in the rock matrix (see Section 7.4.2.2) in
that, in the buffer, reduced diffusivities caused by anion exclusion will reduce the release
rate of anionic species. Its omission is thus conservative, in this case.
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8.3.3.3

Sorption in Bentonite

Radionuclide species are retarded as they diffuse through the pore pathways of compacted
bentonite owing to sorption onto mineral surfaces. Sorption of radionuclides is discussed
in Section 12.4, where the bentonite data selected for SITE-94 are also presented.
The conceptual difficulties experienced in modelling diffusion in bentonite are described
in the previous sub-section. Usually, it is assumed that Kj-values are the same for intact,
compacted bentonite and for disaggregated samples. Distribution coefficients for intact,
compacted bentonite may be obtained from the relationship described previously between
De, Kd and 6. These results, derived from direct measurements on compacted bentonite
(Sato et al., 1992; Conca et al., 1991), indicate the possibility of significant differences
between batch and intact Kd-values. In some cases, the batch Kd-values are as much as 100
times higher (i.e., less conservative) than Kd-values obtained from intact samples of
bentonite. Again, these differences challenge the assumption previously made in
normalisation of Da values with batch Kd-values in order to derive De.
8.3.3.4

Gas Transport

Due to the presence of iron in the canister the issue of gas transport through the bentonite
has gained importance. No specific work on gas in the bentonite has been done in SITE-94
so the information provided in this subsection is given as a reference only.
According to the SKB RD&D Programme 1995 hydrogen gas will be formed by anaerobic
corrosion of iron. A study supported by SKB (Wikramaratna et al., 1993) have made the
following conclusions:
•

The long term effect of gas generation is primarily dependent on the gas generation
rate and the capacity of the bentonite to permit gas to escape.

•

The quantity of gas that can be dissolved in water and is transported away by
diffusion is small compared to the expected generation rate, which means that the
gas flow through the bentonite is expected to be the dominant transport mechanism.

•

Once the gas has passed through the bentonite, there are enough transport pathways
to enable the gas to continue on through the rock towards the ground surface.

Evidently, these conclusions have not been checked or by any means evaluated within
SITE-94. However, the conclusions suggest that it will be worthwhile to pay continued
attention to the problem of gas migration through the bentonite.

8.4

THE BACKFILL AND SEALS

The way in which the repository is backfilled and sealed and the long-term performance of
the materials used may influence the safety of the repository. These issues will thus need
to be addressed in an eventual Performance Assessment and safety submission. SITE-94
does not treat this subject, however, as it lies outside the general scope of the project, as
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defined in Chapter 1, and no new work is presented here. The following text is thus an
indication of the issues which may arise and need to be evaluated in a full safety
submission.

8.4.1

Introduction

The construction activities and repository components which need to be considered under
the general heading of 'backfill and seals' comprise:
•

the excavation technique, which affects the rock properties and the consequent need
for (and designs of) seals or remedial rock engineering,

•

rock reinforcement, including cement grouts, rock bolts and other roof support
methods,

•

tunnel and shaft mass backfill materials,

•

seals and flow cut-offs in tunnels, shafts and exploratory boreholes.

The description of the repository system in a full Performance Assessment report will need
to comment on each of these activities and components in detail, giving information on
issues such as:
•

which excavation methods will be used in which regions of the rock/repository and
how these techniques will influence the types of support or sealing required,
including information on response to encountering different conditions in the rock
during construction,

•

criteria for deciding on the use of different possible rock engineering support or
sealing methods, what these methods are, the materials they will introduce into the
repository and how the decision criteria may vary, depending on the zone of the
repository being excavated,

•

the proposed functional requirements of seals, backfills and supports (e.g. temporary
support during operation, sealing only until closure, long-term support and sealing,
etc.),

•

detailed descriptions of the properties and long-term behaviour of all materials used
(cements, grouts, concretes, mass backfills, seals, bolts, etc.), including the longterm behaviour of material, rock bonding and the development of models of future
materials performance (chemical alteration, behaviour during resaturation,
mechanical stability, hydraulic properties, etc.),

•

quality assurance methods to be used during construction and emplacement of seals,
including NDT techniques to verify performance.

SITE-94 does not address any of these issues, with the exception of the mechanical impacts
of bentonite swelling (Section 11.2.1) on the rock (which is largely aimed at evaluating
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buffer/rock interactions rather than backfill/rock interactions) and the initiation of some
groundwater flow calculations which explore the impacts of the presence or absence of an
Excavation Disturbed Zone (EDZ) in the rock around disposal tunnels and the effects of
having no shaft seals (Section 10.3.4).

8.4.2

Excavation, Reinforcement and Grouting

Current assumptions
The proposals at present (SKB, 1992a and 1995a) are that the shaft and tunnels will be
constructed using known technology (raise-boring, drilling/blasting) and the deposition
holes can be drilled using a reverse raise-boring method. The possibility of using full-face
boring for the tunnels is also being considered, as this probably reduces the EDZ.
The use of rock support systems is not discussed in detail by SKB (SKB, 1992b) although
it is noted that the use of concrete as a support may have to be limited owing to the high pH
conditions it may introduce locally. SKB note that "other methods must be available for use
as a complement to, or substitute for, concrete when needed". It is inevitable that steelreinforced concrete, rock bolts and associated grouts and resins, and sprayed concrete and
steel netting would need to be used in some parts of a repository during its operational life,
as roof or wall supports and as structural platforms and floors. The amounts and locations
of such materials that might be acceptable will need to be considered and justified in the
various stages of repository licensing.
During excavation, water-bearing fracture zones may be encountered which require sealing
in order to allow continued work in the repository. Sealing is likely to be by the injection
of cement grouts. Experience at Aspo indicates that more work is required to develop
flexible and successful techniques for grouting zones where large volumes of water inflow
under high hydraulic heads (SKB, 1992b and 1995a). It may be that such structures only
require temporary sealing during the operational life of the repository; again, this would
need to be considered and any proposals justified. Grouting may also be required to reduce
inflows of groundwater if they have a high radon content, as this will lower the ventilation
requirements for the operating repository (SKB, 1995a).
Small fractures can be sealed successfully with either cement or bentonite grouts (SKB,
1992b). There may be a need to grout small, water-bearing fractures in some of the
deposition holes (SKB, 1995a).
Safety-related factors
Important safety-related aspects of excavation, reinforcing and grouting include the
following:
•

The nature and extent of the EDZ in various parts of the repository and whether this
will influence groundwater flow in the near-field to such an extent that remedial
action (e.g. in the form of flow cut-offs) would be required. Any potential for
producing high-conductivity pathways, connecting deposition zones along the length
of tunnels, or connecting deeper regions of the rock with shallower regions, via shaft
walls, has clear safety implications. There is already a large amount of information
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on this issue from the Stripa and Aspo projects, as well as other underground
laboratories internationally (SKB, 1992b, 1995a). The Aspo project ZEDEX and
other experiments suggest (Pusch and Borgesson, 1992) that hydraulic conductivity
of blasted tunnels increases by 100-1000 times in the blast-disturbed zone (on
average 100 times in a 1 m thick zone) and about 10 times in the stress-redistributed
zone beyond this, out to about one tunnel diameter. Full-face boring has less impact
and may only induce changes in porosity a few centimetres from the tunnel wall
(SKB, 1995b).
The significance of the long-term structural stability of tunnels: how long does
reinforcement need to function in the post-closure and resaturation period?
Geochemical changes, which may be introduced locally by reinforcement and
grouting. The location and mobility of high-pH groundwaters which have been in
contact with these materials will need to be evaluated. The possibilities for such
waters interacting with deposition holes or with radionuclides released from the
near-field over the longer term, together with the times at which such interactions
might happen, will require analysis.
Cement additives, in the form of plasticisers used to improve the fluidity and the
ability to pump the grouts, may introduce organic complexants into the repository.
The potential extent of grout sheets injected into highly conductive fracture zones
will require evaluation. Grout may find its way into regions distant from the
injection points. The need to evaluate and predict the impacts of grouting is
acknowledged in the stepped grouting process presented by SKB (SKB, 1995a).

8.4.3

The Backfill

Current assumptions
SKB proposes to backfill the tunnels immediately above the deposition holes with a
mixture of sand and bentonite, the lower part of which would be compacted in layers and
the upper sections using vibrators. Sprayed mixtures of 20% bentonite with 80% sand were
tested in the Stripa project, but the swelling pressure of the bentonite proved too small to
be able to support the tunnel roof and prevent creep deformation (SKB, 1992b). This
demonstrates the need for compaction of the material, as mentioned above, or for a higher
bentonite content.
Shafts (and, presumably, remote, non-deposition regions of the repository) would be filled
with different materials at various locations, depending on the rock structure and site
hydrogeology. SKB (1992a) suggest using compacted moraine, with localised use of a
90/10 sand-bentonite mix, highly compacted bentonite block seals (see Section 8.4.4) and
concrete plugs (e.g. in the upper 100 m to the surface). Clearly, the less conductive
materials and seals would be placed in hydraulically more active zones, at tunnel
intersections, or in other parts of the repository to which the results of groundwater flow
modelling proved to be sensitive.
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Recently, SKB have been evaluating the use of crushed and uncrushed rock debris (muck),
produced by the full-face tunnel boring machine used at the Aspo HRL, the crushed muck
being mixed with various proportions (10, 20 and 30%) of bentonite (SKB, 1995a). Preformed blocks which use the higher bentonite content may be emplaced against the tunnel
roof zone.
Safety-related factors
The choice and performance of backfill materials raises different safety-related questions,
depending on location in the repository. The following are considered to be among the
important issues which would need to be addressed in a licensing submission:
•

The long-term development of bentonite properties influencing the evolution and
stability of the hydraulic properties of the backfill, the mechanical stress distribution
around tunnels and shafts and the consequent time-dependent evolution of the EDZ
hydraulic properties.

•

The interaction between swelling of the highly compacted bentonite in the
deposition holes and swelling of the tunnel backfill. The former may extrude into the
latter, causing a certain heterogeneity in buffer/backfill properties at the tops of
deposition holes.

•

Any concrete in the base of tunnels may interact chemically with the backfill (SKB,
1995b) and account must also be taken of other cement or concrete reinforcements
or structures which impinge on bentonite-containing backfill.

•

Long-term chemical alteration of backfill containing crushed rock may affect the
properties of the bentonite component. Crushed rock presents fresh, active mineral
surfaces to the porewaters present in the backfill at the time of deposition and on
resaturation. Components leached from these surface may react with the bentonite
to affect its swelling behaviour and hydraulic properties. In addition, the overall
transport properties of the backfill will evolve with time and this may need to be
accounted for if radionuclide transport in the tunnels is considered relevant to an
assessment.

•

The hydraulic properties of the interface between backfill materials and the rock is
important, as a poor bond may lead to preferential pathways for water movement
over long distances in the repository.

•

A safety analysis will be required to justify the selection of alternative backfill
materials for different positions in the repository by quantitative evaluations of their
impacts of groundwater movement in and around the shafts and deposition holes and
tunnels. For example, the decision as to the lengths of shafts to fill with relatively
unprocessed material, such as crushed rock or moraine as opposed to concrete or
bentonite-based materials, will need a clear rationale based on understanding of the
long-term hydraulic behaviour of the shaft region.

•

The behaviour of backfills under the hydraulic and chemical stresses imposed by
glaciation will also need to be analysed, particularly in respect to the upper regions
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of shafts, which are most likely to be subject to elevated hydraulic gradients and
permafrost.

8.4.4

Seals and Plugs

Current assumptions
Seals may be required to isolate fracture zones with high hydraulic conductivity which
intersect deposition tunnels and the repository access shafts and adits. In addition, seals may
be emplaced at strategic points where tunnels intersect each other, or join shafts, and in
exploratory boreholes, both vertical from the surface and radiating out from the repository,
where the latter have not been 'excavated out' already.
SKB propose (SKB, 1992a, b) to use seals comprising either concrete or highly compacted
bentonite blocks, or both, emplaced both within the excavation and within slots cut out into
the rock to cut off the EDZ or isolate fracture zones. Grout shields may also be injected into
the rock around seal zones. Over the next six years, SKB plan to carry out practical
evaluations of concrete seals, which use a bentonite O-ring against the rock, and swelling
concrete seals (SKB, 1995a).
The Stripa project developed various methods to carry out sealing tests in tunnels and in
boreholes and there is already a reasonable amount of experience in this field.
The repository will finally be isolated by emplacement of a concrete plug over a length of
about 100 m at the top of access shafts, possibly incorporating some form of asphalt seal
(SKB, 1995a).
Safety-related factors
The safety-related factors for plugs and seals are much the same as those for the backfill
materials, involving knowledge of mechanical, hydraulic and chemical stability and the
longevity of bonding properties. The choice of materials and emplacement locations will,
again, need to be justified quantitatively. These factors are not reiterated in total here. Some
additional points which will need to be considered include:
•

The period over which each type and location of seal will be expected to function
and contribute to repository performance needs to be defined. As with rock support
systems, some seals may only be required to function over the operational, preclosure period, while others may be required to function, albeit possibly with
reduced levels of performance, for thousands of years or more. These factors will
require quantification and justification.

•

Near-surface seals and plugs will be subject to strong impacts of climate change,
particularly during glaciations. Freezing and thawing, mechanical erosion, highpressure water fluxes and oxidising conditions are all to be expected. The
quantitative extent to which shaft plugs are anticipated to resist these impacts needs
to be assessed and presented in a safety submission.
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8.5

TEMPERATURES IN THE REPOSITORY

The thermal output of the spent fuel can influence the geomechanical and geochemical
evolution of the near-field as well as having an impact on the response of the far-field to
climate change. This section summarises how temperatures have been considered in
different SITE-94 analyses.
In SITE-94, repository-induced temperatures have been analysed (Hansson et al, 1995; see
Section 10.2) in order to study the far-field rock mechanical responses to repository heating
followed by the mechanical load from ice in the Central Scenario (Chapter 9). In addition,
the Central Scenario description has evaluated far-field temperatures when estimating
thicknesses of permafrost above the repository (King-Clayton et al., 1995; see
Section 10.2). This work builds on the earlier modelling work of McEwen and de Marsily
(1991) which established that the repository will not freeze as a result of permafrost,
although the heat output of the spent fuel has only a limited impact on the depth of
penetration of permafrost directly above the repository.
In the near-field, estimates of decay-heat induced temperatures have been taken into
account when considering both the geomechanical evolution of the rock (Hansson et al.
1995, Section 11.2.1) and the geochemical evolution of the system (Section 11.2.3).
All the temperature modelling work mentioned above has been based on the thermal
analysis of a KBS-3 type repository carried out by Tarandi (1983) and the data presented
in that report. It should, however, be pointed out at this stage that the repository
temperatures, which have been estimated in each of these studies, vary somewhat according
to the type of model used, the assumptions made and the intended end-use of the
temperature values calculated. In all studies, where new temperatures are calculated the heat
generated at the repository level by the waste is modelled with a source term, decaying over
time. The amount of heat, decay rate and density of waste (which is a function of repository
design) are taken from Tarandi (1983), but the number of canisters assumed varies between
studies. The original work of Tarandi (1983) produced estimates of repository temperatures
as shown in Table 8.5.1.
The Central Scenario study (King-Clayton et al., 1995; Chapter 10.2) used a simple onedimensional heat-flow model and estimated the maximum bulk repository temperature to
be about 55 °C, occurring shortly after repository closure and dropping to about 15°C
within 20 000 years. Repository temperature then lies within the range 5-10°C for the next
100 000 years as a result of the climate change scenario. Within 50 000 years of closure,
heat from the waste has negligible impact on repository rock temperatures.
The study of far-field geomechanical impacts (Hansson et al., 1995; Section 10.2) used a
3D model of a repository containing 4000 canisters of waste and assumed a somewhat
different geothermal gradient and Earth surface temperature to those of King-Clayton et al.,
1995. This study produced a maximum repository rock temperature of about 48 °C,
occurring about 200 years after closure. For a 400 canister repository the maximum
temperature was 35 °C. One should note that these temperatures refer to rock block volume
around the repository and thus are lower than the values given by Tarandi (1983) which
refer to the temperature at the canister edge.

266
The near-field rock mechanical model of Hansson et al, 1995 (Section 11.2.1) is also 3D,
but is for a single-canister deposition hole, although the temperature load is taken from a
400 canister repository, making the temperature almost uniform across the volume of rock
modelled. The temperature increase predicted is about 31 °C.
Evaluation of geochemical impacts in the near-field (Section 11.2.3) used a simpler
estimation of temperature, requiring only a sensible upper value and a 'reference' value.
The maximum canister edge temperature of Tarandi (80 °C) was used, together with the
widely accepted geochemical benchmark temperature of 15°C. The upper value exceeds
all the estimates of maximum rock temperature in the repository but is considered usefully
conservative, while the lower value is somewhat warmer than the 5-10°C predicted by the
climate change scenario (King-Clayton et al., 1995; Chapter 9). This is, however, not
considered significant.
The regional-scale analysis of groundwater flow for the Reference Case and the Central
Scenario took into account the temperature effect on fluid density and viscosity, assuming
a static temperature gradient of 25°C/km from the surface down to 10 km depth (Provost
et al., 1996; Section 10.3.7). In the site-scale analyses of groundwater flow, however,
temperature effects were not taken into account. Thermal buoyancy, due to heating of
groundwater by heat from the spent fuel, was not evaluated in SITE-94. However, previous
analyses (see e.g. SKI, 1991) have indicated that the impact will be small.

Table 8.5.1 Temperatures in the repository as a function of time after disposal; the
ambient temperature is taken to be 15 °C (from Tarandi, 1983).
Time after
deposition (years)
40
100
1000
5 000
10 000
50 000
100 000

Temperature at
canister surface (°C)
80 (max)
78
60
45
35
25
18

Temperature at rockbentonite interface (°C)
65
70
58
44
35
25
18
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9

SCENARIO IDENTIFICATION

The previous Chapters (3 to 8) describe the Process System analysed in SITE-94. The state
of the Process System directly affects the potential mechanisms of radionuclide release and
transport. Both the processes inside the system and the external FEPs that interact with the
system determine the state of the system at any given time. This chapter defines the external
future events and conditions that are analysed in SITE-94. The chapter also describes how
these EFEPs are specified in order to allow for analysis of their impact on the repository
system (i.e. the Process System). Following the vocabulary established in Chapter 2
(Section 2.3), this chapter defines the scenario-generating EFEPs that are analysed. The
evolution of the Process System under the scenarios selected is analysed in the subsequent
chapters.

9.1

INTRODUCTION

The SITE-94 general approach to scenarios and scenario uncertainty is discussed in
Chapter 2 and is described in detail by Chapman et al. (1995). Chapman et al. (1995) have
also made an extensive literature survey, the findings of which strongly influenced the
approach finally adopted.

9.1.1

Practical Approach to Handling Scenario Uncertainty

Essential to the SITE-94 approach are the concepts of System Boundary which defines the
extent of the Process System (i.e. the 'repository and surrounding rock') and the System
Environment which concerns future events or conditions outside the system (EFEPs) that
may affect evolution inside the system. A scenario concerns the evolution of the Process
System under the influence of an EFEP or a combination of EFEPs. The EFEPs are denoted
scenario-initiating elements.
As discussed in Section 2.3.3, scenario uncertainty is the uncertainty related to the EFEPs.
This uncertainty concerns both the completeness problem (have all relevant EFEPs been
found?) and the quantification of the impact at the System Boundary, probability or other
relevant measures of the identified EFEPs. Even with an exact specification of the external
impact, the system evolution may still be uncertain due to uncertainties inside the system.
These aspects of the uncertainty of the evolution of a scenario are, however, classified as
uncertainties in the Process System in terms of system uncertainty, conceptual model
uncertainty, parameter uncertainty and variability and are discussed in subsequent chapters.
This chapter demonstrates how identification of scenario-initiating elements and scenario
uncertainty is handled in practice in SITE-94.

9.1.2

Identification of Scenario-initiating EFEPs

The principal procedures for identification of EFEPs that may have a relevant impact on
the analysed system are discussed in Chapter 2. Chapter 2 also describes the principal
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procedures for treating the impact of EFEPs on the system analysed through the use of
Process Influence Diagrams (PIDs) and the Assessment Model Flowchart (AMF).
A list of EFEPs relevant to SITE-94 is obtained through the FEP audit procedure described
by Stenhouse et al. (1993). Even if it is clearly impossible to claim that such a list would
be complete (see, e.g. Section 2.3), this list is judged to be sufficiently comprehensive for
present purposes for two reasons. First, the SITE-94 system boundaries are wide, which
should make the system less sensitive to external influences. Second, the FEP audit is based
on several international FEPs lists and is documented such that it can be reviewed.
The FEPs audit resulted in 81 EFEPs, listed by Stenhouse et al. (1993). Chapter 2 describes
the rationale for avoiding the need to analyse all permutations of these EFEPs and the
complexities this would involve. The following steps are taken:
•

SITE-94 does not analyse deviation from the repository design basis as this lies
outside the scope of the project. Such issues should primarily be treated in the SKB
R&D Programme.

•

The main class of analyses carried out in SITE-94 concerns a Reference Case which
represents a hypothetical situation of no future changes in the external influences on
the Process System. When evaluating the Reference Case, it is understood that the
Design Basis potentially also allows for early canister failures, meaning that all
processes affecting radionuclide mobilisation and transport would be effective in the
Reference Case.

•

The impact of a deterministic description of the most likely sequence of climatic
events on the repository evolution is analysed by developing a 'Central Scenario'
which incorporates the large group of EFEPs concerning expected climate change
(e.g. permafrost, glaciation, sea-level changes, etc.) in Sweden.

•

Selection of other scenario initiators from the remaining EFEPs is made by applying
them singly or in groups to the Central Scenario conditions. Whilst a set of
supplementary scenarios resulting from the evaluation of the remaining EFEPs is
developed, these are not taken as far as producing scenario-specific PIDs.

9.1.3

Further Specification of the EFEPs Selected

Once the EFEPs or combinations of EFEPs are defined, it is possible to start evaluating
their interaction with the system. In doing this, the EFEPs must be further specified
compared to the rather general description usually found in the EFEPs list. A glaciation
may, for example, interact through stress impact from the ice cover, changed hydraulic
conditions or changes in temperature. Furthermore, in order to assess these impacts
numerically, quantitative estimates of factors such as time of occurrence, ice thickness,
hydraulic conditions in the ice, etc., are needed. The SITE-94 approach to these issues
involves a series of steps:
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•

The first step, after specification of which EFEPs to analyse, is to specify the
selected set of EFEPs and their time sequence in order to make it possible to apply
it to the PID. This step involves identification of where the EFEP influenced the PID
(impact points) and a specification of the time sequence, which is detailed enough
to determine if the EFEPs in the selected set could occur in sequence or
simultaneously.

•

The next principal step is to modify the PID for the set of selected EFEPs such that
it can handle the influences implied by the EFEPs in a correct manner. The practical
approach to this in SITE-94 is to develop the PID for the Reference Case, (including
the Design Basis) as already described in Chapter 2. The resulting PID(RF) is then
adjusted such that it also encompasses the influences highlighted by the Central
Scenario, whereas the PID is not adjusted to the remaining EFEPs. Application of
EFEPs, such as those in the Central Scenario, should in principle only change the
PID importance level IL as well as the nature of some the PID internal influences.

•

The final principal step is a quantitative analysis of the scenario consequences,
which first require quantitative specification of the EFEP interactions with the
Process System. The extent of these impacts, as well as the identification of new PID
links that need to be considered, may make it necessary to update the calculation
models (i.e. update the mapping of the PID onto the AMF as described in
Chapter 2). Finally, actual consequence calculations are performed. In practice such
analyses are heavily concentrated on the Reference Case in SITE-94, but with
illustration of impacts during the Central Scenario.

The subsequent sections in this chapter cover specification of EFEPs for the PID update,
the PID update and the specification of the EFEPs to make quantitative analysis possible.
The actual modelling details of PID mapping onto the AMF, as well as the results, are
covered in Chapters 10 to 16.

9.1.4

Probability of Scenario Occurrence

The likelihood of occurrence of any specified combination of EFEPs which comprises a
scenario needs to be taken into account by the decision-maker who is considering the
estimated consequences of a scenario. Chapman et al. (1995) evaluated the issue of scenario
probability and went back to some of the seminal work on scenarios (Kahn and Wiener,
1967).
Kahn and Wiener did not advocate scenarios as predictive devices. Instead, they were seen
as one of many devices for stimulating and disciplining the imagination. Whilst it is helpful
to aim for plausibility in constructing scenarios, 'unrealistic' scenarios may be equally
useful aids to discussion and it is pointed out that many sequences of events only appear
plausible after they have happened. Cooke (1991) reinforces this view, stating that "...it is
easy to be misled into believing that scenario analysis yields predictions". Referring to the
earlier work of Kahn, he also suggests that no particular scenario is any more likely than
another. This idea is extended to have relevance to the type of probabilistic analyses carried
out in a Performance Assessment. Because any given 'future' is only part of an infinite set
of possible futures, it is not appropriate to assign conditional probabilities to any scenario
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within a set selected for analysis. Thus, whilst it may be possible to estimate the probability
of a given event occurring and to build a scenario based upon that event, the full
probabilistic treatment of a comprehensive scenario set is not considered possible.
Kahn's approach of defining a 'surprise-free scenario' based on basic long-term trends and
then defining 'alternative futures' or 'canonical variations' by varying key parameters
within it is closely parallelled by SITE-94's formulation of a Reference Case and then a
Central Scenario upon which all other scenarios are based. The surprise-free scenario of
Khan serves a key purpose by being salient, because of its relation to basic trends, not
because it is any more probable than any of the alternative futures.
Making decisions based on a set of analysed scenarios will thus, unavoidably, require a
considerable degree of judgement concerning the relative significance of poorly quantified
probabilities and the proper weighting to give to each scenario presented. This simply
reinforces the view that scenarios are simply:
•
•

a means of illustrating possible future behaviour of a system,
a means of defining how such behaviour might arise.

Scenario analysis, on the premises of its original proponents, categorically does not try to
predict the future. The emphasis is on having salient scenarios, acting as illustrations to
assist in the making of decisions.
These points need to be considered in practical decision making. It is clear that a system
that usually behaves well ('robust') under a set of salient scenarios is normally viewed to
be superior to a system which behaves less well under these conditions. The practical
decision is probably to favour the first system. This may be a wise decision policy, but
should not be misinterpreted as a prediction of what actually will happen.

9.2

THE REFERENCE CASE

9.2.1

Definition of the Reference Case

The main purpose of the Reference Case is to set up conditions which make it possible to
evaluate the 'internal evolution' of the repository system when it is not under the impact
of changing external influences. The definition of the SITE-94 Reference Case is that the
repository is constructed according to the Design Basis and with uncertainties, that
present-day climate and surface environment persist indefinitely and that there is no human
interference with the system. The SITE-94 repository system Design Basis is defined in
Chapters 3 to 8 and is not reiterated here.
In SITE-94 it was decided not to view the Reference Case as a realistic example of external
conditions (i.e. a scenario), thereby avoiding discussions on whether it should include the
'known' time evolution of climate or other external conditions. Instead, the effect of
climate evolution is handled by the Central Scenario. The evolution of the repository
barriers under the Reference Case assumptions may deviate little from their evolution under
the Central Scenario. In fact, the difference between the evolution of the repository under
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the Reference Case and under climate evolution gives information on how sensitive the
repository would be to external influences. If the system is robust, the relevant difference
should be small.

9.2.2

Developing Influence Diagrams, Models and Calculation
Cases for the Reference Case

The Reference Case is the starting point in defining and describing the SITE-94 Process
System, as well as its formal representation in the Process Influence Diagram, PID(RF).
The PID is then used to develop and audit the consequence modelling described in the
AMF. Chapters 10 to 16 include descriptions of the AMF assessments of the evolution of
the Process System for the Reference Case conditions and discussions on whether the
modelling actually performed is consistent with the modelling as designed in the AMF.

9.3

THE CENTRAL (CLIMATE EVOLUTION) SCENARIO

9.3.1

Introduction

The Central Scenario describes the impact of the most likely sequence of climatic events
on repository evolution. Consequently, full account is taken of predicted changes in the
climate of Sweden. A specification of the external impact during the Central Scenario thus
requires the following main components:
•

a deterministic description of the most probable climate state for Sweden, with
special reference to the Aspo area,

•

a description of the likely nature of the surface environment in the site area at each
stage of the climate sequence selected,

•

quantitative information on how these changes might affect the disposal system,
such that impact points on the PID for the Reference Case could be identified and
impacts tracked quantitatively through the influence diagram to produce a PID for
the Central Scenario.

It was decided that the timescale of the Central Scenario should be about 100 000 years, as
a justifiable description of climate sequence beyond this would become more difficult.
Also, this order of magnitude of time falls in well with the principal period of concern in
a repository safety assessment. In the event, as the climate sequence model was developed,
the actual timescale of the Central Scenario was most conveniently fixed at 120 000 years
into the future, with a description which also extended some 10 000 years into the past (see
King-Clayton et al., 1995).
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9.3.2

Climate Prediction

The SlTE-94 description of the most probable climate evolution is made in general for the
whole of Scandinavia and, more specifically, for the Stockholm and Aspo regions. The
basis for the development of the SITE-94 climate change scenario is the ACLIN
(Astronomical CLimate INdex), Imbrie and Imbrie (1980) and the Paleoclimate Model
(PCM) (Berger et al., 1990) climate models, all of which consider the Milankovitch orbital
parameters. From these models, changes in the global amount of ice and corresponding
eustatic sea-level are estimated. The prediction of future glaciations in Fennoscandia is
based on parallels with the last glaciation.
It is now recognised that a period of glaciations, which had particularly significant impacts
in the Northern Hemisphere, started some 2.3 million years ago. During the Quaternary
period (the last 1.8 million years), a considerable number of glaciations, interrupted by
warmer interglacials, have been documented. The periodicity of the glacial/interglacial
sequence approaches a 100 000 year cycle during the middle and late Pleistocene
(approximately the last million years). This knowledge of Quaternary glaciations is helpful
in making a preliminary prognosis of a future glaciation. The last (Eemian) interglacial,
about 100 000 to 120 000 years ago, lasted about 10 000 years. As the present warm period,
the Holocene, has lasted about this long and as the Holocene climatic optimum passed
several thousand years ago, it is possible that the cooling of the next glaciation has already
begun. The great uncertainty in this simple prediction is that it does not consider the causes
of the glacial/interglacial cycles.
More elaborate prognoses of future climate use a climate model based on the variables
which regulate the glacial/interglacial cycles. The general acceptance of the Milankovitch
(1941) theory of the forcing of climate as a result of cycling and fluctuations in the Earth's
orbital parameters and its confirmation through oxygen isotope stratigraphy in deep-sea
sediments, makes it the best tool available for climate predictions within the time span
relevant for disposal of spent nuclear fuel. The Central Scenario description thus uses
information on Milankovitch forcing of climate to describe likely implications for future
glacial-interglacial cycles, sea-level changes and crustal movements of glaciated regions.
In the prediction of future climate changes for the Central Scenario, the possible effects of
human activities (e.g. greenhouse warming) are not considered, as they are difficult to
assess quantitatively in detail. Human effects could prolong the present state of climate or
result in global warming, but this effect is not considered to hinder the next cold phase,
merely delay it in the perspective of the next 120 000 years. As discussed in Section 9.4,
a separate Scenario is envisaged to handle this issue.
The climate models used for this study suggest glaciations at about 5000, 20 000, 60 000
and 100 000 years from now. The scenario is mainly based on the SKB/TVO scenario
(Ahlbom et al. 1991) and Bjorck and Svensson (1992), with some modifications due to
input from McEwen and de Marsily (1991) and Svensson (1989). The proposed evolution
of the future climate is as follows:
0 - 1 0 000 years. The climate in Sweden will gradually change to cooler conditions with
growth of an ice sheet in the Scandinavian Caledonides. Ice sheet thickness in the central
mountains will be about 1000 m, with no ice in Stockholm or southwards. Crustal down-
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warping of about 300 m will occur in the central mountainous part. Sea-level will gradually
drop to -20 to -40 m below present day sea-level in the Stockholm region as well as in the
Aspo region. During the colder parts of this period, permafrost will occur in northern
Sweden. The water in the Baltic will gradually become fresher as the straits to the oceans
decrease.
10 000 - 30 000 years. After a minor, somewhat warmer, period the climate will get colder
and fully glacial conditions will prevail around 20 000 years from now. The glacial peak
will last approximately 5000 years. The ice sheet is estimated to reach the Stockholm area
but probably not the Aspo region. Ice thickness in the central part of the ice sheet will be
about 1500 m, while the ice sheet thickness in the Stockholm region will be about 800 m.
Crustal downwarping of about 500 m will occur in the central part of the ice sheet with
about 60 m taking place in the latitude of Stockholm. During deglaciation, when the ice
front is located in the Stockholm region, the sea-level is estimated to be about 25 m below
present day sea-level. At Aspo, sea-level will drop to about -50 m below present day sealevel. The total effect of the glacial loading at Aspo is difficult to evaluate, but probably
will not be large. Permafrost conditions will be present as far south as southern Sweden.
The water in the Baltic will be fresh and probably at the same level as the oceans, due to
erosion at its outlets.
30 000 - 50 000 years. Conditions will be interstadial with a dry, cold climate (like the
climate of Greenland today). Glaciers will be present in the Swedish mountains and
permafrost will be present in northern Sweden. In the Stockholm region, the eustatic rise
of sea-level and decreasing isostatic uplift will result in a sea-level about 30-40 m below
present day sea-level. At Aspo there will not be much isostatic uplift but a eustatic sea-level
rise of about 10-20 m. Thus a sea-level at about 30-40 m below present day level is likely.
The Baltic will be mainly fresh but some saline water will probably enter it.
50 000 - 70 000 years. Full glacial conditions will prevail. Due to the previous cold
conditions, the ice sheet will respond more rapidly. The glacial culmination will occur
around 60 000 years. The ice sheet will cover the whole of Sweden as far south as northern
Germany, comparable to the maximum of the Weichselian glaciation. Ice sheet thickness
in the central part will be about 3000 m. In the Stockholm region the ice thickness will be
about 2500 m. The Stockholm region will probably be covered by the ice sheet for at least
10 000 years and, possibly, longer. Downwarping of the ground will be about 700 m in the
central part of the ice sheet, about 600 m in the Stockholm area and, at Aspo, could be
about 500 m. During deglaciation, when the ice front is located in the Stockholm region,
the sea-level is estimated to be about 150 m at Stockholm and, at the same time, about 80 m
above present day coastline at Aspo. There could also be a damming of the Baltic to
10-30 m above ocean level. The Baltic will be mainly fresh but during deglaciation saline
water may enter the Baltic through isostatically depressed areas. Permafrost will be present
in large areas of Europe.
70 000 - 80 000 years. A rapid deglaciation will lead to and culminate in interglacial
conditions at 75 000 years. Total crustal uplift is estimated to be about 700 m in the central
parts of the previous ice sheet, about 600 m at Stockholm and 500 m at Aspo. This will be
a relatively 'warm' period with a climate in the Stockholm region similar to the present
climate in northern Sweden. Small mountain glaciers and permafrost will occur in the very
north. Parts of southern Sweden could be resettled and farming might be possible. Sea-level
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and salinity will be similar to the present day and uplift will restore the land-surface to
approximately its present state. Permafrost will occur in the very north of Scandinavia.
80 000 -120 000 years. The climate will gradually become colder with maximum glacial
conditions at 100 000 years. The ice sheet will be extensive, covering large parts of
Fennoscandia. Permafrost will occur in large areas outside the ice-margin. In the Stockholm
region, maximum ice thickness is estimated to be about 1500 m and, at Aspo, about
1000 m. Downwarping of the ground will be about 500 m at Stockholm during the main
phase of the glaciation. At Aspo, the maximal downwarping will be a little less than at
Stockholm, perhaps about 400 m. The relative sea-level at Stockholm at deglaciation will
be about 100 m above the present day coastline. The sea-level at Aspo at deglaciation may
be about 80 m above the present day sea-level, but damming of the Baltic to 10-30 m above
ocean-level is possible. The Baltic will be mainly fresh but during deglaciation, saline water
may enter the Baltic through isostatically depressed areas.
120 000 -130 000 years. Interglacial conditions will return. This will be the next warm
period with a climate similar to the present day in the whole of Scandinavia. Sea-level and
salinity in the Baltic will be similar to those of the present.
The Central Scenario developed comprises a sequence of events and conditions for each
successive phase of the single glacial cycle described above, based on the glaciation which
is predicted to climax at about 60 000 years from now. This sequence is summarised in
Figure 9.3.1.
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Figure 9.3.1 Predictions and observations of global eustatic sea-level and, locally, for
Aspo; sea-level variations, ice cover, glacio-isostasy and Baltic salinity comprising the
Central Scenario for SITE-94 (King-Clayton et al, 1995).
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9.3.3

Specification of PID Impact Points and Construction of the
PID for the Central Scenario

The specification of the PJD impact points and the subsequent adjustment of the PID to
represent the Central Scenario are described in full by Chapman et al. (1995) and the
general procedures are described in Chapter 2.
The central theme of the Central Scenario is that of cyclical glacial conditions affecting the
system through sea-level changes, permafrost and the ice cover itself. Consequently, the
EFEPs selected for the Central Scenario were sea-level changes, permafrost and glaciation.
First, those FEPs within the PID(RF) which would be the initial impact points for the
EFEPs ('primary target FEPs') are identified. The primary target FEPs identified for these
EFEPs are:
Permafrost

Sea-level changes

Glaciation

Surface Water Chemistry

Surface Water Chemistry

Surface Water Chemistry

External Flow Boundary
Condition

External Flow Boundary
Condition

External Flow Boundary
Condition

Temperature, Far-field

Stress Field, Far-field

The impacts are defined and recorded in the database in the same way as is done with the
influences.
Second, the influences downstream of each primary target FEP are re-evaluated,
considering the potential disturbances which could be caused by the EFEP. The importance
levels Qn) attributed to each influence in the PID(RF) are changed as necessary. All
influences leaving each primary target FEP are then re-evaluated, considering the potential
disturbances which could be caused by the EFEP. Each influence is discussed in view of
the question of whether the impact of the EFEP would change the IL value or the nature of
the influence. The answer to the question and the motivations behind the answer are
documented in influence protocols for the Central Scenario. The procedure is repeated until
there are no FEPs in the PID with changes in the outgoing influences.
The PID re-evaluation result in a number of influences that either changed in nature or in
importance (IJ. As the Central Scenario is superimposed on the PID for the Reference Case
all these changes always imply added interaction between FEPs or increased IL values,
suggesting that the PID(CS) is also a good, but slightly overambitious model for Reference
Case. The PID(CS) contains 22 more influences with IL=10 and 37 influences with changed
character. Most of these influences are found in the far-field rock, which contains 14
additional influences and 17 influences with changed character. This implies that the
primary target for model changes (i.e. AMF changes) is the far-field, whereas most nearfield models which are useful for the Reference Case can also be used for the Central
Scenario.
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Clearly, this re-evaluation is strongly influenced by expert judgement based on the assumed
magnitude of the EFEP impact. Increased detail in the Central Scenario description refined
this judgement. For example, a judgement that the repository will never freeze, based on
evaluations of the maximum thickness of permafrost made by McEwen and de Marsily
(1991), make it possible to disregard influences that would be very important if the
repository did, in fact, freeze.

9.3.4

Specification of Quantitative Data for Performance
Assessment Modelling

The Central Scenario, described fully in King-Clayton et al. (1995), contains an initial
description of the climate model developed for the Aspo area with an accompanying broadscale outline of the predicted surface conditions. As predictions of future climate are
ultimately uncertain, it is the intention of the Central Scenario to provide an indication of
the potential degree of variability and significance of future climatic changes on the
evolution of a deep repository site.
The research supporting the Central Scenario is not intended to be exhaustive, but rather
to produce basic support for the Performance Assessment models used in SITE-94.
Wherever possible, direct observations and measurements of features are sought to provide
information. However, in many cases only model predictions are available from the
literature for many of the features and processes of interest.
The general description of the climate evolution is extended to produce a more detailed
description of the surface conditions at the site at each stage of the climate sequence, with
particular emphasis on the passage of ice (especially the ice-front) across the site. This
involves evaluating issues such as the existence of free water under ice sheets, hydraulic
connection between free water in, on and under the ice with groundwater in the underlying
rock, the rate of ice build-up and decay at a site-scale and evidence for the geometry of the
ice front.
Following the construction of the scenario description, quantitative estimates of the timedependent changes are made for:
•
•
•
•
•
•
•
•
•
•

ice sheet thickness (excess hydraulic head),
ice sheet thickness gradient (excess hydraulic gradient),
supraglacial and subglacial discharge (approximate),
permafrost thickness,
glacial meltwater chemistry,
surface (meteoric) water chemistry,
deep, very saline water chemistry,
marine water chemistry,
regional saline/dense water chemistry (incorporating both deep saline and marine
components),
regional fresh/dilute water chemistry (incorporating both meteoric and glacial
water),
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the distribution of organic accumulations at the surface (affecting the chemistry of
infiltrating waters).

9.3.5

Adjustment of the AMF to Evaluate the Central Scenario

The PID(CS) at IL=10 is formally mapped onto the AMF developed for the Reference Case.
Due to resource limitations there is no formal exercise in SITE-94 where this AMF is
thoroughly evaluated in order to find out if the Central Scenario would imply additional
modelling needs and not just changed input to the AMF models. Clearly such an exercise
could be done and would not require tremendous efforts. At any rate, knowledge of the
changed importance and character of some of the PID links for the Central Scenario led to
the identification of some modelling needs on a less formal basis.
Most of the modelling needs for the Central Scenario are known before the development
of the PID(CS), but the PID helps in Quality Assurance terms as a reminder of their
importance and highlighted aspects such as the connection between long-term
hydrogeology and geochemistry. The Central Scenario PID indicate that, apart from the
models needed to describe the evolution under the Reference Case, the following modelling
capabilities are necessary:
Rock Mechanics
The rock mechanical impact of the ice-load is evidently one of the major phenomena to
evaluate during the Central Scenario. The glacial load also highlights the coupling between
hydrology and rock mechanics.
Regional Hydrogeology and Geochemistry
Sea-level changes, permafrost and the ice sheet all imply large-scale (regional) changes of
the hydrogeological boundary conditions at the site. Furthermore, these large-scale changes
potentially affect deep saline water with high density. Consequently, a proper analysis of
hydrogeology and changes in geochemistry during the Central Scenario would require
hydrological analysis of density-dependent flow at a regional scale.
Repository Scale Hydrology and Geochemistry
It is also evident that the changing boundary conditions will result in time-varying flow and
geochemistry at the repository. The flow variation may potentially be rather rapid during
events such as glacial retreat. Migration of groundwaters with different chemistry,
particularly highly oxidising surface waters, may also be important.
Radionuclide Release and Transport
The Central Scenario implies that the hydrogeological and geochemical conditions that
affect radionuclide release and transport will change with time. Such temporal changes may
potentially lead to accumulation followed by more rapid releases.
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Biosphere
The Central Scenario has obvious implications for the local biosphere as a function of time.
The modelling needs identified above are also realised in some modelling exercises
specially designed for the Central Scenario; these are discussed in Chapters 10 to 16.
However, the ambition level for the actual consequence analyses of the Central Scenario
is lower than for the Reference Case. In particular, the predictions for radionuclide release
and transport should be seen as examples of differences of system behaviour within the
Central Scenario as compared to the Reference Case. S1TE-94 does not claim to analyse
system evolution comprehensively, with uncertainties, for the Central Scenario.

9.4

SELECTION OF INTERESTING COMBINATIONS OF
REMAINING EFEPS

The Central Scenario only covers a few of the potentially important scenario-generating
EFEPs identified in SITE-94. The other EFEPs form the basis for the selection of other
scenario initiators by applying them singly or in groups to the Central Scenario following
a set of guidelines for selection. Whilst a set of supplementary scenarios resulting from the
evaluation of the remaining EFEPs is developed, these are not taken as far as producing
scenario-specific PIDs. Only EFEP identification and grouping is done in SITE-94, no
qualitative or quantitative consequence analyses are performed. In some cases qualitative
arguments would suffice for showing that such analyses would be unnecessary, but some
of the scenario-initiating events identified in SITE-94 would eventually need to be analysed
further. The reader is also referred to SKI Project-90 (SKI, 1991) which included analyses
of a number of scenarios formulated 'ad-hoc'. Chapman et al. (1995) describe in full the
SITE-94 work using the remaining EFEPs and the following sections summarise this.

9.4.1

Screening the EFEPs

The 81 EFEPs from the SITE-94 FEP audit list (Stenhouse et al., 1993) are re-evaluated.
They are first screened, using the following three screening decisions:
•

Design Basis: Deviations from the proposed repository design and operation,
including the effects of poor QA on the wastes or near-field Engineered Barriers, are
not evaluated in SITE-94 although some account is taken of the latter issues in terms
of the variability in material properties used in the assessment.

•

Human Intrusion: As in SKI Project-90, human intrusion is not considered in
SITE-94, as it is considered to be fundamentally different in nature from all other PA
analyses and a matter on which a separate position needs eventually to be
established.

•

Relevance: EFEPS which could be identified as having no relevance to the
repository or to the Aspo site (improbable effects which had survived the initial FEP
audit, such as tsunamis and landslides), to have negligible identifiable impact, or to
be related only to biosphere uncertainties (which are not addressed in SITE-94) are
rerr: ;ved.
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9.4.2

Lumping EFEPs and Finding PID Impact Points

This screening has the effect of eliminating large categories of the 81 EFEPs from the
analysis. The remaining EFEPS are then lumped into the 10 categories listed in Table 9.4.1,
each of which contains EFEPs which are closely related or similar in nature. The table also
indicates those parts of the PID upon which the EFEP categories would have an impact.

Table 9.4.1 Lumped External FEPs and their primary impact points on features in the PID
(developedfrom Chapman etal., 1995).
PID Impact Point
Lumped EFEP

Fuel

Canister

Buffer

Tunnel

#

*

9

9

9

$

9

9

9

m

9

9

9

Human induced impacts
on groundwater recharge

9

9

Altered surface water
chemistry by humans

9

9

9

9

#

9

9

$

9

9

$

9

9

Sealing of repository
«

Seismicity

Nearfield
rock

Farfield
rock

Alternative climate
9

Injection of liquid wastes

•

Other future use

m

%

Geothermal energy
production

9

9

9.4.3

9

$

Resource mining

Water producing well

$

#

Boundary
Condition

Combining EFEPs to Form Scenario Initiators

The ten lumped categories are then considered with a view to forming scenarios. For this
purpose, it is found convenient to group together those categories involving underground
human activities and the two involving human induced changes in surface and groundwater
properties. Six lumped EFEPs remain after these processes:
1.
2.
3.
4.
5.
6.

Poor/inadequate repository seals.
Seismic effects.
Alternative climate evolution (greenhouse, high rainfall, warmer climate).
Mining/geothermal exploitation/water well in vicinity.
Human effects on surface and groundwater flow and chemistry.
Disposal of liquid waste in the vicinity.
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It was decided that the alternative climate scenario should be treated separately, as it would
be more interesting to analyse its effects in isolation than to apply it to the Central Scenario
(which was the objective with all the other EFEPs), as this would only tend to reduce its
potential impacts. Other EFEPs are not applied to the alternative climate in SUE-94 as this
is considered to be a less interesting analysis than scenarios based on the Central Scenario.
Eventually, it may be necessary to assess some of these other possibilities. Similarly,
seismic effects (see SKI, 1991) are subdivided into those induced by neotectonic activity,
which are included in the Central Scenario, and those caused by large-scale tectonics. Thus,
only the latter need be considered and this should be done separately.
All the combinations of the remaining 4 EFEPs are then evaluated to select interesting
groups to apply to the Central Scenario. This leads to the identification of the following
scenario-initiating events and conditions, listed in Table 9.4.2 (full descriptions and
definitions of these scenarios are given in Chapman et al., 1995), but no consequence
analyses are performed due to time constraints.
Table 9.4.2 Supplementary scenarios discussed in SITE-94.
No

Supplementary Scenario

1

The development of an alternative, warmer and wetter climate to that considered
in the Central Scenario: applied to the PID (RF).

2

Large-scale tectonically-induced seismicity.

3

Operation of large mine or abstraction water well in the vicinity of the repository.

4

Inadequate shaft seal.

5

Liquid-waste injection into a fracture zone close to the repository.

6

Liquid-waste injection into a poorly sealed shaft combined with local
groundwater pumping in a mine or well.

7

Human impact on surface and groundwater.

8

Mining impact on surface and groundwater chemistry.

9.4.4

Comments on the Scenario Selection Methodology

The treatment of EFEPS described above is considered to be comprehensive, in that all the
EFEPs are considered in some way, and also provides a traceable record of decisions on
how to handle each EFEP in the framework of STTE-94. Only 8 combinations of an initial
list of 81 EFEPs are selected for further examination. Progressive screening and lumping
has thus reduced the number of possible (2n -1) combinations to select among from 2xlO24
to 1023 to 63 and, finally, to 15. This type of manipulation, using expert judgement to
reduce a mathematically intractable problem to a manageable size, is considered a valid
approach, for the following reasons:
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•

Large classes of EFEPs can be relegated from analysis from the viewpoint of
assessment philosophy (e.g. human intrusion EFEPs), provided the position adopted
is acceptable to all reviewers and decision makers.

•

The breadth and comprehensivity of the PID(RF) effectively 'mop up' a large
number of EFEPs into the Process System and the Central Scenario so that
interactions are considered via an influence diagram.

•

Slavish adherence to mathematical completeness is eliminated from the objectives
of a scenario definition programme at the outset, as discussed in Chapter 2. The
objective, instead, is to use the assembly of EFEPs to allow intelligent interrogation
of the PID, with expert judgement being used to ensure that important confluences
of impacts are not overlooked and to identify topical scenarios for further study.

In general, it is felt that it is possible to follow, reasonably closely, the guidelines for
scenario selection introduced at the beginning of this chapter. A residual criticism,
however, is that the approach developed may overlook some obscure combination of
EFEPs which could have a reasonable likelihood of occurrence and a significant
consequence. Nevertheless, it is thought that this could occur whatever technique is used,
and the best defence against this possibility is the repeated application of the methodology
in sequential assessments, by as diverse a range of expert groups as possible.
Inevitably then, the final selection of scenarios must be rather subjective, reflecting the
needs and interests of the moment. The approach adopted does allow any group now to
adopt a different attitude to particular issues and EFEPs, and to use the same approach to
build their own scenarios, testing and stressing the system in different ways.

9.5

CONCLUSIONS

SITE-94 demonstrates an approach to handling scenario uncertainty. The wide System
Boundary and the open procedure for identifying EFEPs outside the system are means of
handling the completeness problem. This approach also makes it possible to put less
emphasis on scenario probability as, in fact, most of the quantifiable uncertainties are
reclassified into conceptual model or parameter uncertainty.
The Reference Case and the Central Scenario together represent external conditions based
on assessment of long-term trends. Even if it is hard to quantify whether these conditions
will occur or not, it is nevertheless natural to assess the consequences of these conditions
in some detail and include the results in the decision basis.
Throughout this chapter, emphasis is placed on the illustrative nature of the scenario
analysis process. The group of supplementary scenarios described above reflects issues,
events and mechanisms which are currently of interest within SKI and elsewhere. In
particular, they are mostly concerned with the future activities of people. This reflects a
dominant concern that it is these activities which are most likely to affect a repository and
also to have the greatest impact, consequently being of most interest in safety and
regulatory terms. In a few years time, other scenarios may be suggested which are of more
concern and some of those currently evaluated may no longer be of interest. Scenario
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generation should be seen as a dynamic process, responding to the needs and the state of
development of a waste disposal programme.
The list of supplementary scenarios is thus not meant to be exhaustive. Nevertheless, even
at this stage, a number of additional important issues have already been identified, but
omitted from study. It is not SKI's intention to give the impression that these should be
relegated in importance. Future evaluations are needed. The PDD-based approach adopted
in this study would form a sensible basis for such evaluations.
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10 PREDICTIONS OF GEOSPHERE EVOLUTION
Chapter 7 describes the analysis of site data and the development of conceptual models for
site geology, hydrogeology, geochemistry and rock mechanics. This chapter describes how
these models are employed to make predictions of site conditions and their future evolution.
Predictions of the near-field evolution are given in Chapter 11. The results of this modelling
is used as input to the radionuclide release and transport calculations defined in Chapter 15
and presented in Chapter 16.

10.1

INTRODUCTION

As discussed in Chapter 9, the predictions of geosphere evolution are made for two
different sets of external conditions, the Reference Case and the Central Scenario. The
Reference Case assumes steady state surface conditions, corresponding to the present day
situation. In the Central Scenario, the future surface boundary conditions at the site change
according to a specified climate evolution model, including permafrost, sea-level changes
and glaciations.

10.1.1 The Assessment Model Flowchart
The quantitative assessment of the geosphere status and evolution for the Reference Case
and the Central Scenario are introduced with the different models of rock mechanics,
hydrogeology and geochemistry described in Chapter 7. However, recalling the interactions
between these different processes (e.g. as described in the Process Influence Diagrams in
Figures 7.1.1 and 7.1.2), makes it necessary to transfer information from one analysis to the
other. There is frequently uncertainty in the information that need to be transmitted.
Furthermore, this information transfer usually includes subjective judgements. Such
judgements occur in Clearing Houses. The logic for information transfer between models
and Clearing Houses is displayed in the SITE-94 Assessment Model Flowchart (AMF)
shown in Figure 2.4.5. This AMF is constructed through the methodology outlined in
Chapter 2 and described fully by Chapman et al. (1995).
Inspecting the upper part of the AMF, which largely concerns the geosphere, reveals a much
simpler structure than the PID for the geosphere (cf. Figures 7.1.2 and 7.1.1). Most links
and FEPs are mapped to the different models and Clearing Houses in the AMF, leaving
only few explicit information transfer channels in the AMF. The information transfer
usually takes place between the Clearing Houses.
The AMF, in contrast to the PID, depicts the actual modelling undertaken. The rock
mechanical analyses utilises different models for different problem scales. The
hydrogeological analysis recognises different conceptual models describing the flow. The
geochemical analysis considers different processes and assumptions in different models.
The Clearing Houses Geochemistry, Hydrology and Rock mechanics all have the role of
handling the information transfer between the different geosphere processes. Furthermore,
the Clearing Houses Rock mechanical impact on near-field, Hydrological parameters to
RN-transport and Geochemical parameters to RN transport assess the results of model
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evaluations and then deliver information to near-field models (Chapter 11) and the
radionuclide release and transport models.

10.1.2 Structure of the Chapter
The main sections in the present chapter concern rock mechanics and thermal evolution,
hydrogeology and geochemistry. The content of the sections generally reflects the
information needed for the Clearing Houses concerning these processes. The modelling and
the predictions for the Reference Case and the Central Scenario are presented. The
uncertainties in the predictions and their origin are assessed. Links or FEPs that should have
been treated according to the PID, but which have been omitted, are identified. Each main
section also specifies which information is transmitted to the other parts of the assessment.

10.2

TEMPERATURES AND MECHANICAL STABILITY IN
THE FAR-FIELD ROCK

This section describes the far-field rock mechanical and temperature evaluations made for
the Reference Case and the Central Scenario. The rock mechanical evaluation uses the
models described in Section 7.5.

10.2.1 Introduction
The mechanical state of the rock in the repository area may evolve both for the Reference
Case and for the Central Scenario. Even if the Reference Case does not imply any external
loads on the system, the excavation of the repository, the swelling of the buffer material and
the heat produced from the waste will affect the mechanical state of the rock (see also the
full PID, enclosed at the end of the report). The Central Scenario implies that external loads
such as surface temperature changes and the weight of the ice will be superimposed on the
system and the internal system loads.
The present section describes the far-field rock mechanical and temperature evaluations
made for the Reference Case and the Central Scenario. Two sets of calculations are
performed. One set (Hansson et al., 1995a, b) concerns the coupled temperature and rock
mechanical response due to repository heat and the weight of the ice during glaciation. The
other set, discussed in King-Clayton et al. (1995) concerned only the temperature evolution
during the Central Scenario. The two sets of calculations, which overlap somewhat, are not
combined.
The section concludes by stating how the results of these evaluations are transmitted to
other evaluations in the assessment. The conclusions also contain a discussion on
uncertainties, including an evaluation on the extent to which the rock mechanical and
temperature analyses are consistent with the system description contained in the PID.
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10.2.2 Temperatures
The rock temperature affects the mechanical state of the rock through thermal expansion
and is thus indirectly an important mechanical load on the system. For this reason the rock
mechanical evaluation by Hansson et.al., (1995a, b) evaluate temperatures fully coupled
with the mechanical analysis. However, in order to study the evolution of temperatures for
the Central Scenario, Clayton-King et al., (1995) performed a set of calculations
independent from the calculations made by Hansson et al., (1995ab), and with some
differences in assumptions. In order to avoid confusion this subsection presents the
calculated temperatures from both these studies, although only the temperatures as
calculated by Hansson et al. (1995a, b) were used in the rock mechanical evaluation. The
various treatments of thermal data in SITE-94 are discussed in Section 8.5.

10.2.2.1 Source Term and Boundary Conditions - Reference Case
The heat release of spent fuel as a function of time is based on the heat data provided by
Tarandi (1983). The initial heat effect from a canister at the time of emplacement is
1066 W. The heat production decays exponentially, in steps related to the half-lives of the
different temperature-generating radionuclides (see Hansson et al., 1995b, for actual
equations and parameter values). After 1000 years, each canister generates 73.3 W and after
10 000 years, only 16 W.
As stated in Section 7.2.7, the SITE-94 repository can only contain around 400 canisters.
A repository that would contain all the spent fuel produced in Sweden up to the year 2010
would contain in the order of 4000 canisters. In order to evaluate the full potential of the
heat impact, the heat evaluation is based on a repository with 4000 canisters. For
comparison, Hansson et al. (1995a, b) perform a reduced set of evaluations with 400
canisters and are thereby able to confirm that the heat impact would be significantly less
pronounced in such a case. In the hypothetical repository with 4000 canisters, the canisters
are evenly distributed over a square of 825 m x 825 m. The heat release intensity at the time
of emplacement is 6.1 MW/km2.
The temperature during the first 1000 years of the repository lifetime is considered to be
of great interest, therefore the top boundary is assumed to have a constant temperature of
6°C and all other boundaries have natural boundary conditions at infinity. According to
King-Clayton et al. (1995) the surface temperature at Aspo is approximately 7°C and
decreases during the next 20 000 years to -4°C. The thermal gradient used for the
modelling is 16°C per kilometre of depth. This value is probably too high for the Aspo
area. King-Clayton et al. (1995) suggest a thermal gradient of 9°C per kilometre for present
conditions in the Aspo area.

10.2.2.2 Calculated Temperatures for the Reference Case
Figure 10.2.1 displays the thermal response of the rock mass 200, 400, 1000 and 60 000
years after emplacement calculated by Hansson et al., (1995b) along a vertical profile
through the hypothetical repository. The temperatures given in the figure are averaged over
the mesh size and thus represent average values over a length scale of about 50 m. The
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maximum average temperature for the repository with 4000 canisters is 47.5°C and is
reached 200 years after the emplacement of the waste. The temperature remains almost
constant to 400 years after the emplacement. Thereafter, the temperature decreases with
time and reaches the original state after 60 000 years.
It should be noted that the predictions are not sensitive to fracture geometry. However, the
temperature calculations do not consider the influence of buffer materials and, because of
the large size of the discrete elements in the repository area, the steep temperature gradient
near the canisters cannot be considered. The waste canisters and the buffer material are
thereby likely to have higher temperatures than calculated for the surrounding rock mass.
For these temperatures the values calculated by Tarandi (1983, see Section 8.5) would be
more appropriate.

10.2.2.3 Temperature Loads Assumed for Central Scenario
In the calculations made by Hansson et al., (1995b) the change of the surface temperature
for the Central Scenario are not taken into account.
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The surface temperature changes were considered in the work by King-Clayton et al.,
(1995). The Central Scenario implies long periods of permafrost. A special analysis by de
Marsily reported by King-Clayton et al. (1995) was designed in order to explore the depth
of the permafrost. Of particular interest is the question of whether the permafrost could
reach the repository level, as that would imply potentially significant alterations of the nearfield properties. King-Clayton et al. (1995) only analyse the temperature and do not
consider the rock mechanical response to the changed surface temperature.
In Project 90 (SKI, 1991), scoping calculations were made of the potential depth of the
permafrost around a repository as a function of time (McEwen and de Marsily, 1991). It is
shown that the time sequence of low and high temperatures has a direct impact on the depth
of the permafrost. In SITE-94 King-Clayton et al. (1995) adopts a more precise approach.
They also consider the work by Boulton and Payne (1992), who made a more thorough
analysis, but with a climate sequence that deviates from the SITE-94 Central Scenario.
In the model, heat is transferred in the ground by pure conduction, but the latent heat for
freezing the water in the ground (or for thawing) is also taken into account in the
calculation. Heat transfer by advection with flowing groundwater is neglected, given the
low hydraulic conductivity of the rock. The model is one-dimensional and horizontal heat
transfer is therefore neglected. The model is solved by finite differences.
The surface temperature is prescribed from the climate evolution selected for the Central
Scenario (Chapter 9), which is mainly based on the ACLIN model and on the PCM model
(Imbrie and Imbrie, 1980). The model predicts the ground surface temperature,
approximately at sea level, and is valid as long as no ice is present on the site. As soon as
a glacier builds up, it is necessary to take into account the complex effect of the ice on the
rock surface temperature. King-Clayton et al. (1995) derive a ground surface temperature
curve (i), including the impact of the two ice sheets that are supposed to form over the site
at around 50 000 years and 90 000 years. They also analyse two other cases with cooler (ii)
and warmer (iii) surface temperatures, depending on the assumptions on the ice cover.
These three cases, (i) - (iii), differ only after 57 000 years.
A constant geothermal flux (0.042 W/m2) is prescribed at a depth of 8 km. The heat
generated at the repository level by the waste is modelled by a source term, decaying over
time. The amount of heat, decay rate, and density of waste (which is a function of repository
design) are taken from Tarandi (1983). A single-level repository is considered, at a depth
of 500 m. The parameters used in the model and the origin of the data are described in
further detail by King-Clayton et al. (1995).

10.2.2.4 Temperature for the Central Scenario
Results from rock mechanical analysis
The rock mechanical analysis neglects the changed thermal boundary conditions during
permafrost and glaciation. The temperature predicted by Hansson et al., (1995b) is thus
identical to the temperature predicted for the Reference Case (Figure 10.2.1). As stated
above, the temperature increase due to repository heat decreases after 400 years and reaches
the original state after 60 000 years (Hansson et al, 1995b).
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Results from evaluation of permafrost depth
Figure 10.2.2 displays the permafrost depth, as predicted by King-Clayton et al. (1995), as
a function of time from -120 000 to +120 000 years, with and without a repository for the
three cases (i)-(iii) discussed previously. The permafrost depth reaches three peaks at
around 25 000, 50 000 and 90 000 years, with values of 210, 340 and 250 m, respectively,
for the main scenario with two ice sheets and no repository (model (i)).
With no ice sheet at 90 000 years (model (ii)), the permafrost depth is similar, but the
permafrost melts faster, at around 100 000 years. With warm-based ice (model (iii)), the
permafrost under both ice sheets melts much faster, around 10 000 years earlier. This latter
scenario appears to be more consistent with qualitative descriptions of subglacial
permafrost development (e.g. Boulton, 1991; Ahlbom et al., 1991) and quantitative models
(e.g. Boulton and Payne, 1992) which consider that permafrost is only present beneath the
outer edge and centre of an ice sheet. Compared to the situation with no repository, the heat
generated by the waste reduces the permafrost depth by 75 m for the peak at 25 000 years,
and by 35 m and 10 m for the peaks at 50 000 and 90 000 years, respectively. The results
from the different cases, which in fact show little difference between each other, support
the assumption that the permafrost would not reach repository depth. Permafrost may,
however, have an effect on shaft and tunnel seals closer to the surface.
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Figure 10.2.2 Predicted permafrost depths as a function of time, from 120 Ka BP to
+ 120 Kafor three different glaciation cycles (i), (ii) and (iii) and with no repository present
(From King-Clayton et al., 1995).
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10.2.3 Mechanical Stability for the Reference Case
10.2.3.1 Introduction
As noted in Chapter 9, the Reference Case assumes that there are no external mechanical
loads on the system apart from the present day tectonic stress field. However, processes
internal to the Process System, such as the weight of the rock mass, the excavation, the
swelling of the buffer and the repository heat, will affect the mechanical response of the
rock mass.
The far-field rock mechanical evaluations in SITE-94, reported by Hansson et al. (1995a, b)
consider the weight of the rock and the temperature, whereas the other potential influences
are regarded to be less important for the far-field, as is further discussed in the conclusion
of Section 10.2. The actual modelling is done with the model described in Section 7.5.

10.2.3.2 Loadings and Boundary Conditions
The temperature load is evaluated directly from the tempertures calculated by Hansson et
al., (1995b), see Section 10.2.2. In fact, the temperature and the mechanical calculations are
fully coupled.
The bottom of the model is fixed in all stress directions. In order to initiate calculations, the
rock mechanical model is first allowed to consolidate under the weight of the rock mass and
the in-situ stress applied on the vertical boundaries, as described in Section 7.5. For the
temperature (and the consecutive ice-load) calculations, the vertical boundaries are fixed
in the normal direction, but free in the shear directions.

10.2.3.3 Results
The rock mechanical analyses by Hansson et al. (1995a, b) do not explicitly differentiate
between the Reference Case and the Central Scenario. Instead, they analyse the thermal
load from the repository and the glacial load in a single suite. For clarity, the present section
only discusses the part of their analysis that is also relevant for the Reference Case (i.e. the
thermal load), although reference will be made to figures and tables that contain results for
both Reference Case and Central Scenario. Furthermore, most results shown here represent
a point in the centre of the hypothetical repository. For more detailed results the reader is
referred to Hansson et al. (1995a, b).
The calculated peak stresses during thermal loading appear after approximately 200 years
(Figure 10.2.3). During the thermal loading, the horizontal stresses are strongly increased,
while the vertical stresses are only slightly increased (Hansson et al., 1995a, b). According
to Shen and Stephansson (1996) fractures can start to propagate through intact rock when
the ratio between the minimum and the maximum stresses is less than 0.25. This does, in
fact, occur in some areas near fracture zones, when the impact of the temperature load is
at its maximum, approximately 200 years after emplacement.
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Stresses for SKI model with 23 fractures.
Repository with 4,000 canisters.
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Figure 10.2.3 Stress response during eleven loading steps with a monitoring point in the
centre of the hypothetical repository. Loading steps: 1 - present conditions; 2 - 200 years
heating; 3 - 400 years heating; 4 - 1000 years heating; 5-60
000 years heating;
6 -1000 m ice thickness; 7 - 2200 m ice thickness; 8 - 1000 m ice thickness; 9 - 200 m ice
cliff; 10 -100 m water; 11 - end of glaciation (Only steps 1 to 5 are valid for the Reference
Case).

Table 10.2.1 displays the maximum shear displacements for fracture zones resulting from
the thermal load. Even if the maximum displacement is in the order of centimetres it should
be remembered that the displacements over individual joints in the fracture zone are smaller
as, in reality, the zone contains several joints. In general the fracture zone deformations are
larger during glacial loading than during thermal loading, especially for the shear
displacements.

10.2.4 Mechanical Stability for the Central Scenario
The overall implications of the Central Scenario are discussed in Chapter 9 and a full
account of the SITE-94 Central Scenario is provided by King-Clayton et al. (1995). An
inspection of the PID for the Central Scenario (Chapman et al., 1995) reveals that
permafrost, sea-level change and glaciations indicate probable changes in temperature and
hydraulic pressure as well as direct changes of the stress due to the weight of the ice. Of
these possibilities, the SlTJbi-94 evaluations of mechanical stability for the Central Scenario
only consider directly the weight of the ice.

10.2.4.1 Loadings
The loadings considered for the Central Scenario rock mechanical analysis are
superimposed on the loadings applied for the Reference Case. During permafrost, Hansson
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et al. (1995a, b) apply the same constant surface temperature as in the Reference Case
(Section 10.2.2). This implies that the Central Scenario load is identical to the Reference
Case load until the glacial cover develops.
The far-field rock mechanical analyses consider a single glaciation cycle representing the
suite of glaciation cycles described by King-Clayton et al. (1995). Five loading steps with
1000 m ice, 2200 m ice, 1000 m ice, 200 m ice cliff and 100 m water are analysed
(Figure 10.2.4.). During the ice retreat, the Baltic sea may have been dammed and, because
of this, the sea level is considered to be approximately 100 m higher than the present sea
level. This gives a small but sharp discontinuity in the applied loading. The glacial load is
modelled as the normal vertical stress resulting from the weight of the ice. The last loading
step has a free ground surface.
Changes in hydraulic pressure and surface temperature are neglected. The shear stress
created from friction at the ice-bedrock interface, the erosion effects of the ice on the
ground and the water film beneath a warm based ice sheet are not considered in the
modelling. Potential alterations of the rock mechanical properties due to freezing are not
considered. The effect of the forebulge on the stability of the rock mass are also not
considered. However, it is probably not possible to claim that any of the phenomena
omitted should have a major impact on rock stability, even though this has not been proven
yet.

10.2.4.2 Results
Figure 10.2.3 also displays the stresses during the glacial loading cycle as predicted by
Hansson et al. (1995a, b). The thermal heating and the glacial loading causes stresses with
almost the same magnitudes, although the maximum principal stresses have different
orientation as can be seen from the figure. The stresses are more homogeneous and evenly
distributed for the glacial loading (Hansson et al, 1995a, b). Furthermore, the stress ratio
between the minimum and the maximum principal stress usually exceeds 0.25. According
to Shen and Stephansson (1996) a ratio less than 0.25 would be required for fractures to
start propagating through the intact rock. The stress state after 60 000 years of thermal
loading and after a glacial cycle are close to that of the present state.
Table 10.2.1 displays the maximum shear displacements for fracture zones at peak
temperature and peak glacial load as predicted by Hansson et al. (1995a, b). In general the
fracture zone deformations, and especially the shear displacements, are larger during the
glacial loading than during the thermal loading.
Figures 10.2.5 and 10.2.6 show the shear and normal displacements at different loading
cycles in one of the fracture zones that has the maximum shear displacements (zone 43;
Figure 7.5.1). The deformation has its maximum at the peak ice loading (loading step 7)
and there are permanent shear displacements after heating and glaciation. There are only
minor changes of the widths of fracture zones before and after glaciation.
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Figure 10.2.4 Loading sequences applied to the model with 23 fracture zones and 4000
canisters.
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Shear displacement for SKI model with 23 fractures
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Figure 10.2.5 Maximum shear displacement along fracture zone 43. Loading steps:
1 - present conditions; 2 - 200 years heating; 3 - 400 years heating; 4 -1000 years heating;
5-60 000 years heating; 6 -1000 m ice thickness; 7 - 2200 m ice thickness; 8 -1000 m ice
thickness; 9 - 200 m ice cliff; 10 - 100 m water; 11 - end of glaciation.
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Figure 10.2.6 Maximum and minimum normal displacement for the fracture zone 43.
Opening of fracture zone are positive. Loading steps: 1 - present conditions; 2 - 200 years
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316
Table 10.2.1 Shear displacement of fracture zones at repository level. The widths of
fracture zones are values suggested for the inner region of the model (Hansson et al,
1995a, b).
Zone

Width

Type

Dip Direction

(m)
4
5*
6
8
9*
11
14*
17*
18*
20
21
25
27*
31
33*
36*
37
38*
43*
44*
45
46
49*

5
12.5
10
10
5
15
15
12.5
3
10
3
5
5
25
5
5
3
7.5
65
15
65
7.5
10

Minor
Major
Minor
Minor
Minor
Major
Major
Major
Minor
Minor
Minor
Minor
Minor
Major
Minor
Minor
Minor
Minor
Major
Minor
Major
Minor
Minor

Dip Angle

(°)

(°)

24
32
38
18
251
246
68
116
284
313
149
328
358
349
358
339
337
345
332
317
312
272
88

70
70
68
38
81
78
89
89
56
85
83
80
81
90
33
87
89
77
61
28
14
86
89

Shear: 200 years
(mm)
9.9
24.3
2.8
12.2
5.5
5.8
2.9
6.3
16.0

3.5
0.6
10.3
3.8
1.0
**
5.4
8.0
18.1
25.0
6.5
**
9.4
5.7

Shear: max ice load
(mm)
28.3
60.7
6.9
38.5
8.0
34.1
9.1
26.3
33.0
7.4
2.8
20.1
22.5
0.8
**
17.6
28.2
28.5
81.9
19.2
**
33.4
27.9

Merged with other zones. ** No data available near repository.

10.2.5 Uncertainties
It is evident that the rock mechanical analysis is subject to uncertainty, even if it represents
the state-of-the art at the time of SITE-94. Idealisations and simplifications are made on
different levels. To some extent the numerical modelling of the rock mechanics poses some
problems, but the serious uncertainty stems from the uncertainty of site properties, both in
terms of the uncertainty of the rock structure and uncertainty in the mechanical properties
of fracture zones and other structures.

10.2.5.1 Consistency with PID FEPs and Links
The rock mechanical analysis reflects most but not all relevant FEPs and links related to the
far-field in the Process Influence Diagram displayed in full PID in the enclosure. Only input
to the rock mechanical and thermal processes are discussed here.
The far-field temperature analysis considers the impact from the near-field temperature
(PID link NE112) and, for the permafrost depth calculations, it considers the impact from
the permafrost (PID link Perma-3).
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The far-field stress analysis considers the impact from rock properties (GE80), heat (GE1)
and external stress (Glac-3), but does not directly acknowledge influences from
groundwater flow (GE59) or the near-field stress field (NE144). The latter limitation is
simply due to resource limitations and is judged to be less serious at the scale analysed.
The omission of the near-field stress impact may affect judgements on the effect of
excavation of the repository. In jointed and faulted hard rock such as that at Aspo, the
interaction between the excavation of the repository and fracture zones nearby may cause
considerable changes in stress distribution and mode of deformation (Martin et al., 1995).
These phenomena are, however, analysed in the detailed near-field analysis presented in
Section 11.2.1.
The influence of water flow and dynamic loading due to seismic events are important
factors affecting the performance of a repository. Heat convection due to fluid flow is not
considered in the simulation, but e.g. Thunvik and Braester (1980) showed that this is not
an important mechanism provided that the topographical gradient is large. The impact from
the groundwater pressure is probably more significant and the coupled thermo-hydromechanical behaviour of the rock mass needs to be considered, but there is a lack of
suitable analyses tools even if the problem is under priority consideration in the
DECOVALEX study (Jing et al., 1996).
There is no evaluation of the impact of thermal and glacial loading on the permeability of
the rock as a result of the mechanical effect. Based an existing knowledge such an analysis
could only be qualitative based on the predicted fracture displacements, whereas a
quantitative evaluation would require constitutive relations between displacements and
permeability change. In general, it should be noted though, that the mechanical effects will
imply changes to the permeability.
There is no direct modelling of faulting in the far-field, but the information on the stress
field (GE2) is used to judge whether faulting conditions may arise.

10.2.5.2 Conceptual Model and Parameter Uncertainty
In rock mechanics, conceptual model uncertainty and parameter uncertainty are probably
more of a concern than the description of the overall phenomena. Hansson et al. (1995a, b)
discuss at length the implications of the simplifications and uncertainties in the approach.
The model and its parameters
The concerns about the conceptual model and its parameters are discussed in Section 7.5.
Some of the concerns are of a conceptual model character, such as the fact that the finite
dimension and large-scale undulations of the fracture zones are ignored, the stress
concentration artifacts that may occur at sharp corners of fracture intersections, the fact that
creep is not considered and that the present model is too simplistic to describe properly
failure of the rock matrix and fractures. However, the major difficulty for the present study
is the uncertainty about the mechanical properties of fracture zones and the rock mass at the
Aspo site.
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Uncertainty in loadings
Another potential source of uncertainty is how well the loadings analysed represent the
external conditions of the Reference Case and the Central Scenario conditions. The loading
mechanisms simulated in this study included thermal loading due to emplacement of waste
canisters and ice loading due to glaciation and deglaciation.
The present study considers only the stress changes and rock deformation from glaciation
and deglaciation, without synchronised change of the boundary stresses and surface
deflections (e.g. forebulge). Synchronisation of the boundary stress with respect to the ice
load is likely to increase the movements along fracture zones and increase the stress
variations in the rock mass.
Permafrost will change the thermo-mechanical properties of the rock mass in the zone of
permafrost. Further, deglaciation with increased hydraulic head will introduce considerable
amounts of water and water flow in the region which may change the global hydromechanical behaviour of the rock mass.

10.2.6 Conclusions
10.2.6.1 Implications for Other Parts of the Assessment
Reference Case
The direct output from the rock mechanical and temperature evaluations are temperatures,
stresses and deformations. Table 10.2.2 summarises how these results are used in other
parts of the SITE-94 assessment.
The predicted temperature does not deviate from previous estimates (e.g. Tarandi., 1983),
and could be used directly for the parts of the assessment that require this information.
However, as already explained in Section 8.5 other parts of the assessment obtained
temperature information from other sources.
From the numerical results, the effect of the thermal loading from waste canisters on the
far-field stress field is an increase of stress in the horizontal directions. The average stresses
increase at the 500 m level, due to heating from 4000 canisters to about 18 MPa in the
x-direction and 22 MPa in the z-direction. These stresses are used directly as boundary
conditions in the near-field rock mechanical model.
The major mode of fracture-zone deformation is closure. However, fracture-zone opening
occurs at some locations. The heating also increases the probability of fracture propagation
in the rock mass by reducing the average ratio of maximum and minimum principal stress
from 0.62 (initial value with boundary stresses only) to 0.49 after 200 years of heating
(Hansson et al., 1995a, b). This implies that there is little ground to assume faulting for the
Reference Case but the rock permeability will be altered in the rock around the repository,
although the present analysis is unable to predict the magnitude of these changes.
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Central Scenario
The use of the rock mechanical results for the Central Scenario are also displayed in
Table 10.2.2.
The analysis of permafrost depth make it possible to conclude that the repository will not
freeze. The information of the permafrost depth is also passed on to the hydraulic analysis
for the Central Scenario. Permafrost may, however, have implications for the stability of
shaft seals closer to the surface.
The numerical results indicate that glaciation has a major effect on the vertical stress
component (Syy) and less effect on the two horizontal stress components for the far-field
model. At the peak of glaciation, from a 2200 metre thick ice sheet, the average vertical
stress at a depth of 500 metres increases to 30 MPa from an initial value of 10 MPa.
Complex stress re-distribution occurs in the rock mass, especially at the intersections of
fracture zones. The risk of a global fracture propagation due to high vertical load is
however, small. The average ratio of Sxx/Syy is increased to 0.61 (Hansson et al, 1995a, b).
According to the far-field modelling results, the effect of glaciation/deglaciation cycles is
significant to the stability of the rock mass in a global sense. Permanent damage is likely
to appear on the surfaces of faults and fracture zones due to the large shear deformations
caused by glaciation. Unfavourable stress states, due to the significant increase of the
vertical stress component, may affect the stability of tunnels. This stress redistribution and
large-scale fracture deformation occurs not only at locations around the waste canisters, but
in a much larger area where glaciation takes place. It is possible that failure of intact rocks
(for example plastic yielding) may also be induced due to this significant stress
concentration, which can only be studied properly with a near-field model and better
understanding of possible failure mechanisms of the rock matrix.

Table 10.2.2 Illustration of where the far-field rock mechanical results are used in the
other parts of the SITE-94 assessment, which results are used and reference to the relevant
PID links.
Link in
PID

Target process

Impact for Reference Case

Impact for Central
Scenario

Temperature

Temperature distribution

Depth of permafrost

Near-field stress

Repository depth values and
stresses from far-field model
used as boundary conditions in
near-field model

- same as RF

GE81

Far-field faulting

No far-field faulting, but some
local rock failure may occur in
the repository area

No faultingbut global effects

GE2

Permeability

Changes in the repository area but no quantitative estimates

Global and significant
changes

GE3

Degradation of hole
and shaft seals

Not analysed in the far-field

Not analysed, but likely

GE82
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10.2.6.2 Implications for Repository Design and Further Work
The SITE-94 analyses are not designed to evaluate different repository designs, but
Hansson et al. (1995a, b) make the following comments on this subject.
The design of tunnels and deposition holes will affect not only the mechanical stability, but
also the temperature in the repository and its surroundings. A greater heat load per square
kilometre will increase the temperature in the repository and the stress level will increase.
The underground openings will undergo several loading paths during construction and later,
followed by the heat loading and loading from glaciation. Hence, the stress concentrations
at corners and fracture intersections are areas for local failure. Although the stress
concentration/relief appears at isolated small areas at fracture intersections and is less likely
to effect the stress behaviour globally, it may be a problem for repository design. The
stability of tunnels and deposition holes close to fracture intersections may be affected.
These intersections may also be conduits for water flow.
In order to study these phenomena properly, Hansson et al. (1995a, b) suggest detailed fully
T-H-M coupled near-field modelling that should include improved constitutive models for
the fracture zones and single fractures and groundwater flow through the fracture networks.
It is suggested that such models, which would require some amount of research and
development, be used to perform a series of sensitivity analyses, a study of dynamic effects
from seismic or neotectonic events and modelling of large-scale tunnel excavations.

10.3

HYDROGEOLOGY

This section concerns the evolution of flow and transport paths and the provision of data
for estimation of effective hydrogeological transport parameters for the consequence
calculations in the Reference Case and in the Central (climate evolution) Scenario.

10.3.1 Introduction
The hydrogeological evaluation calculations, reflected in the Assessment Model Flowchart
(AMF) in Figure 2.4.5, comprise scoping calculations and detailed simulations, using the
alternative site models established in Section 7.3. This section describes the methodology
and results for the far-field. The results for the near-field, to be used for evaluation of the
Engineered Barrier System, are described in detail in Section 11.2.2. Chapter 15 describes
how the results of the hydrogeological evaluation are used to define calculation cases for
the radionuclide release and transport calculations.
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10.3.2 Strategy for Evaluation Calculations
The evaluation calculations yield predictions of groundwater flow and transport, in terms
of parameters that can be used as input to the consequence models described in Chapter 13.
The models developed for the regional hydrogeology provide general information on largescale groundwater movement and its evolution during the Central Scenario. The detailed
hydrogeological site-scale models provide quantitative parameters for the calculations of
radionuclide release and transport in the geosphere. Finally, a set of alternative conceptual
models are used to estimate rough bounds on the specific flow-wetted area.

10.3.2.1 Hydrogeological Aspects of the Reference Case
The Reference Case refers to a situation where present-day hydrological surface boundary
conditions, considered to be at steady-state, prevail into the future (see Chapter 9). For the
hydrogeological evaluation, this means that the present-day flow field is assumed to be at
steady-state. The main emphasis of the evaluation calculations for the Reference Case is
on quantifying conceptual and parameter uncertainties associated with the development of
hydrogeological models for the heterogeneous rock at the Aspo site. However, to a large
extent, the results for the Reference Case are also applicable to the Central Scenario.
The models used for making quantitative predictions of site hydrogeology for the Reference
Case include:
•
•
•
•

the Simple Evaluation (Sections 7.3.5 and 10.3.3),
the Discrete Feature site model (Sections 7.3.7 and 10.3.4),
the Stochastic Continuum site model (Sections 7.3.8 and 10.3.5),
the VAPFRAC variable aperture Discrete-Fracture Network model (Sections 7.3.9
and 10.3.6).

10.3.2.2 Modelling the Central Scenario
The Central Scenario specifies a sequence of time-dependent boundary conditions as a
climate-evolution scenario that includes glaciation cycles, sea-level changes and permafrost
events over the next 120 000 years, as discussed in Chapter 9. Large-scale hydrogeological
models are developed to simulate the long-term evolution of the groundwater flow field and
distribution of fresh and saline waters (Section 7.3.3). The evaluation and results are
described in Section 10.3.7. Certain aspects of the Central Scenario are also evaluated with
the Discrete Feature site model (see Section 10.3.8). The site-scale hydrogeological
evolution is inferred both from the large-scale models and from the detailed-scale results
for the Reference Case, as will be discussed further in Chapter 15.

10.3.2.3 General Procedure for Estimation of Hydrogeological Transport
Parameters
Figure 10.3.1 illustrates the general procedure for estimation of hydrogeological transport
parameters from the detailed site models, which comprises the following steps:
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•

Solution of steady-state flow for each model realisation.

•

Sampling near-field parameters on a single canister scale.

•

Particle tracking (discrete-particle random-walk, DPRW) calculations for each
canister site in the repository.

•

Interpretation of each calculated canister release curve in terms of an equivalent onedimensional homogeneous porous medium giving effective far-field parameters to
be used in CRYSTAL.

The hydrogeological parameters that are determined for the near-field radionuclide release
and transport model, CALIBRE, are Darcy velocity, fracture spacing, fracture aperture,
specific surface area (see Chapter 13). Each realization of a flow field provides a
distribution of the near-field parameters reflecting the spatially varying properties among
different canister sites in the repository rock block. However, the full set of near-field
parameters was not provided by all models.
As radionuclide transport in the geosphere is calculated with a coupled, but simple onedimensional transport model (CRYSTAL; see Chapter 13), the results of the threedimensional site models have to be interpreted in terms of a few effective hydrogeological
transport parameters including Darcy velocity, longitudinal dispersion coefficient, transport
path length, flow porosity and specific surface area.
In SITE-94 this is done by dividing the flow field into a set of equivalent stream tubes, each
representing flow and transport from a single canister site to the biosphere. For each
realization of the flow field and for each canister source the DPRW method of particle
tracking provides a distribution of residence times (breakthrough curve) at the biosphere
interface. The DPRW method differs from deterministic particle tracking (that is sometimes
used to trace streamlines) in that it uses multiple particles to simulate dispersion from a
single (canister) source. An estimate of effective far-field fluid velocity and dispersion
coefficient that characterise the transport (multiple particle tracks) from a given canister
source, is obtained by fitting the ID advection-dispersion solution to the spatially
integrated, mass break-through recorded at the surface. In the Discrete Feature model, the
particle-tracking results are also used to estimate flow porosity, specific surface area and
transport path length (see Section 10.3.4).
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4) Far-field transport
parameters for
CRYSTAL

^ffDLffi

3) Fitting ID
transport equation

2) Residence time
distribution + other
output parameters

1) Particle tracking
in 3D hydrogeological
site models

Geosphere

Repository

Figure 10.3.1 Schematic illustration of the procedure for abstracting, effective flow and
transport parameters from the 3D hydrogeological site models. Ujf = fluid velocity [LT1],
qff = Darcy velocity [LT'J, DLj] = longitudinal dispersion coefficient [L2T''J, arff = flowwetted surface area per volume ofrock[L~'], <Pfj = effective porosity [-], L = transport path
length [L], and the subscript ff' indicates far-field parameter.

10.3.2.4 Quantification of Uncertainty and Variability
By performing particle tracking calculations for many canister sites, an estimate is obtained
of the spatial variability associated with each transport parameter. Although scaling up from
the scale represented by the hydraulic test data (typically only a few metres) to the scale of
the geosphere transport model (on the order of 500 m) is performed with the detailed threedimensional hydrogeological site models, the abstraction of effective far-field transport
parameters introduces potential errors which are discussed in Section 10.3.9.6.
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In addition to the alternative hydrogeological site models, a number of variational cases
(variants) are defined to explore different types of uncertainties within each site model. The
variants are selected to reflect uncertainties related to the conceptual description of the rock
heterogeneity and permeability structure as well as parameter (property) values of different
model features.
The distinction between uncertainty and spatial variability, discussed in Chapter 2, has
special relevance to hydrogeology. Spatial variability refers to the natural variability of a
hydrogeological property, which arises from the rock heterogeneity. This variability is a
function of the parameter studied and the scale or rock volume it represents. In general, the
spatial variability decreases with averaging volume. Although the exact value of a certain
hydrogeological parameter may be unknown at different positions in the rock, one may
obtain a good estimate of the range and nature of its variability. Uncertainty, on the other
hand, implies that there are insufficient data or models to make precise predictions of the
mean and spatial variability of the parameter studied. Uncertainty could arise from a variety
of sources, including lack of knowledge regarding processes and spatial structures
(conceptual model uncertainty), uncertainty in measurements and data, or even lack of
relevant data.

10.3.2.5 Model-Dependent Parameters and Representative Transport Parameters
The hydrogeological component of the far-field radionuclide transport model is an idealised
representation of the more complex detailed hydrogeological site models. Consequently,
the interpreted far-field transport parameters should not be seen as physical properties of
the rock. The relationship between the interpreted hydrogeological far-field parameters and
their absolute values is specific for the conceptual hydrogeology model or conceptual
variant from which they are derived. Therefore a single parameter value (for example Darcy
velocity) is not meaningful unless it is combined with the other transport parameters (for
example flow wetted surface area) estimated from the same conceptual hydrogeology
model. Hence, a comparison between different conceptual models or conceptual variants
in terms of the individual far-field transport parameters is not meaningful.
To facilitate a direct evaluation of, and comparison between, the hydrogeological site
models, two parameter groups are defined as hydrogeological performance measures for
the far-field transport from a single canister source, namely the F-ratio, F, and the Peclet
number, Pe:
F^a^xL/qtf

(Eq. 10.3.1)

Pe = U f f xL/D U f

(Eq. 10.3.2)

where a^ = flow-wetted surface area per volume of rock (m2/m3), L = transport path length
(m), qff =Uff x Off = Darcy velocity (m/s), Uff = fluid velocity (m/s), <3>f = effective porosity
(dimensionless) and D ^ = longitudinal dispersion coefficient (m2/s). The index *ff
indicates a parameter estimate for the far-field.
The F-ratio parameter group appears in the solution to the advection-dispersion-matrix
diffusion equation (e.g. Tang et al., 1981 and Moreno and Neretnieks, 1993) and has
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dimension (s/m), i.e. an inverse velocity, and is a measure of the capacity for retardation
by sorption and matrix diffusion in the rock fractures. The Peclet number (dimensionless)
is the ratio between advective to dispersive groundwater transport. It appears that these two
parameter groups encompass the primary hydrogeological influence on radionuclide
transport, and that different combinations of the individual far-field parameter values will
not affect transport as long as the F-ratio and the Pe-number are held constant
(Section 13.5.2). Accordingly, comparison of the different model predictions are based
primarily on these two parameter groups.
Chapter 13 discusses the sensitivity of radionuclide transport on the F-ratio and the Peclet
number. A low F-ratio implies little retardation and a potential for high far-field releases.
A low Peclet number implies high dispersion and in some cases a potential for high farfield releases; however, the precise impact of the Peclet number on radionuclide release
depends upon the shape of the input pulse from the near-field as well as on the F-ratio and
the radiochemical properties of the nuclide.

10.3.3 Simple Evaluation of Flow and Transport for the Reference
Case
The first attempt at quantifying the groundwater flow at Aspo comprised simple scoping
calculations of groundwater flux, based on a ID application of Darcy's law, simple
assumptions regarding flow-field structure and bounding values of hydraulic driving forces.
The Simple Evaluation of groundwater flux was later extended (Dverstorp et al., 1996) to
evaluate critical transport parameters, based upon a range of generic models for pore
structure in fractures and fracture zones. Although the latter part of the Simple Evaluation
is in fact performed later in SITE-94, in principle the entire Simple Evaluation could have
been accomplished at the outset of SITE-94.
The objectives of the Simple Evaluation are to determine uncertainty ranges for Darcy
velocity (groundwater flux) and the F-ratio, as defined above, along idealised pathways
from the hypothetical repository to the biosphere. The analysis considers eight study sites
in crystalline rock in Sweden, but only the results for Aspo are summarised here.

10.3.3.1 Setup and Results of the Analysis of Groundwater Flux
Figure 10.3.2 shows the idealised flow and transport paths analysed, which represent
different assemblages of 'good rock', fracture zones, rock disturbed by excavation, and
poorly sealed access shafts and tunnels. Hydraulic conductivity data for the rock mass and
fracture zones are taken from SKB's interpretation of the injection test data (Wikberg et al.,
1991).
The first and most optimistic case (Pathway 1 in Figure 10.3.2) represents a situation where
transport takes place in 600 m of moderately fractured rock, using SKB's estimate of
hydraulic conductivity (K = lxlO"10 m/s) for the rock volume where the SITE-94 repository
is located (Wikberg et al., 1991). An intermediate case (Pathway 2) assumes transport
through 10 m of moderately fractured rock in the repository rock block, with discharge into
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Fracture zone
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in moderately
fractured rock

Repository

Disturbed
zone
Figure 10.3.2 Schematic illustration of the transport pathways analysed in the Simple
Evaluation of groundwater flow at the Aspo site.

a major discharging fracture zone (resistance to flow in the fracture zone is taken to be
negligible). Pathway 3 is a highly pessimistic case of 600 m of transport directly to the
biosphere, via a highly conductive, excavation-disturbed zone and a major discharging
fracture zone. For this case, two values of fracture zone conductivities (cases 3a and 3b) are
analysed, corresponding to the most conductive (K = 2xlO"5 m/s) fracture zone and a less
conductive (K - 5xlO'7 m/s) fracture zone in the SKB hydrogeological site model (Wikberg
et al., 1991). The hydraulic conductivity of the disturbed zone is assumed to be the same
as that in the fracture zone.
For each case, analyses are performed for a low and a high value of hydraulic head gradient,
corresponding to excess hydraulic heads of+1 m and +10 m between repository depth and
the outlet at the surface, respectively. The lower value is based on the local water-table
elevation at Aspo. The higher value represents a rather pessimistic situation where an
extensive, subhorizontal fracture zone is present to transmit regional high heads from the
mainland west of Aspo to the rock beneath Aspo.
Table 10.3.1 shows the calculated Darcy velocities together with the input parameters for
the analysed cases. The resulting Darcy velocities range from SxlO^m/year to 10 m/year.
This very wide range makes it difficult to confirm the effectiveness of the geological barrier
function for a repository in crystalline rock (e.g. SKI, 1991). Because the hydraulic head
gradient is fairly well determined (within an order of magnitude), the high uncertainty in
the calculated Darcy velocities simply reflects the wide range (5 orders of magnitude) of
estimated hydraulic conductivities.
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Table 10.3.1 Results of the simple scoping calculations of groundwater flux.
Case

1

2

3a

3b

Transport pathway

600 m of good rock

10 m of good rock

Hydraulic
conductivity
(m/s)

Hydraulic head
gradient
(-)

Darcy
velocity
(m/yr)

1.0x10'°

1.7 xlO"2

5.4 x 10"5

1.7 x l O 3

5.4 xlO' 6

1.0x10°

3.2 x 10"3

l.Ox 10'

3.2 x 10"*

1.7 xlO"2

1.1 x 10+I

1.7 xlO" 3

1.1x10°

1.7 x 10"2

2.6 x 10"2

1.7 x l O 3

2.6 x 10"3

1.0x10'°

Excavation-disturbed
zone plus 600 m major
fracture zone (NE-1)

2.0 xlO"5

Excavation-disturbed
zone plus 600 m major
fracture zone (EW-1)

5.0 x lO"7

10.3.3.2 Analysis of Reactive Transport Parameters
The Simple Evaluation of parameters for reactive transport, hence transport of sorbing
nuclides, is based upon the simple models for groundwater flux, as described above,
combined with six different, simple models, representing a wide range of possibilities for
the pore structure within individual fractures or fracture zones. This is motivated by the
relative lack of data concerning the effective relationship between Darcy velocity and
accessible wetted surface, within conductive structures or (especially) the rock mass. The
models that are applied include:
A.
B.
C.
D.
E.
F.

a single, parallel-plate fracture,
a fracture in which flow is confined to cylindrical channels of equal radius,
multiple parallel-plate fractures, all of equal aperture,
a stepped fracture with aperture varying perpendicular to the direction of flow,
a stepped fracture with aperture varying along the direction of flow and,
a parallel-plate fracture filled with uniform, spherical particles, representing e.g. a
crushed zone or gouge-filled fracture.

The significance of assumptions concerning pore structure for far-field reactive transport
is illustrated by Figure 10.3.3, where the relationship between the F-ratio and the porosity,
for each of the six models can be seen. The figure also represents two variants of the
Discrete Feature site model, which are discussed in Section 10.3.4. The F-ratio values in
the plot are normalised with respect to the head gradient Ah/Lff and transport distance Lff.
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The parameters of all models are chosen to give the same average transmissivity of
10"6 m2/s (representative of site-scale fracture zones). Porosity values are calculated based
on a 10 m thickness of rock (a typical fracture-zone thickness). The lowest values of both
F and porosity occur with Model B, the cylindrical channel model, whereas the highest
values of both F and porosity are given by Model F, the 'crushed-zone' model. Model C
gives increasing values of F and porosity, depending on the number of parallel fractures.
For realistic values of aperture, the specific surface in Models D and E is nearly the same
as in Model A, and hence F does not vary appreciably. However, effective values of
porosity can vary widely in these models, depending on the magnitude of the variation in
aperture and on whether the aperture varies parallel to or perpendicular to the direction of
flow.
Figure 10.3.4 (a-c) shows the results of applying these pore-structure models to calculate
F-ratios for each of the cases analysed in the Simple Evaluation of Darcy flux, as described
above. For each hydrogeological case and each pore-structure model, a physically
reasonable range of parameters is estimated, as described by Dverstorp et al. (1996), and
applied to predict wide bounds on the F-ratio.
The lowest values of F are produced by Model B, which represents the case of extreme
channelling. However, this model is found to be incompatible with reasonable ranges of
porosity for a rock mass or fracture zone composed entirely of such channels. Hence Model
B can be viewed as representative only of isolated, extreme channels. The incidence of such
channels would be nearly impossible to estimate at the stage of site characterisation
represented by S1TE-94, therefore Model B is not shown in these figures. The lowest values
of F, excluding Model B, are produced by Model D which represents more moderate
channelisation of conductive fractures, with channels running parallel to the flow direction.
The highest values of the F-ratio are produced by Model F, which represents the somewhat
extreme case in which all fracture zones consist of crushed zones with very high flowwetted surface area.
The predicted F-ratios for Aspo span an extremely wide range, from about 108 to 1018 s/m
(3xl0'2 to 3xl010 year/m). Thus uncertainty regarding pore structure introduces more than
4 orders of magnitude of uncertainty in the F-ratio, in addition to the uncertainty that is
expressed in the range for Darcy velocity.

10.3.3.3 Applicability of Results
The Simple Evaluation is not conditioned on the data and uses only a small portion of it,
so it should be expected to give an overestimate of the uncertainty in Darcy velocities and
F-ratio. For a Performance Assessment based on a 'worst case' analysis, the results for
Darcy velocity are probably reasonable, as the worst case (a high continuous permeability
value between the repository and the surface) could occur in some realisations of both the
Discrete Feature site model and the Stochastic Continuum site model (see Sections 10.3.4
and 10.3.5).
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Figure 10.3.3 Comparison of porosity and normalised F-ratiosfor various simple models
of pore structure in a fracture zone: (a) a single, parallel-plate fracture, (b) a single
cylindrical tube or channel, (c) n equal-aperture, parallel-plate fractures, (d) stepped
fracture with aperture varying perpendicular to the direction of flow, (e) stepped fracture
with aperture varying along the direction of flow, and (f) a parallel-plate fracture with
uniform, spherical particles. For all models the fracture zone thickness is H-10 m and the
width is w=l m. The aperture b in Model A corresponds to a transmissivity of 10'6 m2/s.
The parameters of all other models are chosen to give the same net flux as Model A, for a
given head gradient. The F-ratio values are normalised with respect to the head gradient
dh/dL and transport distance LThe LO and HI variants represent pore-structure models
evaluated with the Discrete Feature site model (see Section 10.3.4).

The worst-case results, in terms of the F-ratio, correspond to the coincidence of such a
continuous, high-permeability value with extreme channelling. If such conduits do exist in
the bedrock, the probability of one being intersected by a site-characterisation borehole
would be extremely low. The GRF analysis for SFTE-94 does suggest that a few highconductivity, low-dimension conduits may exist at Aspo (one example, with K Q ^ = 105 m/s
and D F = 1.4, is indicated in Figure 7.3.6); however, the persistence of such conduits is
questionable, due to the brief duration of the packer tests upon which these interpretations
are based.

330

a) Rock Mass Case 1 (L = 600 m)

b) Rock Mass Case 2 (L = 10 m)
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c) Case 3: Discharge via a fracture zone

Fracture Zone Transmissivity (m /s)

Figure 10.3.4 Results of the simple scoping calculations of transport resistance.
Calculated F-ratios for each of the three cases: (a) transport through 600 m of rock mass
(Case 1), (b) transport through 10 m of rock mass to a discharging fracture zone (Case 2),
and (c) transport via a high-transmissivity fracture zone. Only combinations corresponding
to a physically reasonable range of transmissivity and porosity, for each hydro geological
case and each pore-structure model, are shown.
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One limitation of the Simple Evaluation is that it considers only wide ranges of parameter
values, without any assessment of the relative frequency of particular parameter values or
combinations of values. Consequently, the Simple Evaluation does not yield any prediction
of the frequency of canister positions with certain transport characteristics. For instance, the
Simple Evaluation does not predict whether there should be very few canisters in regions
characterised by high flow, or very many. Such differences could have an important impact
on a site's suitability for a repository. One of the main motivations for the application of
more sophisticated hydrogeology models in SITE-94 is to make better use of the sitespecific data, in particular regarding the spatial organisation of hydraulic conductivity, to
predict the spatial variability of Darcy velocity and other hydrogeological parameters for
radionuclide transport.

10.3.4 Discrete Feature Site Model—Reference Case Results
10.3.4.1 Introduction
The bulk of the hydrogeological predictions are made with the Discrete Feature site model,
which is introduced in Section 7.3. Parameters are estimated for calculations related to both
the near-field and far-field environments, for a large number of variants, in order to explore
uncertainty. Geier (1996) describes the evaluations in detail.
The geometric structure of each model realisation, together with the corresponding flow
solution, allows for direct estimation of parameters on the near-field scale, as is discussed
in Section 11.2.2. Relevant parameters, such as Darcy velocity and fracture spacing, are
recorded in the model on 10 m2 panels positioned at 40 potential canister positions in the
hypothetical repository (Figure 10.3.5).
Far-field transport parameters are evaluated for each realisation, by performing 3D
advective-dispersive particle tracking using 100 particles for each canister (source) location.
Effective far-field fluid velocities Uff and dispersion coefficients D ^ are estimated for
releases from each of the 40 canister locations, by fitting an analytical ID solution of the
advection-dispersion equation to the residence-time distribution for solute reaching the
near-surface environment, as given by the histogram of the particle arrival time. By this
scheme it is possible to maintain the correlation between estimated far-field and near-field
parameters and to determine the spatial variability of the far-field transport parameters.
The location of solute reaching the near-surface, for each source, is characterised in terms
of the plume centroid coordinates (Xc Yc). The far-field fluid velocities are converted to
Darcy velocities qff using the corresponding estimates of effective transport porosity:
qff = U f f x0 f f

(Eq. 10.3.3)

The effective porosity 4)ff for each plume is calculated by dividing a solute mass-weighted
estimate of pore volume Vp (based on the predicted steady-state distribution of solute
particles within the Discrete Feature model) by the estimated bulk volume Vb:
* ff = V p /V b

(Eq. 10.3.4)
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Figure 10.3.5 Estimation of near-field parameters. The values ofDarcy velocity, fracture
spacing and transport aperture for a given canister site are taken as the values of qp, 5^
and bp, respectively, that correspond to the panel with maximum qp.
The specific wetted surface a^ (required for sorptive transport calculations) is estimated in
similar fashion, by dividing a mass-weighted estimate of wetted fracture surface area A^
byV b :
arif = A w /V b

(Eq. 10.3.5)

The Discrete Feature model does not, however, take into account sorption and matrix
diffusion.
The predicted far-field parameters are also analysed in terms of the two far-field parameter
groups, the F-ratio and the Peclet number, as defined in Section 10.3.2.5. Inserting
Equations 10.3.3, 10.3.4 and 10.3.5 into Equation 10.3.1 gives the Discrete Feature model
estimate of F-ratio as:
= (A w xL)/(U f f xV p )

(Eq. 10.3.6)

The bulk volume, Vb, is the total volume of rock and rock fractures in the Discrete Feature
model in which the particles released from a canister source are transported to the surface
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(for details see Geier, 1996). It represents the volume of an equivalent stream-tube in the
CRYSTAL radionuclide transport model.
Because the calculation of Vb involves a somewhat arbitrary assumption regarding what
fraction of the rock between discrete features should be included, the absolute values of qff,
3>ff and a^ should not be overinterpreted. However, as can be seen from Equations 10.3.2
and 10.3.6, the far-field parameter groups (F-ratio and Peclet number) which are used for
defining the input to the far-field radionuclide transport model, are independent of the bulkvolume assumption and may thus be used for comparisons among Discrete Feature model
variants and with other hydrogeological models.
The statistics of the estimated effective hydrogeological transport parameters, as presented
below, are based upon the pooled results of 40 canister positions and all realisations (10-20,
in most cases, but in two cases just 5). Combining results from all realisations provides a
larger basis for analysis than analysing each variant separately, particularly for the far-field
estimates where results are obtained for only a few, connective sites per realisation.
However, to do so, the assumption must be introduced that the differences between
stochastic realisations are insignificant in comparison with the variability within a single
realisation. If this were not so, and the mean value of a given parameter varied significantly
between realisations, the pooled results would give an exaggerated estimate of spatial
variability. This assumption is difficult to justify, for precisely the same reasons that such
an assumption is required.
However, statistical tests that are performed for the Discrete Feature model base-case
results (a multivariate, multi-sample likelihood ratio test of complete homogeneity, and
Wilks' multivariate, multi-sample likelihood ratio test for equality of means) indicate that
this assumption is most likely to be valid, as described by Geier (1996). Therefore it is
concluded that the variability expressed in the pooled results is predominantly an
expression of true spatial variability.

10.3.4.2 Variants
The variation cases that are investigated for the Discrete Feature model are chosen so as to
address major aspects of uncertainty regarding:
1.
2.
3.
4.
5.
6.

the geological structural model,
hydrogeological properties of the major structures,
effective boundary conditions,
rock type within the repository,
hydrogeological properties of the discrete-fracture network and,
effects of the Disturbed-Rock Zone.

By using variants of the Discrete Feature model to estimate effective near-field and far-field
parameters for each of these cases, the effect of each of these components of uncertainty
on the overall Performance Assessment could be evaluated.
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Table 10.3.2 lists the component variants that are analysed with the Discrete Feature model,
and the types of uncertainty addressed within each component variant. The Base Case (see
below) is denoted SKI0/NF0/BC0. In the discussion which follows, variants to this case are
referred to in terms of the components which differ from the Base Case, e.g. Variant BC1
refers to the calculation case SKI0/NF0/BC1.

Table 10.3.2 List of conceptual and parameter variants for the Reference Case analysed
with the Discrete Feature site model.
Variant Type of uncertainty addressed
LO

Hydrologic: Low pore volume in site-scale structures based on single-fracture model.

HI

Hydrologic: High, uniform pore volume per unit area in all site-scale structures.

SKIO

Structural: Base-case SKI structural model for Aspo.

SKI1

Structural: Alternative interpretation of a major semi-regional structure (Avro zone).

SKBO

Structural/hydrologic: Alternative site interpretation (Wikberg et al., 1991).

SKNO

Structural/hydrologic: Alternative site interpretation (Sundquist and Torssander,
1996).

SKIOA

Hydrologic: Increase in transmissivity of gently vs. steeply inclined structures.

SKIOB

Hydrologic: Uniformly decreased transport porosity in site-scale structures.

SKIOC

Hydrologic: Decreased dispersion in site-scale structures.

SKIOD

Hydrologic: Effects of spatial variation of transmissivity within site-scale structures.

NFO

Lithologic: Base-case rock type (Aspo granodiorite) in the repository block.

NF1

Lithologic: Alternative rock type (Smaland granite) in the repository block.

NFOA

Hydrologic (detailed-scale): Increase in mean fracture transmissivity.

NFOB

Hydrologic (detailed-scale): Increase in the variability of fracture transmissivity.

NFOC

Hydrologic (detailed-scale): Increase in the effective transport porosity of all
fractures.

BCO

Base-case boundary conditions.

BC1

Boundary conditions: Alternative conditions on upper and seaward boundaries.

BC2

Boundary conditions: Alternative conditions on upper, seaward & lower boundaries.

BC3

Boundary conditions: Reduced rate of infiltration at the upper surface.

DZO

Excavation effects: Effect of a disturbed rock zone (DRZ) around repository tunnels.

DZ1

Excavation effects: Decrease in DRZ porosity.

DZ2

Excavation effects: Increase in DRZ porosity.

DZ3

Excavation effects: Increase in DRZ conductivity.

DSO

Excavation effects: DRZ plus shaft sealing failure.

DS1

Excavation effects: DRZ plus shaft sealing failure, with increased DRZ conductivity.
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The Base Case and calibration of variants
The Base Case for calculations consists of the component variants SKI0/NF0/BC0 used
when calibrating the Discrete Feature site model, as described in Section 7.3. Partly due to
time and resource limitations, no attempt is made to recalibrate the other model variants.
This means that the uncertainty associated with some variants, such as the alternative farfield boundary conditions, to some extent reflects different assumptions rather than true
uncertainty. However, for several variants, strict re-calibration is not possible. This
obviously holds for the variants representing the Excavation Disturbed Zone and shaft
sealing failure, but also for many of the variants representing different transport models for
fractures and fracture zones, since relevant data for calibration (e.g. small-scale tracer tests)
were not available. The variants representing the alternative geological/hydrogeological
structure models (variants SKBO and SKNO) use their own hydraulic properties as reported
for each model, although some simplification and adjustment is required to adapt these
models into the discrete-fracture network concept.
Uncertainty in geological I hydrogeological structure model
Uncertainty in the geological structural model is a key concern with the Discrete Feature
model, because this model makes more direct use of the geological interpretation than do
other detailed site models. The structural variant SKI1 is analysed to test an alternative
interpretation for a particular feature. To address the more profound uncertainty which
relates to the likelihood that independent groups of experts, working with a single site
database, will produce disparate models, Discrete Feature models (variants SKBO and
SKNO) are constructed and analysed based on the two alternative, geological/hydrogeological structure models as described in Section 7.2.
Hydraulic and transport properties of major structures
The second major type of uncertainty arises in the assignment of hydrogeological properties
to the structures in a given structural model. In particular, this concerns the parameters
which determine Darcy velocity and wetted surface area within each structure.
Whereas a considerable quantity of hydraulic test data are available for calibration of
structure transmissivities, the only data relating to transport porosity are a few (5) tracer
tests, in all of which non-sorbing tracers are used. There are no independent data regarding
the spatial structure of porosity, which governs non-reactive transport, or the specific
surface, which governs reactive (i.e. sorption or matrix-diffusion dominated) transport.
The importance of assumptions concerning the structure of pore space is illustrated by
Figure 10.3.3, in terms of the F-ratio (which is a measure of the reactive transport
properties) and the porosity for each of a range of simple models. The two main porestructure variants that are used in the Discrete Feature analysis, the LO (P0) and HI (PI)
variants, are also represented in the figure, in terms of the local values of F and porosity
which these models give for structures with the same net transmissivity as Model A.
The contrasting assumptions in the LO and HI variants address conceptual uncertainty
regarding the detailed geometry of flow and transport within transmissive structures, which
determines the inter-relationships among Darcy velocity, advective transport, and flowwetted surface area. In a discrete-fracture network model, the governing assumptions
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concerning pore geometry are specified explicitly in terms of the relationship between
fracture transmissivity and transport aperture, whereas in a continuum model these
assumptions are applied indirectly, as functional relationships among larger-scale
hydrogeological properties.
In the LO variant, the pore volume within each structure is assumed to be positively
correlated to structure transmissivity, with pore volume at a given point being equivalent
to that of a single, dominant fracture accounting for all flow through the structure. The LO
variant has F and porosity values similar to those for a variable-aperture (Model E), which
may be expected since the model for transport aperture in the LO variant is based on
empirical data from single-fracture transport experiments in natural fractures.
In the second case (HI variant), all structures are assumed to have a uniform, effective pore
volume per unit area (in the plane of the structure) of 0.03 mVm2. This is based on fracturezone porosity estimates from tracer tests in relatively diffuse fracture zones at the Aspo site,
and a generic zone thickness of 30 m. The porosity of the HI variant is high in relation to
the single-fracture models, but comparable to the 'crushed-zone' model (Model F).
However, the wetted surface area in the HI variant is taken to be the same as for the LO
variant, i.e. just twice the planar area of each structure. This is very low in relation to porestructure models which could reasonably yield the high porosity-to-transmissivity ratios of
the HI variant, and thus the HI variant is likely to give conservative F-ratios.
Variants SKIOA-D reflect additional parameter uncertainty regarding transmissivity
distribution, effective transport porosity and dispersion in the site-scale structures (see
Table 10.3.2).
Alternative Boundary Conditions
Uncertainty with regard to the semi-regional hydrogeological setting, due to the limited
amount of data from depth and form outside Aspo, is expressed in the Discrete Feature
model as uncertainty with regard to effective boundary conditions. Variants BC1-3 are
analysed to assess the effects of alternative sets of boundary conditions on performanceassessment parameters, including: topographic heads at the upper surface (rather than fixed
infiltration), hydrostatic heads at the seaward boundary (rather than confinement due to
saltwater intrusion) and fixed, declining heads at the base (rather than no flow due to tight
rock), such as could effectively be produced by a highly transmissive, subhorizontal,
regional fracture zone just below the base of the model.
Properties of the repository scale fracture network
Additional uncertainty arises from the spatial variability of lithology in the vicinity of the
repository, and variability of the fracture system within a given rock type. These aspects of
uncertainty are addressed by variations of the repository-scale, discrete-fracture network
model with respect to rock type (NF1) and the hydrogeological properties of the fracture
population (NFOA-C).
The excavation disturbed-rock zone
Uncertainty related to the Disturbed-Rock Zone (DRZ) around the repository is assessed
by additional variations. Although the DRZ is considered to be present in the Reference
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Backfilled access drift

Primary DRZ

DRZ features

Backfilled
deposition drift
Canister in backfilled
deposition hole

Radionuclide source
boundaries

Figure 10.3.6 Discrete Feature representation of the disturbed-rock-zone. The upper
figure is a schematic illustration of the DRZ around the access drift and deposition drift.
The lower figure shows the discrete features that represent the DRZ, and the internal model
boundaries, representing the canister deposition holes, which are the sources for
radionuclide release into the DF network.

Case, for practical reasons its effects are investigated within specific variational cases,
rather than by including the DRZ in all calculation cases. The DRZ around all deposition
and access tunnels within the repository is represented by a special set of connected,
discrete features (Figure 10.3.6), with base-case hydrogeological properties as evaluated by
Winberg (1991; variant DZO). Additional variants are analysed to evaluate uncertainty
regarding the hydrogeological properties of the DRZ itself (variants DZl-3), and of the
DRZ in the event of a shaft sealing failure (variants DSO and DS1).

10.3.4.3 Base Case Results
Results from the Discrete Feature model are obtained as estimates of near-field and far-field
parameters, for each canister site within each realisation of the model. Analysis of these
data (Geier, 1996) yields information concerning the variability of the parameters,
correlations between parameters, and the principle effects of the variants. The main results
for the far-field are summarised in the following paragraphs; specific results for the nearfield are discussed in Section 11.2.2.
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Number of flowing and connected deposition holes
In the Discrete Feature model, flow occurs through only some of the potential deposition
holes and only some of these holes are effectively connected to the geosphere/biosphere
interface. Of the fractured sites, i.e. sites which are intersected by at least one transmissive
fracture, only a fraction connect to larger fracture networks, and only a fraction of these are
'flowing' sites, i.e. sites with Darcy velocities greater than the numerical resolution of the
model (about 10"6 m/year or higher). Of the flowing sites, those with Darcy velocities less
than about 10"4 m/year tend not to produce far-field arrivals within the allotted transport
time of 5000 years, due to low gradients in the vicinity of the canister and/or numerical
problems in the particle tracking. The effect of this cut-off time is a censoring of a few slow
flow paths most of which will have very high F-ratios and, hence, high retardation of
sorbing radionuclides. The sites which do produce far-field results are referred to herein as
'connective' sites. For the base-case model, approximately 43% of the sites are fractured,
33% are flowing, and only 8 to 12% (depending on the far-field porosity) are connective.
The following presentation of predicted far-field parameter distributions is based on the
results for connective canister sites only, i.e. the 8 to 12 % of the canister sites that
produced far-field results. This gives sufficient information for setting up consequence
calculations performed on a single canister basis. For a full scale repository (multiple
canister) consequence analysis and for probabilistic consequence calculations, however, the
full distributions for all canisters are more appropriate. Thus it is important not to overlook
differences in connectivity when comparing the distributions of the far-field transport
parameters presented in this section with those of the Stochastic Continuum model where
connectivity is universal (Section 10.3.5).
Spatial variability
The predicted parameter ranges for connective sites in the Base Case model (LO and HI
variants) are summarised in Table 10.3.3 for each parameter x, in terms of the minimum
xmin, the median value \50%, the maximum xmax, the 10th and 90th percentile values, \lWh and
x90%. The log10 difference between the 90th and 10th percentiles, denoted vx, is a given as
a summary measure of the variability of each parameter. For the arrival centroid coordinates
Xc and Yc,vx is calculated as the difference between these percentiles.
The far-field parameters generally show a spatial variability of about two orders of
magnitude for the Base Case (LO variant). An exception is the effective far-field head
gradient, which varies by less than a factor of two. In the HI variant, due to the more
uniform model for porosity in the far-field, the overall variability is reduced. The generally
increased variability in far-field parameters for LO variants relative to HI variants is largely
due to the fact that, in the LO variants, radionuclides spend proportionally longer times in
the more variable, repository-scale fracture network, whereas in the HI variants,
radionuclides spend proportionally greater time in the less variable, site-scale structures.

Table 10.3.3 Summary statistics of the predicted parameter ranges for the Base Case variant (LO and HI variants) of the Discrete Feature
site model (connective canister sites).
Near-fie1 Id Parameters

Far-i leld Paramteters

s nf

dh/dL
Yc
%
Bur
xc
(m)
(m/m)
(m/yr)
(mVyr)
(m/yr)
(mm)
(m)
(m)
Base Case (LO): Connective sites (12.5% of all canisters over all realizations)
0.31
0.56 0.0016 2060
6930 1.5xl0"6
0.3
Minimum
2.2x105
4
5
0.67
0.60 0.0020 2151
6952 l.OxlO
22.9
lOPctl
6.0x10"
3
1.83
7028 2.0x10^
0.65 0.0024 2369
1994.4
Median
4.1xlO
2
3
7221 1.4xlO"
4.65
0.74 0.0030 2506
38500.3
90Pctl
5.6x!0
2
30.85
7460 3.2xl0" 426027.6
0.99 0.0034 2617
Maximum
5.7x10'
268
2.13
0.84
0.18
355
0.09
3.23
Variability v,
1.97
Base Case (HI): Connective sites (7.8% of all canisters over all realizations)
0.31
6933 5.5xlO"5
0.57 0.0016 2080
0.0
Minimum
7.3x10^
3
4
6937 8.2X10"
0.67
0.60 0.0020 2123
lOPctl
1.5xlO
1.0
3
2
1.55
6948 3.4xl0
62.2
0.66 0.0022 2332
Median
1.3xlO
3
2
7114 5.9xlO
3.70
0.74 0.0026 2364
239.5
90Pctl
7.5xlO"
3
4.76
7460 9.7x10"
0.99 0.0028 2446
953.0
Maximum
5.7x10'
0.11
0.86
0.74
242
178
0.09
2.39
Variability
1.69

Pe

a rf f
2

(m /m )

(-)
8.8xlO8
l.Oxi a 6
5.6xlO"6
4.7xl0"5
l.lxlO-4
1.67
OxlO- 4
2.5X10"

3

4

4.8X10-4

1.3x1 Or3
2.9x10 3
0.73

(-)

F
(yr/m)

0.0003
0.0032
0.0186
0.1340
0.5490
1.62

0.1
0.9
20.9
131.5
1070.0
2.19

3258
6818
56156
525528
3360078
1.89

0.0089
0.0166
0.0318
0.0895
0.1930
0.73

1.0
8.2
50.5
192.2
3400.0
1.37

2695
3104
4296
23093
1754722
0.87

Key to parameters: q: Darcy velocity, S: fracture spacing, b: fracture aperture, dH/dL: hydraulic head gradient, (Xc, Y c ): plume centroid coordinates,
DL: longitudinal dispersion coefficient,®: effective porosity , ar: flow wetted surface area per unit volume of rock, ]Pe: Peclet number (U*L/DL), F: F-ratio (a^L/q),
U: fluid velocity, L : transport distance between canister and biosphere, nf: index for near-field and ff: index for far-field.

340

Far-field discharge
Far-field discharge for all variants is primarily in the strait south-east of Aspo, or under
southern Aspo, within an area 500-600 m in diameter. Figure 10.3.7 shows the spatial
distribution of arrival centroids for the Base Case (SKI0/NF0/BC0/LO), for all realisations.
The release for any given variant tends to be mainly along two or three structures, with
different groups of structures dominating in different variants. The distance from canister
to release point is typically 450 - 600 m (the monitoring horizon is 50 m below sea level)
and for further calculations, a constant value of 500 m is chosen for effective transport
distance. The median centroids for the different variants are generally within 50 m of those
for the Base Case. The exceptions are the SKN0 and SKB0 variants, for which the median
centroids are shifted 405 m northwestward and 160 m northward, respectively.
These results are in general agreement with the regional groundwater flow model that
predicts an eastward and upward regional flow direction in the Aspo area (Section 7.3.3).
The more pronounced upward flow component in the Discrete Feature site model is likely
to be due to the more detailed representation of well-connected, steeply inclined, highconductivity fracture zones in this model. However, because the site characterisation data
are strongly concentrated in the southern part of the Aspo island, the frequency and
connectivity of highly conductive features may be underestimated in the peripheral parts
of the model.
With better resolution of highly conductive features outside Aspo Island, it is possible that
the predicted flow field would become directed more towards the east, governed by regional
driving forces which would create longer pathways from the repository to the biosphere.
On the other hand, the predicted discharge and short path to the surface is conservative and,
given the well-connected fracture system at Aspo, it would be hard to prove that
groundwater flowing through the repository will not discharge through one of the numerous
major sub-vertical fracture zones, even if flow is driven by an eastwardly directed regional
gradient.
Correlations
The Discrete Feature model predicts generally weak correlations among the far-field
parameters. The F-ratio is positively correlated to the distance, R, from the deposition hole
to the nearest fracture zone for the LO variants, where a greater proportion of the total
residence time is in the near-field fracture network. For HI variants, where far-field
transport is dominant, F is essentially independent of R. The Peclet number does not show
significant correlation to R in either case. The correlation between near-field and far-field
parameters is discussed in Section 11.2.2.

341

Case REF-DF-SKIO/NFO/BCO/LO
9500

8500

7500

6500

•
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for a single canister and
realization

5500
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2000
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Figure 10.3.7 Example of predicted radionuclide arrivals to the biosphere (Calculation
case SKI0/NF0/BC0; 10 realisations). The island of A spo is shown in the centre of the plot.
Each filled circle represents the centroid of mass arrival for one canister source, in one
realisation of the model.

10.3.4.4 Impact of Different Conceptual Variants on the Far-Field Radionuclide
Transport Properties
Figure 10.3.8 contains scatter plots of F-ratio versus Peclet number for the Base Case of the
Discrete Feature model and some of the conceptual model variants with significant impact
on the far-field transport. Each plot illustrates the spatial variability of the far-field transport
properties corresponding to particle transport paths from different (connective) canister
sites, i.e. each data point corresponds to a single canister particle release calculation. The
results for the LO and HI porosity variants are depicted with open boxes and filled circles,
respectively, in each plot. These plots provide a key for interpretation of the consequence
calculations in terms of the evaluated hydrogeological uncertainties. One should note that
the statistical basis, i.e. the number of realisations, are not identical for the different
variants.

342

10

4

1

10

Base Case

10 2 - r

a

3

D

E
C
©

CD

10

©

f

D

10 '"I
J>
E

4

a,

D

10
••<"! i iinij'—i"i'>-m«j

10

10

10
a

10

)

11

i t nim|—i"<-nmt|

10 "

1J

10

10 '
10 "

10

10

10 "

b)

F-ratio (s/m)

10 "

10

M

10

14

10

F-ratio (s/m)

10
SKIOB
D

10
0)

1

10

J»fl.S^D

:
=

B

10 °^.
y

*§

••

:

10

10

10 "

c)

10

10

14

F-ratio (s/m)

10

10

d)

• D

•

0

D

D

i»
l-l<-HHl|

10 "

10

eD

10

1-! t)mi|

10 "

10 "

•t"H'H»|"

10 "

10

1 1 1 Mill

14

10

F-ratio (s/m)

1

SKBO

©

10

J

l

10

2

1

©
JO

E
10 ' 1

©

•
©

a.
10 ° "

10

•'-

10
e

)

' '"""I
10 "

10

»l

10 "

• >>»»••{

10 "

F-ratio (s/m)

10

'

'"••••

10

10

f)

10 "

10 "

10 "

10

10

F-ratio (s/m)

Figure 10.3.8 Scatter plots of the hydrogeological far-field parameter groups, F-ratio
and Peclet number, evaluated from particle tracking calculations in the main model
variants of the Discrete Feature hydrogeological site model. Each data point represents
the far-field transport properties of the transport paths originating from a single canister
source location. The result for the LO and HI porosity variants are depicted with open
boxes and filled circles, respectively, in each plot.
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Impact of hydraulic and transport properties of major structures
The hydrogeological properties of the site-scale structures, and particularly the assumptions
concerning pore structure, the LO and HI variants, have a direct impact on the effective
transport properties for Performance Assessment. Although both variants have identical
flux distributions within the Discrete Feature network, the assumption of lower porosity
values in the LO variant results in higher advective velocities in the site-scale structures.
The HI variant predicts significantly lower F values (i.e. reduced potential for retardation),
but also less spatial variability (see Figure 10.3.8a). The low F values predicted by the HI
variant are largely due to a conservative assumption regarding the ratio of wetted surface
area to porosity, as discussed in Section 10.3.4.2. The reason for the reduced spatial
variability in the HI variant is partly due to the net transport being dominated by the sitescale structures, in which the advective velocities are relatively uniform, due to the uniform
effective transport aperture. In the LO variant, the net transport is more strongly affected
by the heterogeneous fracture network in the repository rock block, due to the shorter
residence times in the site-scale structures.
It should be noted that the magnitudes of these effects are, to some degree, a function of
how the effective transport properties are calculated from the model based on weighted
summations of local pore volumes and surface areas, weighted with respect to solute
residence time (for details see Geier, 1996). The use of weighted estimates is necessary so
that the property estimates are representative of the pore volume and surface area that are
actually encountered by radionuclides travelling from the repository, rather than the total
porosity and surface area of the hydrogeological network. However, a different weighting
scheme could give somewhat different results. The significance of the weighting method
is one aspect of the parameter-abstraction uncertainty, which derives from the differences
between three-dimensional transport in a discrete network, and the simplified, onedimensional models used for the final consequence calculations.
As can be seen in Figure 10.3.8b, the relative increase of transmissivity of subhorizontal
far-field structures (SKIOA) results in the lowest F-ratios obtained for any variant, which
is due to higher effective Darcy velocities. This variant reflects uncertainty related to nonuniqueness in the calibration of the Discrete Feature site model. Given the large number of
interconnected conductive features, it will always be possible to distribute transmissivities
in slightly different ways and still obtain the same overall fit to the drawdown data.
Introducing transmissivity variability within the deterministic, site-scale structures (SKIOD,
Figure 10.3.8c) enhances the variability of the predicted far-field performance for the HI
porosity model, as expected, with a fraction of the pathways having very low F-ratios and
Peclet numbers. The variant with uniformly decreased porosity in the site-scale structures
(SKIOB, Figure 10.3.8d) has a similar impact resulting from the decreased residence times
in the site-scale structures which, due to the weighting, increase the relative influence of
the stochastic fracture network in the repository block.

Impact of alternative geological I hydrogeological structural model
Figures 10.3.8e and f show the results for the alternative geological/hydrogeological
structure models, SKBO and SKNO, respectively. Although the statistical basis is poor for
these variants (a limited number of particle release calculations in combination with a low
percentage of connective sites), it is clear that the SKBO variant predicts occasional
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pathways with very low F-ratios compared to the SKIO Base Case variant. The SKBO
variant also predicts significantly higher near-field Darcy velocities (see Section 11.2.2.1).
Both variants give relatively low Peclet numbers, hence high dispersion compared to the
Base Case.
Despite the above differences, the overall effects of the alternative structure models on the
predicted far-field radionuclide transport properties are surprisingly small in relation to the
internal conceptual and parameter uncertainties in the SITE-94 Base Case model. This
result may be taken as an indication that the exact number and locations of the major sitescale structures is not a critical uncertainty for a well-connected fractured rock such as at
Aspo. Uncertainty related to the hydraulic and transport properties within fractures and
fracture zones appears to be more important.

Impact of Boundary Conditions
The effect of the boundary condition variants (BC1-3) that represent different ways of
connecting regional hydraulic driving forces to the site scale Discrete Feature model, are
relatively small in relation to other uncertainties. The main effects are small shifts in the
predicted distributions of the Darcy velocity (less than about a factor of 5).
Variant BC2, where declining head boundary conditions are imposed on the bottom face
of the model to simulate an upward component of regional groundwater flow, predicts the
highest effective hydraulic head gradient (0.008 compared to 0.002 for the Base Case). In
relation to the Base Case, this variant has a portion of transport pathways characterised by
comparatively low F-ratio and Peclet number as can be seen in Figure 10.3.8g. This is likely
to be due to a combination of the increased effective head gradient and a slightly altered
selection of transport paths.

Impact of the repository scale fracture network
The structural and hydraulic properties in the near repository environment also has an
impact on the far-field transport properties. In particular, variant NF1, representing the
alternative small-scale fracture network model for the Smaland granite, has a significant
effect on the percentages of connective sites. This model reduces the number of canister
sites with connection to the site-scale structures to about half of that in the Base Case (see
also Section 11.2.2.1). The NF1 variant also gives significantly higher F-ratios
(Figure 10.3.8h) and, consequently, more effective retardation of the radionuclide transport.
Increased transmissivity variability in the repository scale fracture network (NF0B,
Figure 10.3.8i) results in a wider range of effective Peclet numbers. Otherwise, the simple
variations of hydrogeological properties in the repository scale fracture network (variants
NF0A and C) have a limited impact, indicating that the far-field transport is dominated by
the site-scale structures.

Impact of excavation disturbed zone
Introduction of the Disturbed-Rock Zone (Variants DZ0-3) produces a significant increase
in the percentage of connective sites (42% instead of 33%). The effects of the disturbed
zone on estimated F-ratios are, however, relatively small. Figure 10.3.8J shows the results
for variant DS0 that represents a situation with enhanced transmissivity along the
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deposition tunnels as well as the access tunnels and shafts (DRZ plus shaft sealing failure).
The main effect is an increased fraction of canister positions that produces far-field results
and these generally have a high F-ratio. In the Base Case variant, these canister sites do not
experience a sufficiently high Darcy velocity to produce far-field results.
The DRZ variants are analysed only in combination with the HI variant for far-field
porosity and could possibly produce a more significant effect in combination with a less
porous or more variable far-field model. Furthermore, it is important to note that the
effective far-field parameters that are evaluated from the particle tracking simulations
captured the effects of the DRZ poorly. The DRZ variants give wider ranges of flow path
velocities, resulting in more irregular multiple peak breakthrough curves, i.e. both faster
and slower transport paths. When fitting the ID advection-dispersion equation to such
breakthrough curves, the estimated effective dispersion coefficient becomes higher,
whereas the effective Darcy velocity is not much affected.

Impact of numerical resolution
The effect of refining the numerical resolution is also analysed and the results, in terms of
F-ratio and Pe-number, are displayed in Figure 10.3.8k. Apart from a better resolution of
low transmissivities and small fractures, this variant is identical to the Base Case variant
(Figure 10.3.8a). The main effect is the occurrence of a number of additional pathways
(data points) with a high capacity for radionuclide transport retardation (high F-ratios) that
did not show up with the lower resolution in the Base Case variant.

10.3.5 Stochastic Continuum Site Model—Reference Case Results
10.3.5.1 Introduction
The procedure for estimating effective hydrogeological parameters from the Stochastic
Continuum site model is similar to the one described for the Discrete Feature model.
However, the Stochastic Continuum model only provides a subset of the effective
hydrogeological parameters required for the consequence calculations, namely: near-field
Darcy velocity, q^, effective far-field Darcy velocity, %, and (longitudinal) far-field
dispersion coefficient, D ^ . Details of the evaluation calculations are described by Tsang
(1996).
The flow and transport calculations are performed in an idealised orthorhombic domain of
700 x 500 x 600 m. The repository horizon is assumed to be at the bottom face at an
elevation of -600m. Owing to the relatively small and idealised model domain, no attempt
is made to simulate realistic boundary conditions. A 'no- flow' condition is imposed on the
vertical model boundaries. The top and bottom boundaries are of prescribed hydraulic head
type. The hydraulic head difference between these boundaries is rescaled to give an
effective hydraulic head gradient of 0.0025, which corresponds to the typical head gradient
calculated with the Discrete Feature model. This configuration of boundary conditions
implies that the hydraulic head gradient and flow direction are always directed upwards in
the Stochastic Continuum model.
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The effective hydraulic head gradient at Aspo is fairly well established; the regional flow
models (Provost et al., 1996 and Boghammar and Grundfelt, 1993), the Simple Evaluation
(Dverstorp et al., 1996), the Discrete Feature site model (Geier, 1996) all predict values of
the hydraulic head gradient within the range 0.002 to 0.02. The uncertainty associated with
the scaling for hydraulic head gradient is therefore not judged to be critical.
For each realisation of the hydraulic conductivity field, the model calculates the local (nearfield) Darcy velocity at several hundred positions, representing canister sites at the bottom
face of the model. Then particle tracking calculations are performed by releasing 1000
particles from each of these canister sites, thus producing a temporal and spatial mass
breakthrough at the top surface, for each canister source. These mass breakthrough curves
are interpreted in the same way as for the Discrete Feature site model by fitting the onedimensional solution to the advection-dispersion equation to obtain estimates of the
effective far-field hydrogeological parameters qff and D ^ , one set of parameters for each
canister release calculation.
Due to flow channelling in the heterogeneous rock, tracer breakthrough curves often display
multiple peaks, in which case a multiple peak fit with respective % and Dyj for each peak,
as well as a fit to the whole curve with one set of qg and D ^ (single peak fit), are carried
out. Figure 10.3.9 gives a sample of calculated tracer breakthrough histograms
corresponding to releases of particles from different canister sites. The multiple peak fitting
scheme gives a wider range of Darcy velocities and smaller dispersion coefficients
compared to the single peak solution, where all peaks are represented by a single effective
Darcy velocity and dispersion coefficient. However, the difference between the two fitting
schemes is small in comparison to other uncertainties associated with this model. The
following presentation of results is based exclusively on the single peak fitting procedure
to make the results comparable with the Discrete Feature site model.
The flow and transport calculations in the Stochastic Continuum model are performed for
an arbitrarily chosen unit bulk porosity. This means that the fluid velocity (Uff), that is
actually determined from the curve fitting, is identical to the Darcy velocity (q^ that is
required for the radionuclide transport model. The calculated dispersion coefficients
(DyjXon the other hand, are related to the fluid velocities. (Uff) and, therefore, need to be
scaled for a realistic (site-specific) porosity value. For the following presentation, the values
of Dyf obtained from the curve fitting have been divided by a constant porosity of 5x10"*.
This is a typical porosity value determined by the Discrete Feature site model, and is
consistent with interpretations of the LPT-2 tracer test. The need to introduce an arbitrary
porosity may appear to be very unsatisfactory, but the selected porosity value cancels out
for the F-ratio and the Pe-number. However, the stochastic continuum methods do not
provide any estimates of the a^ parameter — it has to be estimated from other sources.

10.3.5.2 Uncertainties in the Hydraulic Conductivity Field
The Stochastic Continuum site model is constrained through conditioning on 844 hydraulic
conductivity values estimated from hydraulic packer tests in seven cored boreholes at the
Aspo site. However, as discussed in Section 7.3.8, the hydraulic conductivity data only
contain limited information on the spatial structure of the hydraulic conductivity field in the
rock between the boreholes.
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Figure 10.3.9 Examples of ID advective-dispersion solution fit to the far-field tracer
breakthrough from a single canister release calculated by flow and transport simulations
in the 3D Stochastic Continuum site model The histogram represents the numerical data
and the dashed and solid lines represent single and multiple peak fitting schemes,
respectively (from Tsang, 1996).
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A geostatistical analysis indicates that the hydraulic conductivities are more or less
randomly distributed and are very poorly spatially correlated, but it is also shown that, even
if a more complex structure were to be present, it would not show up in the analysis due to
the configuration of the boreholes. There are also different possibilities for generation of
the stochastic hydraulic conductivity field.
One possibility is to assume that the distribution function of the log hydraulic conductivity
is Gaussian, i.e. assuming the experimental histogram of the log of all the measured
hydraulic conductivity values to be normal, and that the joint distribution of any number
of values is also multigaussian. The multigaussian distribution is fully defined by a single
variogram of the hydraulic conductivity data. However, this does not necessarily mean that
the model is a valid representation of the true correlation structure, i.e. if the real
distribution is not multigaussian. Such an assumption is very difficult to confirm without
having a very large amount of data. Furthermore, because hydraulic conductivity fields with
very different connectivity properties (and hence different transport properties) may be
described by the same variogram, in the Gaussian assumption, there is no guarantee that
transport predictions based on this model are conservative (e.g. Journel and Deutsch, 1993
and Schafmeister and de Marsily, 1994).
The indicator simulation method is an alternative to the Gaussian model (GomezHernandez and Srivastava, 1990) is based on the use of indicators. In this approach, the
histogram of the experimental hydraulic conductivity distribution is divided into a number
of classes (6 in this case), where the covariance structure of the extreme classes can differ
from the rest. This approach is more flexible and makes it possible to represent more
complex structures of the hydraulic structure as shown in the variants presented below. For
this reason the indicator method is selected for the majority of variants analysed.
In general, a single or only a few realisations of each stochastic field is generated and
analysed, as preliminary tests showed that there is no significant difference among
realisations with respect to the effective parameters estimated for the consequence analysis
(see further Section 10.3.5.4).

10.3.5.3 Variants
In the light of the previous discussion, it is possible to construct alternative hydraulic
conductivity fields with different transport properties that do not contradict the hydraulic
data. The variants of the Stochastic Continuum site model are chosen so as to address major
aspects of uncertainty regarding:
1.
2.
3.

orientation of the hydraulic head gradient,
correlation structure and,
type of distribution for the hydraulic conductivity.

Table 10.3.4 lists all the variants that are analysed.
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Table 10.3.4 Conceptual model variants analysed with the Stochastic Continuum site
model.
Hydraulic
conductivity (K)
distribution
Correlation structure / model

Correlation
length(s)

REF-DIP80
(Base Case)

Indicator

Planes of long-range correlation for
the highest 11 % of K values.
Short, isotropic correlation for the
remaining K values.

200 m / 20 m

LNG-DIP80

Indicator

High percentage (60%) of K values
with long-range correlation.

200 m / 20 m

REF-DIP40
REF-DIP90

Indicator

Alternative dip angles for the
correlated planes of high K.

200 m / 20 m

REF-ISO

Indicator

Isotropic correlation for all K values.

20 m

NEW-ISO

Indicator, skewed
toward low K
values in each class

Same as REF-ISO

20 m

NEW-DIP80

Same as NEW-ISO

Same as REF-D1P80 (Base Case)

200 m / 20 m

GAU-ISO

Gaussian
(lognormal)

Isotropic multi-Gaussian

20 m

Variants)

Base Case variant
The Base Case for all the variants in Table 10.3.4 is the one denoted REF-DIP80. The Base
Case model has an anisotropic correlation structure (200 m correlation length in two
orthogonal directions, representing the orientation of a major fracture zone set, and 20 m
correlation length in the third direction, orthogonal to the fracture orientation) for the
highest two hydraulic conductivity classes and an isotropic short (20 m) correlation length
for the remaining hydraulic conductivity classes. Orientations of two sets of major fracture
zones are represented simultaneously by superposing two such models, with different
orientations of the fracture zones.
This model produces two sets of planes of correlated high, but not constant, conductivity,
extending out from each borehole section where high hydraulic conductivities have been
measured, imbedded in a more variable and less connected field of lower hydraulic
conductivity. The rationale for these features is the geological evidence of extensive
fracture zones at the site. The planes of long range correlation are oriented along the major
NNE and NNW fracturing directions with a dip angle of 80°, guided by the SITE-94
geological structure model. Due to the better connectivity of the high conductivity zones,
this variant is potentially more conservative with regard to far-field transport compared to
the classical Gaussian model.
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Different correlation structures
In the Base Case, an arbitrary small fraction (11%) of the highest conductivity values are
assigned anisotropic long range correlation in two directions. To explore the sensitivity of
this assumption another variant (LNG-DIP80) is constructed, where a very high portion (the
top 60%) of the hydraulic conductivities are assigned the anisotropic 200 m correlation
length in the same two directions. Although not in conflict with the packer test data, this
variant is considered to be rather extreme, as it has no support from any site data.
The variants REF-DIP40 and REF-DIP90, representing alternative dip angles, are included
to evaluate the sensitivity of transport to the orientation of the hydraulic head gradient with
respect to the orientation of major fracture zones. A dip angle of 90° implies that the planes
of correlated high conductivity are parallel to the hydraulic head gradient.
In the variant denoted REF-ISO, a short (20 m) isotropic correlation length is assumed for
all hydraulic conductivity classes. This model generates more or less random hydraulic
conductivity fields, and would be the appropriate choice if no data other than the packer test
hydraulic conductivities were taken into account.
Types of distribution for the hydraulic conductivity
The NEW-ISO and NEW-DIP80 variants have the same structural properties as those of
REF-ISO and REF-DIP80, respectively, but in the 'NEW' variants an alternative method
is used for assigning random hydraulic conductivities to the individual hydraulic
conductivity classes. Instead of generating conductivity values to conform to a random
distribution within each class, in the 'NEW' variants, conductivity values are generated to
conform with a random distribution in the logarithmic scale. This method puts more of the
hydraulic conductivity on the lower end of each class thus enhancing the conductivity
contrast between the different classes. This also broadens the range of the hydraulic
conductivities generated towards lower values, which enhances the heterogeneity. These
variants are an example of conceptual uncertainty, specific for the indicator simulation
method.
Different correlation model
The final variant, denoted GAU-ISO, represents the parametric (Gaussian) method of
generating hydraulic conductivity fields. As in the above variants, the fields generated are
conditioned on the packer test hydraulic conductivity data. However, only the isotropic case
(with the 20 m correlation length) is considered, as the parametric geostatistics only allow
one correlation length for all conductivity values.

10.3.5.4 Base Case Results
Results from the Stochastic Continuum model are obtained as estimates of near-field Darcy
velocity (q^), far-field Darcy velocity (%) and far-field longitudinal dispersion coefficient
(Duj) for each canister site or canister release calculation within each realisation of the
model. The Pe-number is obtained directly from these values, whereas calculation of the
F-ratio requires an independent estimate of the specific flow-wetted surface (aj. The
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following paragraphs discuss mainly the far-field results. Details of the near-field results
appear in Section 11.2.2.3.
Table 10.3.5 contains summary statistics of the estimated transport parameters for four
realisations of the Base Case variant. Figure 10.3.10 shows the cumulative distributions of
qff for four realisations of the Base Case variant (REF-DIP80). In general, only a few
realisations are performed for each model variant. However, as can be seen from the table
and the figure, the differences between realisations are relatively small, partly because of
the conditioning in the Stochastic Continuum model. The parameter distributions, derived
from hundreds of randomly chosen source positions in a single realisation of the hydraulic
conductivity field, thus give stable estimates of the spatial variability of the transport
parameters studied.

Table 10.3.5 Summary statistics of the flow and transport parameters estimated with
the Stochastic Continuum site model. The results shown are calculated from fits to
the whole solute arrival curve, using porosity equal to 5x1 (X4 and a hydraulic head
gradient of 0.0025.
Near-field Darcy
velocity q^
(m/yr)

Variant and
Realization No.

Far-field Darcy
velocity qff
(m/yr)

Far-field dispersion
coefficient D ^
(m/yr)

Average

Std. Dev.

Average

Std. Dev.

Average

Std. Dev.

REF-DIP80

1

7.6x10"*

2.5xlO3

5.3x10"*

5.9x10"*

6.9X101

l.lxlO 2

REF-DIP80

2

7.8x10"*

2.8xl0 3

5.3x10"*

6.2x10"*

1.4xlO2

l.lxlO 3

REF-DIP80

3

9.1x10"*

5.4xlO3

5.4x10"*

5.4x10"*

1.3xlO2

9.9xlO2

REF-DIP80

4

LOxlO0

6.0xl0"3

6.0x10"*

5,4x10"*

1.3xlO2

6.6xlO2

REF-ISO

1

4.8x10"*

1.5xl0-3

3.2x10"*

1.5x10"*

3.0X101

3.3X101

REF-DIP40

1

3.0x10"*

2.2xlO"3

2.3x10"*

8.7xl0-5

UxlO 1

2.0x10'

REF-DIP90

1

l.OxlO-3

4.4xlO"3

6.8x10"*

9.2x10"*

1.8xl02

1.3xl03

NEW-ISO

1

2.2x10"*

6.6x10"*

2.6x10"*

8.3x10"*

1.9xlO2

1.3xl03

NEW-DIP80

1

6.7x10"*

3.8xl0 3

4.2x10"*

8.9x10"*

3.9xl02

2.3xlO3

LNG-DIP80

1

2.3xl0"3

9.5xlO"3

1.5xl0-3

4.2xlO-3

6.6xlO2

2.7xlO3

GAU-ISO

1

2.3x10"*

5.1x10"*

2.3x10"*

2.3x10"*

5.5X101

8.7xlO2

Number of flowing and connected deposition holes
In contrast with the Discrete Feature site model, where only a fraction of the canister sites
is hydraulically connected, all canister sites are hydraulically connected and contribute to
the summary statistics in the Stochastic Continuum model.
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Figure 10.3.10 Cumulative distributions of far-field Darcy velocity for four realisations
of the Base Case variant of the Stochastic Continuum site model The range of Darcy
velocity values indicated by each curve represents the spatial variability corresponding to
different canister source locations, and hence different pathways through the geosphere.

Spatial variability
Figure 10.3.11 shows the cumulative distributions of the estimated near-field and far-field
Darcy velocities for the Base Case variant. Because the near-field Darcy velocities represent
local values evaluated on the scale of a single canister deposition hole, they display a higher
variability compared to the far-field velocities that are evaluated from spatially-averaged
particle breakthrough curves.
The spatial variability of the far-field dispersion coefficient (D^), expressed as the range
of values of D ^ between the 10th and 90th percentiles, is about 1.5 orders of magnitude.
The corresponding variability (for flowing canister sites) predicted by the Base Case variant
of the Discrete Feature model is significantly higher: 3.2 or 2.4 orders of magnitude,
depending on model for pore geometry (Table 10.3.3).

10.3.5.5 Impact of Different Conceptual Variants on the Far-Field Radionuclide
Transport Properties
Figure 10.3.12 illustrates the predicted ranges of spatial variability of the far-field Darcy
velocity (%) for the variants of the Stochastic Continuum site model (Table 10.3.4). The
symbols on each line represent, from left to right, the 10th percentile, the median and 90th
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Figure 10.3.11 Cumulative distributions of near-field and far-field Darcy velocity
predicted by the Base Case variant of the Stochastic Continuum site model.
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the 10th percentile, the median and 90th percentile of the predicted velocity distribution
are indicated.
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percentile of the predicted velocity distribution. Based on this figure and Table 10.3.5, the
sensitivity of the transport results to the conceptual uncertainties analysed can be
summarised as follows:
•

Incorporation of large-scale heterogeneities in terms of correlated high conductive
features (REF-DIP80) increases the mean values and gives a wider range of values
(higher spatial variability) of the estimated far-field transport parameters, % and
D ^ , compared to the isotropic correlation structure (REF-ISO).

•

The impact of these highly conductive features is most pronounced when the
features are aligned parallel to the hydraulic head gradient (REF-DIP90). The
transport results for the variant with the high conductive features oriented
perpendicular to the gradient direction (REF-DEP40) resemble those obtained with
the isotropic correlation structure (REF-ISO).

•

The highest dispersion and widest range (highest spatial variability) of far-field
Darcy velocities among the studied variants are obtained for the variant where a very
high portion (60%) of the hydraulic conductivities are assigned a long-range
correlation structure (LNG-DIP80).

•

The alternative hydraulic conductivity distributions explored in variants NEW-ISO
and NEW-DIP80 result in enhanced dispersion (higher values of D ^ ) and higher
variability towards lower values of the estimated far-field Darcy velocities in
comparison to the Base Case.

•

The results for the Gaussian model (GAU-ISO) are fairly close to those of the
corresponding isotropic case of the indicator simulation method.

The above results clearly indicate that different assumptions concerning the nature and
structure of rock heterogeneity will affect the transport predictions in the Stochastic
Continuum model. However, despite the fact that the model variants appear to be, at least
qualitatively, very different representations of the rock heterogeneity, the predicted
distributions of the far-field parameters are surprisingly similar and fall more or less within
the same order of magnitude for all variants. One should note that the variant that deviates
the most from the Base Case, i.e. LNG-DIP80, reflects a rather extreme correlation
structure, without support from the data. Interestingly, the high dispersion and high
variability of the far-field Darcy velocity for this variant are consistent with those predicted
for flowing canister sites by many of the Discrete Feature model variants.
This similarity between the conceptual model variants indicates that the spatial averaging
of the breakthrough curves at the monitoring horizon (biosphere interface) provides stable
results that are insensitive to realisation and even to differences in correlation structure.
However, differences do exist between the alternative model variants, for example with
regard to transport-distance dependence of dispersion, which do not show up in the
effective transport parameters evaluated at the 600 m transport distance. In the isotropic
case with a short correlation length, the dispersivity (D^/L^) asymptotically reaches a
constant value while it continues to increase when the long range correlation structure is
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present. Such scale dependencies must be taken into account if the transport results are to
be extrapolated to larger transport distances.

F-ratio and Pe-numbers
Figure 10.3.13 a to e shows the predicted far-field performance in terms of scatter plots of
F-ratio (a^ x L/qff) versus Peclet number (U ff x L/D yj) for variants of the Stochastic
Continuum model. Because a very large number (up to 2000) of canister release
calculations are performed for each model variant, the plots only display the results for a
few representative release calculations. However, the data points are selected so as to bound
the area of the F-ratio - Peclet number space predicted by each model variant. Furthermore,
because the Stochastic Continuum model does not provide estimates of the specific surface
area parameter (a^), the F-ratios are calculated using a constant value of a^ equal to
0.1 mVm3. Consequently, the F-ratio as displayed in these plots is directly proportional to
the Darcy velocity.
The plots show that the predicted spatial variability of both the F-ratio and the Peclet
number increases with increased heterogeneity in the hydraulic conductivity fields, i.e.
going from isotropic short range correlation (REF-ISO) to long range correlation structure
for the high conductivities (REF-DIP80) or going from the reference (REF-) hydraulic
conductivity distribution to the alternative distribution (NEW-) that encompasses a broader
range of low hydraulic conductivities. The model with the most heterogeneous hydraulic
conductivity field (LNG-DIP80) produces the highest spatial variability of both the F-ratio
and Peclet number. These results confirm that alternative assumptions of hydraulic
conductivity structure and, hence, flow field structure, have an impact on the predicted farfield performance, i.e. the capacity for retardation of radionuclide transport in the
geosphere.
The predicted spatial variability of the far-field performance measures are significantly
lower than those predicted by the Discrete Feature site model (Figure 10.3.8). However, in
prder to compare the two site models, the uncertainty/variability in the a^ parameter must
be taken into account when calculating the F-ratios for the Stochastic Continuum model.
One approach, which will be discussed below and in Section 15.2.1, is to use independent
data on the a^ parameter. Further, in the Discrete Feature model only a fraction of the
canister sites are connected to flow (see Section 10.3.4.3).
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Figure 10.3.13 Scatter plots of the hydrogeological far-field parameter groups, F-ratio
and Peclet number, evaluated from particle tracking calculations in the main model
variants of the Stochastic Continuum hydrogeological site model. Each data point
represents the far-field transport properties of the transport paths originating from a
selected single canister source location. A constant value of the flow-wetted surface area
parameter (a^ -0.1 m1) is used for the calculation of the F-ratios.
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10.3.6 Flow-wetted Surface Area Estimates
10.3.6.1 Introduction
This section describes analyses of the specific surface area parameter a^ i.e. the flow-wetted
surface area per volume of rock. This parameter strongly affects the efficiency of
retardation processes such as sorption and matrix diffusion and is, therefore, an important
input parameter to the radionuclide transport models employed in SITE-94. As described
in Section 10.3.4 the a, parameter is estimated together with Darcy velocity from flow and
transport calculations in the Discrete Feature site model. This ensures that potential flow
field effects on the a, parameter are taken into account, i.e. the effect of an uneven
distribution of flow and transport on the available fracture surfaces. However, independent
estimates of a, are required for two purposes: (1) for evaluation of far-field radionuclide
transport based on the flow and transport results from the Stochastic Continuum site model
(which does not provide estimates of a,.), and (2) for near-field radionuclide release and
transport model. In addition, the independent estimates provide a check of the predictions
made with the Discrete Feature model, which build on geometrical assumptions on the pore
structure within conductive fractures.
The surface-based site characterisation at Aspo" produced very limited information for
estimation of a,. There are, for example, no data from field tracer tests in which sorbing
tracers are used and the detailed pore structure in individual fractures and fracture zones is
essentially unknown. In place of such data, a, is evaluated from synthetic transport
experiments performed with a detailed discrete-fracture network model (Nordqvist et al.,
1995) and as part of the evaluation of the Discrete Feature hydrogeological site model
(Geier, 1996). Additional estimates are derived from the SITE-94 geological structure
model (Voss et al., 1996), from geochemical data (Glynn and Voss, 1996), and from the
Simple Evaluation.
Evaluation of the parameter a,, is intrinsically difficult, since the values obtained are in
general dependent upon assumptions (explicit or implicit) regarding the effective porosity
(or bulk volume) for a given transport pathway. For example, in the Discrete Feature model,
each estimated value of a, depends directly upon the essentially arbitrary volume of
adjacent, unfractured rock that is associated with the given transport path. On the other
hand, this ambiguity does not affect most of the transport calculations in SITE-94, where
a, is incorporated in the F-ratio. As discussed in Section 10.3.4, the porosity dependence
of a, is exactly cancelled out, in the F-ratio, by a corresponding porosity dependence of
Darcy velocity, provided that identical assumptions are used in calculating flow-wetted
surface area and Darcy velocity.

10.3.6.2 The VAPFRAC and DISCFRAC Discrete-Fracture Network Models
The VAPFRAC discrete-fracture network model is employed to estimate the specific
surface area (a,) for the moderately fractured rock (i.e. excluding fracture zones) at the
depth of the hypothetical repository at Aspo. The model uses the same stochastic fracturenetwork parameters that are estimated for the detailed-scale fracture network in the Discrete
Feature hydrogeological site model, but includes additional parameters to define the
spatially varying aperture within the individual fracture planes (see Section 7.3.9).
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Because the basic assumptions regarding fracture network geometry and, in particular, the
aperture field in the fracture planes, are not uniquely supported by site-specific data, the
analysis included a set of variational cases to explore the sensitivity of a, to the location
process for fractures, the variance of fracture aperture, the correlation length for aperture
and the fracture discretisation.
For each combination of input parameters, 12 realisations of 3D fracture networks are
generated with the VAPFRAC model. For each realisation, the specific surface area is
evaluated from synthetic tracer experiments, for both non-sorbing and sorbing tracers, using
the method described by Dverstorp et al. (1992). This method takes into account potential
flow field effects, such as dynamic (flow field dependent) channelling, that may influence
the proportion of the total fracture surface area that is accessible to a migrating solute.
The estimated values of a, for the different realisations fall within the range 0.1 to 10 m2/m3,
with a median value around 2-3 m2/m3, for all input-parameter combinations. Of the varied
parameters, the largest impact on a, is produced by changing the variance of aperture within
fracture planes. An increased variance results in more pronounced flow channelling, i.e.
preferential transport paths, and a lower flow-wetted surface area,
When judging the results of the VAPFRAC model, it is important to recall that the entire
plane of each fracture is assumed to be accessible to advective transport, and that the
aperture field is assumed to be described by a lognormal distribution. This model produces
a channelised flow field in the fracture planes but, due to numerical problems, more
extreme assumptions of flow channelling could not be evaluated. If, for example, flow and
transport occur within narrow channels within the fracture planes, as suggested by
Neretnieks et al. (1987), the specific surface area might be significantly reduced.
From a purely geometrical point of view, a system of one-dimensional tubular flow
channels gives the lowest value of the specific surface area. In an earlier analysis, Dverstorp
et al. (1992) used a discrete-fracture network model, DISCFRAC, to evaluate the specific
surface area for a set of idealised fracture channel geometries, including parallel plate and
tubular channels. The fracture network properties are estimated by calibration on fracture
and flow data from the Stripa-3D flow and migration experiment (Abelin et al., 1991a, b).
The results of this evaluation suggested values of a,, on the order of 0.2 m2/m3 for a network
of parallel plate flow channels with a width of 0.2 m, and as low as 0.001 m2/m3 for a
network of tubular flow channels. However, the tubular flow channel model could be
invalidated because it does not provide a consistent description of both the experimental
flow and tracer test data.

10.3.6.3 The SITE-94 Geological Structure Model
A rough geometrical estimate of the flow-wetted surface area parameter can be obtained
directly from the SITE-94 geological structure model. Voss et al. (1996) found that the total
area of water conducting structures per volume of rock in that model, takes on a constant
mean value of 0.065 m2/m3 for a large range of averaging volumes (see Section 7.3.6.5).
Assuming that all structure surfaces are accessible to flow and counting each structure area
twice to account for the two sides of the fracture planes, gives an effective specific surface
area of 0.12 m2/m3. This value is about one order of magnitude lower than the median value
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(a, equal to 2 m2/m3) determined with the VAPFRAC discrete-fracture network model. Hie
reason for this difference is likely to be that the geological structure model only includes
site-scale structures, whereas the VAPFRAC model represents a network of small-scale
fractures.

10.3.6.4 The Discrete Feature Hydrogeological Site Model
The Discrete Feature site model (Geier, 1996) contains a simple model for estimation of
the specific surface area from site scale particle tracking calculations as discussed
above. The median values of the specific surface area (a^) predicted by this model very
between 0.01 and 0.1 m2/m3 with a spatial variability, reflecting transport paths from
different canister sites, of 1 - 2 orders of magnitude. The lower values (and lower
variability) are obtained for the model variants where a constant transport aperture of 3 cm
is assumed for the deterministic fracture zones (the 'HI' variants). However, as noted in
Section 10.3.4.1, the abstraction of effective transport parameters for the far-field (including
a^, % and <3>f) from the Discrete Feature site model involves a somewhat arbitrary
assumption of a bulk or averaging volume, corresponding to the volume of an equivalent
stream tube between the source canister and the biosphere. The choice of averaging volume
affects the magnitude of the individual transport parameters but not the parameter groups
(F-ratio and the Peclet number) that control far-field transport. This means that the values
of aj, as presented above, are only meaningful when combined with the corresponding
transport parameters estimated from the Discrete Feature site model.

10.3.6.5 Geochemical Model
Glynn and Voss (1996) presented an independent estimate of the flow-wetted surface area
based on geochemical data. The estimate builds on the assumption that the 222Rn content
of the groundwater can be related to the uranium content in the rock and the contact area
between the groundwater and the rock. The higher the uranium content and the larger the
contact area, the greater the source of ^Rn. Using Aspo data on the uranium content in the
rock and the ^ R n content in the groundwater, Glynn and Voss (1996) obtained an average
flow-wetted surface area of 3100 m2 per m3 of fluid. The surface area per volume of rock
(a,) is obtained by multiplying this value by the porosity of the rock. Analyses of the LPT-2
tracer test suggested porosities in the range of 10"4 to 10"2 for some of the major fracture
zones at Aspo (Rhen et al., 1992, pp 54-56). Assuming that the lower end of this range (10"4
to 103) is a reasonable average porosity for the rock at Aspo, would give values of a^
between 0.31 and 3.1m2 per m3 of rock. Although this estimate involves several uncertain
assumptions it is interesting to note that it agrees with the range of values predicted by the
VAPFRAC detailed fracture network model.

10.3.6.6 Simple Evaluation
Although prediction of flow-wetted surface area is not a specific objective of the Simple
Evaluation of flow and transport parameters, values of a, are readily calculated for the porestructure models that are shown in Figure 10.3.3, for each of the idealised transport
pathways shown in Figure 10.3.2. Excluding Model B, which (as discussed in
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Section 10.3.3) is interpreted as being representative only of isolated, extreme channels, the
range of values of a, thus calculated extends from 0.0014 to 140 m2/m3. This range is very
wide in comparison with the ranges estimated by other techniques, which is to be expected
due to the fact that broad ranges of uncertainty in the underlying parameters, and in the
models for pore structure, have been taken into account.

103.6.7 Implications for Radionuclide Transport Evaluation
Given the limited amount of supporting data and the large conceptual model uncertainties
in the above analyses, the results should be regarded as rough indications on the range of
possible values of the specific surface area. Furthermore, the validity of using a single
effective specific surface area to represent the spatially varying flow-wetted fracture area,
both within and between fractures, could be questioned.
For the reasons stated above, the specific surface area estimated with the Discrete Feature
site model (a^) are used exclusively in combination with the other far-field transport
parameters estimated with that model. In this way the correlations between, and spatial
variability of, Darcy velocity, porosity and specific surface area are automatically taken into
account. Because the hydrogeological transport parameters estimated with this model are
all internally consistent, the predictions of far-field radionuclide transport based on this
model can be directly related to the original assumptions on transport geometry in the
fractures and fracture zones.
For analyses of far-field radionuclide transport based upon the predictions of the Stochastic
Continuum site model, and for near-field radionuclide release and transport modelling,
three values of the specific surface area (a, equal to 0.01,0.1 and 1.0 m2/m3) are selected
to represent the uncertainty in this parameter (see also Section 15.2.1). As shown in
Figure 10.3.14, these values approximately cover the range of median values calculated by
the various techniques. The highest and most optimistic value is close to the median value
predicted by the VAPFRAC discrete-fracture network model, and is thus representative of
a moderately fractured rock volume consisting of connected small-scale fractures that are
completely open to flow. The middle value (a, equal to 0.1 mVm3), which represents the
lower bound of a, predicted by the VAPFRAC model, is selected as a conservative
reference value. The lowest value (a, equal to 0.01) could be considered as rather
pessimistic, judging from the above analysis and discussion.
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NOTE: Ranges shown are approximate and reflect
uncertainty evaluated with different models.
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Figure 10.3.14 Comparison of approximate ranges of flow-wetted surface area (ar)
calculated by various methods, including (a) Simple Evaluation model (range covers all
calculated values; Dverstorp et al, 1996), (b) variable-aperture fracture network
(VAPFRAC) model (full range of values; Nordqvist et al, 1995), (c) calculations using the
DISCFRAC model (full range of values for parallel-plate flow channels; Dverstorp et al.,
1992), (d) geometrical estimate from the SITE-94 structural geological model (Voss et at,
1996), (e) Discrete Feature site model (range from 10th to 90th percentiles over all
variants and realisations; Geier, 1996), and (f) geochemical data (Glynn and Voss, 1996).
Values selected for use with far-field parameters derived from the Stochastic Continuum
site model, and for near-field radionuclide release and transport modelling, are also
shown.

10.3.7 Central Scenario: Regional Scale Analysis
Compared to the Reference Case, the Central Scenario produces changes in the boundary
conditions to the flow models discussed previously. In order to study these effects it is
necessary to consider the evolution of the groundwater flow on a much larger scale than
Aspb" island and to consider the effect of density dependent flow. Such analyses are
performed by Provost et al. (1996) within SITE-94. The Central Scenario also involves rock
mechanical evolution (see Section 10.2) which will, in turn, affect the hydraulic properties
of the rock mass. However, this hydraulic impact is not considered in SITE-94, apart from
a qualitative discussion.
By necessity the Central Scenario evaluations, which concern future changes in boundary
conditions and evaluation of coupled phenomena in regions which have not been subject
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to a detailed site evaluation in a sense need to be rather speculative. On the other hand, the
objective of the evaluations is not to give a precise prediction of what is going to happen
everywhere. The evaluations are done in order to establish plausible external impacts on
the repository as consequence of the Central Scenario.

10.3.7.1 Evolving Boundary Conditions
As stated in Chapter 9, the SITE-94 Central Scenario, which builds upon the Milankovic
theory of climate changes, assumes the occurrence of three glacial periods in the northern
hemisphere at about 10 ka after present (AP), 60 ka AP and 80 ka AP. In Scandinavia, the
latter two glaciations are expected to be major, with continental ice sheets reaching northern
Europe. During this period, there will be alternating periods of present-day temperate
conditions, permafrost, cold-based glacial ice, warm-based glacial ice with sub-ice melting
and sea incursion and regression due to glacial-isostatic depression and rebound of the
shield. Each of these conditions may affect regional flow of groundwater in significant
ways.
Extension of Boundary Conditions to the Fennoscandian shield
For the regional-scale analysis, the evolution of surface conditions at Aspo, defined in
King-Clayton et al. (1995), is extended in a simple manner to the Fennoscandian shield of
southern Sweden, to represent changes expected along a line extending from offshore of
the western coast of Norway to Aspo and across the Baltic Sea to Poland, as shown in
Figure 10.3.15. This line covers the region of the maximum expected extent of the glaciers.
The particular line selected is somewhat arbitrary, but follows the regional groundwater
flow direction under present-day conditions along a large part of its extent. On portions of
the surface not covered by ice or sea, the pressure is ambient (atmospheric). Portions of the
shield covered by sea are subjected to additional pressure associated with the weight of the
seawater.
Permafrost
It is assumed that permafrost acts primarily to reduce permeability in portions of the nearsurface domain. In certain areas, particularly in areas of natural discharge, the permafrost
may be punctuated with open taliks that provide a path for fluid flow from deep, unfrozen
rock to the surface.
The ice sheet
The ice sheet, where present, is assumed to control the pressure and/or groundwater
recharge at the surface of the shield. It is assumed that the ice sheet forms a barrier to the
flow of water, except in regions of basal melting, where meltwater can be a source of
recharge. Furthermore, the recharge could not continue once the sub-ice pressure reaches
the pressure exerted by the weight of the overlying ice; any further increase in this basal
pressure is precluded by the release of excess water which may occur through fissures in
the stressed ice or by basal flow through films, cavities and channels.
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Figure 10.3.15 Climatic surface conditions for the cross-sectional model of climatic
effects on regional groundwater flow. The section line is shown in Figure 7.3.1.
10.3.7.2 Setup of the Analyses
The Fennoscandian shield consists of Precambrian granodioritic rock, extensively fractured
at all scales, creating a complex permeability fabric for flow of subsurface fluids that is
impossible to characterise in detail (Voss and Andersson, 1993). In the face of the
complexity of the system and uncertainty in future conditions, Provost et al. (1996)
employed a rather simple application of both areal groundwater flow and cross-sectional
variable-density flow numerical codes to model various glacial conditions and sequences
in the next 140 ka. Their analysis accounts for the following physical processes:
The formation of deep shield brines with a source term proportional to the difference
between the actual salt concentration and the concentration at saturation.
•

Variations in density and viscosity due to temperature, pressure, and concentration
gradients.
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•

Groundwater flow driven by topographic gradients, recharge and fluid density
imbalances.

•

Changes in total stress in the subsurface due to glacial loading.

The major classes of flow-field phenomena that are likely to occur are thus identified and
taken into account. This is true regardless of the details of the rock fabric structure, climatic
conditions or uncertainty therein.
A static temperature distribution is assumed for the calculation of local density and
viscosity of the groundwater. Two values of the vertical temperature gradient are tested:
15°C/km and 25°C/km. However, because the simulation results are insensitive to the
exact value of the temperature gradient, a single value (25°C/km) is used for all
simulations. Advective heat transport is determined to be insignificant so that the stable
conductive temperature regime assumed is a reasonable assumption during interglacial
periods. Porosity of the rock is assumed to be 10'3.

10.3.7.3 Variants
In the evaluation of possible future behaviours of the groundwater flow system and of the
physical controls on these behaviours, Provost et al. (1995) simulated a large number of
situations. These included combinations of the following variations:
•

sub-ice melting rate (low and high),

•

sedimentary sequence overlying shield rocks east of Aspo (with and without),

•

permeability distribution of shield rocks (constant and vertically stratified),

•

anisotropy (horizontal permeability:vertical permeability) of shield rocks to
represent regional effect of fracture zones (100:1, 10:1 and 1:10),

•

loading efficiency of shield rocks (0,0.5, and 1; where 0 implies that the rock bears
the entire weight of the glacier and 1 implies that the water bears the weight of the
glacier),

•

permafrost (many taliks: generally open to flow; taliks only in areas of present-day
discharge; and no taliks: closed to flow).

For each situation, a coefficient controlling the rate of generation of shield-brine solute in
the simulation is adjusted to reproduce, in a general fashion, the available (but very sparse)
data on regional solute distribution found today. Thus, each situation is simulated for a
140-ka period into the future, with the climate change conditions described above,
beginning from a roughly calibrated steady-state condition representing the system as it
appears today. It should be noted, however, that although today's system may not be in a
true steady-state condition following the previous glaciation, this is still considered a
reasonable starting point for future evolution.
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10.3.7.4 Results
Base Case results
Figure 10.3.16 shows the Darcy velocity and solute concentration fields for groundwaters
at selected times during the first major glacial cycle in the Base Case simulation of Provost
et al. (1996). The Base Case assumes the presence of a sedimentary wedge east of Aspo and
a uniform bedrock permeability with a horizontal permeability 10 times greater than vertical
permeability. The loading efficiency is assumed to be zero. The permafrost, where present,
is assumed to decrease the permeability by ten orders of magnitude and to be continuous
(no open taliks), except beneath the sea or melting ice, where there is no permafrost. The
sub-ice melting rate is assumed to be 0.5 cm/year.
Figure 10.3.17 shows the time evolution of Darcy velocity and solute concentration for
groundwaters at the SITE-94 repository position (500 m below the surface) for the entire
140 ka sequence. Sequences for the other combinations of variables may be found in
Provost et al. (1996), but the general evolution described below is similar for all cases, with
some variation in the magnitude and timing of certain flow events.
Under today's conditions, Aspo is in the regional discharge area for water recharged in the
southern Swedish highlands. Flow is generally eastward and upward (Figure 10.3.17b).
During periods of permafrost (10 ka, Figure 10.3.16b), which effectively block recharge
and discharge of groundwater, flow velocities decrease only slightly, but the directions of
flow may change significantly. Regions below cold-based glacial ice do not experience any
additional change in flow compared with regions overlain by permafrost, but one should
note that stress-related fluid redistribution is not considered here. If taliks occur in the same
area where groundwater presently discharges, there is effectively no change from today's
local flow conditions in these areas during periods of permafrost.
The advent of warm-based glacial ice with sub-ice melting on the Fennoscandian shield is
of major importance to the regional groundwater flow system. Meltwater recharge occurs
at a high angle and can reach depths of a few kilometres in a few thousand years of recharge
(Figure 10.3.16c and d). Compare the velocity of infiltrating water of around 1 m/year here
with 7 m/year (500 m per 70 years) in the Discrete Feature model (Section 10.3.8). The
difference reflects discrete versus equivalent continuum properties and the more detailed
representation of site-scale heterogeneity in the Discrete Feature site model.
Meltwater may also bring oxygen to great depths in an otherwise reducing chemical system
in as little as one thousand years (Glynn and Voss, 1996; see also Section 10.4) causing
significant geochemical changes in addition to a decrease of total dissolved solids (TDS)
content. Glacial meltwater, over 20 ka old and no longer oxidising, is indeed found in the
rocks below Aspo Island (Glynn and Voss, 1996; see also Section 7.4).
For a large range of likely melting rates, there is significantly more meltwater available
below the ice than that which can recharge the shield rocks. If an arbitrarily high pressure
are allowed to build up below the ice, all of the available meltwater could be recharged.
However, the maximum sub-ice pressure cannot exceed the weight of the ice without
causing the ice to lift or fracture. Thus, local ice thickness controls the maximum local
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recharge rate and excess meltwater must drain away in sub-ice channels, fractures or films,
or upwards through fissures. These large quantities of excess fluid may be associated with
the development of eskers and possible scouring of fracture zones below their original
surface. Under the condition where ice weight controls the recharge rate, recharge changes
to discharge as soon as the ice thickness begins to decrease during glacial regression
(Figure 10.3.16e).
Discharge also occurs nearly vertically. However, it is not likely that deep shield brines will
enter subsurface regions where they are not already found today. Flow rates in areas of
basal melting may exceed present-day rates by about one order of magnitude.
The largest groundwater flow rate in the Central Scenario sequence occurs at the ice margin
during advance and regression. Discharge occurs to the sea in the area where the sea
follows the ice margin inland (Figure 10.3.16f) and otherwise to the ground surface. This
flow is also about one order of magnitude greater than present-day rates, but lasts only as
long as the ice margin is in the vicinity of a particular point (Figure 10.3.17a). Given
sufficient time following a glacial cycle (on the order of 50 ka), the regional flow system
approaches steady conditions for interglacial (present-day) conditions (Figure 10.3.16g).
Combined results of Base Case and the other variants
The combined results of the Base Case and the cases which consider other combinations
of variables are as follows. Regional groundwater flow in the Fennoscandian shield is
indeed strongly affected by surface conditions associated with climatic change and
glaciation. The changes in subsurface conditions near Aspo Island due to the glacialclimatic cycle are primarily controlled by the changes in surface conditions directly above.
However, the general flow through the area and water chemistry are always strongly
dependent on regional conditions and driving forces.
Under periglacial conditions and where permafrost is impermeable, permafrost locally or
extensively impedes the free recharge and discharge of groundwater. Below cold-based
glacial ice, no recharge or discharge of groundwater occurs.
Below warm-based ice with sub-ice melting, the potential for groundwater recharge rates
greater than the present rate is large, with recharging meltwater flowing downward at a high
angle. When the glacier begins to recede, large flows may occur upwards, at a high angle
below the ice sheet, due to pressure release, although there is still potential sub-ice recharge
due to the existence of meltwater. Excess meltwater must exit from below the glacier in
sub-ice channels or upwards through fissures. Sub-ice groundwater flow rates may be one
order of magnitude greater than flow under present-day conditions. There is significant
increase in groundwater discharge at the receding ice margin, but it is generally less than
one order of magnitude greater than sub-ice flow rates and lasts only as long as the ice
margin is in the vicinity.
Major increases in solute concentration in the groundwaters above present-day levels, due
to the rise of deep shield brine, is not likely. However, glacial meltwater may penetrate the
subsurface to depths of a few kilometres (especially if loading efficiency is low) during
glacial advance (possibly inducing oxidising conditions, see Section 10.4) and may reside
in the shallow subsurface for periods exceeding 10 ka. The depth of such meltwater pene-
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Figure 10.3.16 Flow field and shield-brine concentration
distribution in cross-sectional model of Fennoscandian Shield
during future glacial cycles: a) present-day, b) extensive
permafrost at 10 ka, c) advancing meltwater recharge below
region of sub-ice melting at 50 ka, d) deepest recharge of
meltwater prior to glacial maximum at 58 ka, e) discharge of
subsurface fluids following glacial maximum due to decreasing
ice pressure at 65 ka, f) receding glacier with maximum inland
sea incursion at 70 ka, g) interglacial period with maximum
shallow brine concentration returning to present-day conditions
at 82 ka. Times given as After Present (AP). Isopachs indicate
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the ground surface. The scale of the (fluid) velocity arrows is
identical in all figures.
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Figure 10.3.17 Time-evolution of groundwaterflow and shield-brine concentration at a
point 500 m below the surface atAspo Island in cross-sectional model of Fennoscandian
Shield during future glacial cycles: a) magnitude of groundwater velocity (assuming
porosity of 0.001), b) direction of groundwaterflow, c) shield-brine concentration as mass
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tration can be less for higher loading efficiency of the shield rock. This is due to the fact
that meltwater recharge slows or stops when subsurface pressures reach the ice weight (as
described above), while subsurface pressures increase faster when the ice weight itself has
a direct effect on subsurface fluid pressure through loading. Thus, depending on the
mechanical properties of the shield rock, loading can affect the amount and penetration of
glacial recharge in the subsurface.
Flow at the ice front
Very sharp changes in pressure, equivalent to hundreds of metres of hydraulic head at the
ice margin, may cause extremely high flows locally. An example is the presence of icedammed lakes. However, these are not considered here owing to the regional nature of the
analysis. Such an extreme situation would serve to increase the local hydraulic gradient and
groundwater fluxes below Aspo would increase proportionately.
Sudden meltwater breakouts may be the cause of deep scouring of fracture zones to depths
in the order of 100 m, as found in a number of locations in Sweden (Olvmo, 1989). Sudden
unloading due to ice melting may result in rock-block motion along new or existing faults
and concomitant changes in the transmissivity of structures. Neither this extreme effect, nor
changes in transmissivity due to glacial loading and unloading of the bedrock, have been
considered in the regional analysis.
The likelihood of combined high-consequence circumstances, such as a high-elevation ice
lake at the ice margin discharging large quantities of fluid through a fracture zone (with
scouring) which is recently made transmissive due to local unloading, which, in turn,
connects to a discharge area directly through the SITE-94 repository, must be considered
to be exceptionally small. However, in such a case, extremely high fluid fluxes (105 times
normal) can be calculated through the SITE-94 repository, given up to 100 times higher
gradient and 1000 times greater transmissivity.
Because a variety of rock fabric structures and climatic conditions have been considered
generically at the regional scale, the ranges of flow behaviours modelled are considered
indicative of what will generally occur in the next 140 ka. Exceptional and specific
circumstances such as described above will, however, result in exceptional groundwater
flow conditions, not considered in detail here.
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10.3.8 Central Scenario: Site-Scale Analysis
The long term large scale evaluation of the Central Scenario described in the previous
section forms the basis for subsequent site scale analysis. Due to the speculative nature of
the evaluation of the large scale, the site scale analysis presented here must not be
interpreted as a precise prediction of what would happen for the Central Scenario. The
analysis, however, illustrates and quantifies potential consequences of this scenario.

10.3.8.1 Introduction
Based on the long-term, large-scale evolution of hydrogeology as predicted by the regional
model for the Central Scenario, two situations are identified for site-scale analysis of
groundwater flow using the Discrete Feature site model developed in Section 7.3.7 (for
details see Geier, 1996). The first situation, illustrated in Figure 10.3.18a, concerns
accelerated discharge during long-term glacial retreat, i.e. conditions corresponding to
Figure 10.3.16e for the large-scale modelling described above. The second situation,
illustrated in Figure 10.3.18b, concerns a period of infiltration during long-term glacial
advance. The corresponding results of the large-scale model for these conditions are shown
in Figure 10.3.16c and d.
The object of these detailed simulations is to determine whether a higher resolution of sitescale heterogeneities would change the conclusions on groundwater flow drawn from the
large-scale modelling. The situations analysed are predicted to persist for up to 10 000 years
during a single glaciation episode. More extreme discharging or recharging fluxes can be
expected over a shorter time span, as the ice front retreats or advances over Aspo. However,
the flux in these short term situations is predicted to exceed the flux for the analysed longterm retreat or advance situations by only a factor of four or so (see Section 10.3.7).

10.3.8.2 Set-up of the Analysis
As the duration of the glacial events is long, relative to typical breakthrough times for a
conservative tracer in the Discrete Feature model, these situations are conducive to
transport modelling by relatively simple, steady-state techniques. For both situations
analysed, the boundary conditions for the Discrete Feature model are specified heads, as
calculated by the regional model (Provost et al., 1996). For improved comparability to the
regional model, the base of the site-scale Discrete Feature model is extended 1 km
downward by connecting a generic, anisotropic rock-mass layer to the base of the model
(see Figure 10.3.18c). The structural and hydrogeological properties of the Discrete Feature
site model are, in both situations, identical to the Base Case model (HI variant) used for the
evaluation of the Reference Case (see Section 10.3.4.2).
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Figure 10.3.18 Schematic illustration of groundwater conditions during (a) long-term
glacial retreat and (b) long-term glacial advance situations, as treated by the Discrete
Feature model variants GLl and GL2, respectively. Large arrows indicate net direction
of motion of the overlying glacier. Contours represent streamlines of groundwater flowing
in the rock beneath the glacier. The Discrete Feature model for these variants, including
discrete representation of an anisotropic rock mass at depth, is indicated schematically in
(c).
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10.3.8.3 Results
Glacial retreat
The main effect of the long-term retreat case is a general increase in Darcy velocities by
about a factor of 10, relative to the Reference Case. This is essentially in proportion to the
increase in driving forces. The predicted locus of discharge is similar to that for the
Reference Case, albeit with discharge over a somewhat broader area.
Figure 10.3.19 illustrates the estimated F-ratios and Peclet numbers for the glacial retreat
simulation and the Base Case model of the Reference Case. As can be seen from the figure,
the increase in far-field Darcy velocity gives a corresponding one order of magnitude shift,
towards lower values, of the estimated F-ratios. The increased gradients also produced a
75% increase in the number of 'connected canister sites' (i.e. ones with conservative
breakthrough times less than 5000 years) and these mainly have a high F-ratio. This is due
to increased velocities along the slower fraction of pathways.
Glacial advance
For the long-term glacial advance case, the magnitude of the Darcy velocities is increased
about one order of magnitude, relative to the Reference Case, but in this case flow direction
is downwards. The median meltwater infiltration time to the repository, as estimated by
particle tracking, is about 70 years. This result confirms the potential for infiltration of
oxygenated glacial meltwater into an otherwise reducing environment at repository depth,
which is further discussed in Section 10.4.
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Figure 10.3.19 Scatter plot of the hydrogeological far-field parameter groups, F-ratio and
Peclet number, for the glacial retreat simulation in the Base Case variant of the Discrete
Feature site model. Each data point represents the far-field transport properties of the
transport paths originating from a single canister source location.
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10.3.9 Discussion and Overall Conclusions
The hydrogeological evaluation presented in Section 10.3 gives qualitative and quantitative
predictions of groundwater flow and radionuclide transport paths through the repository,
both for present-day conditions (the Reference Case) and for evolving climatic conditions
(the Central Scenario). Calculations for the Reference Case are performed for scales
ranging from regional (1500 km) to detailed (10-20 m). Calculations for the Central
Scenario are performed mainly on the regional scale, with a few site-scale calculations to
evaluate the effects of specific hydrogeological situations that are predicted to arise. The
results of these calculations are summarised below, followed by a discussion of different
types of uncertainty in the hydrogeological evaluations.

10.3.9.1 Main Results for Reference Case
Regional hydrogeology
The general character of the flow system (average flow direction and magnitude of fluxes)
at Aspo is reasonably well understood from the regional groundwater flow modelling
presented in Section 7.3.3. Aspo is situated in an area of natural discharge from the
southern Swedish highlands with a generally upward and eastward flow direction. The
regional flow simulations indicate that the major discharge area for deep groundwaters is
at the coast, and consequently deep shield brines should occur near the surface at Aspo.
Further inland, shield brine should be found only at greater depths. This is exactly the
pattern found in the field data.
The local flow distribution is affected by local heterogeneity, including small-scale
fractures and major fracture zones and, at shallow depths, also by local topographical
driving forces. The detailed flow field beneath Aspo is therefore complex, with significant
local variations in both flow direction and flow magnitude. However, both the regional
model and the more detailed models (including the semi-regional 2D continuum model and
the Discrete Feature hydrogeological site model), which incorporate local heterogeneity,
predict a generally upward direction of flow, with discharge of deep waters to southern
Aspo or the strait southeast of Aspo. The pattern of discharge is not very sensitive to the
far-field boundary conditions that are tested for the Reference Case.
Site-scale hydrogeology
Both the qualitative hydrogeological assessment of site data (Section 7.3.6) and the Simple
Evaluation of groundwater flow (Section 10.3.3) indicate that the Aspo site is highly
heterogeneous, and that geological structures such as fracture zones and single fractures are
major controls on groundwater flow. By representing the heterogeneity of the site explicitly
in the detailed hydrogeological site models, i.e. the Discrete Feature and Stochastic
Continuum models, quantitative estimates of hydrogeological transport parameters and their
spatial variability are obtained, as described in Sections 10.3.4 and 10.3.5.
Although the parameter and conceptual uncertainties associated with the detailed site
models are large (see below), both models consistently predict a high spatial variability of
the hydrogeological transport parameters for the far-field rock. This variability should be
viewed as an intrinsic property of the site, rather than an expression of uncertainty in site
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characterisation. The parameterisation of the model results in terms of the far-field
performance measures, F-ratio and Peclet number, give a direct indication that this
variability is critical for the overall far-field performance. The estimated F-ratio, which is
a measure of the capacity for retardation of migrating radionuclides in the rock, in many
cases, can vary by several orders of magnitude depending on the release point in the
repository area.

10.3.9.2 Impact of Climate Evolution—Results for Central Scenario
The main hydrogeological effects of the variations in surface conditions, which are
predicted to occur during the Central Scenario, comprise changes in discharge area location,
alteration of flow directions and moderate changes of flow magnitude.
Effects of climate evolution on discharge area
Under present-day conditions, Aspo is interpreted as being a discharge area for regional
groundwater flow. Permafrost and the onset of cold-based glaciers could locally or
extensively block groundwater discharge, leading to longer transport paths for radionuclides
from the repository. With the advance of warm-based glacial ice, meltwaters formed at the
base of the glacier will infiltrate due to increasing pressure buildup below the ice, and the
discharge area will advance with the glacial front. However, when recharge rates are
controlled by the basal pressure due to ice thickness, the onset of glacial retreat will
produce a switch to discharge conditions, due to the release of groundwater that will have
been stored in the rock under previous, higher basal pressures.
Effects of climate evolution on magnitude and direction of flow
During periods of permafrost or in the event of a cold-based glacial ice covering Aspo, the
flow directions may change to produce longer transport paths in the geosphere, but the
magnitude of flow rates is of the same order as in the Reference Case. The highest
groundwater flow rates occur as recharge or discharge at the ice-margin, during periods of
glacial advance and regression, and below melting ice. These high flow rates, which may
persist over several thousands of years, are about one order of magnitude greater than the
flow rates in the Reference Case. In the event of a warm-based glacier covering Aspo, there
is a potential for meltwater recharge that may penetrate to a depth of several kilometres.
The time for these meltwaters to infiltrate to the repository may be as little as 70 years,
which implies a potential for oxygenated waters reaching the otherwise reducing
environment in the repository.
More extreme groundwater flow rates could be envisaged as occurring during short time
periods, at the ice margin, as a result of a combination of several extreme situations. For
example, a high-elevation, ice-dammed lake at the ice margin could discharge large
quantities of fluid via a fracture zone (with scouring) that has recently been made
transmissive due to local unloading, and which in turn connects directly through the
S1TE-94 repository to a discharge area. The likelihood that all of these extreme situations
would occur simultaneously, and at Aspo, is judged to be extremely small.
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10.3.9.3 Treatment of System Uncertainty in the Hydrogeological Evaluation
The hydrogeological analyses considered most of the FEPs and influences that are
identified in the system description, i.e. in the Process Influence Diagram (PJD) as shown
in Figures 7.1.1 and 7.1.2. Uncertainty in the PID itself is discussed in Chapter 2. The
following is a discussion of the consistency between the hydrogeological analyses and the
PID, i.e. of how well relevant FEPs and influences are treated in the hydrogeological
evaluation.
The main FEPs analysed within the hydrogeological evaluation are Groundwater Flow FarField Rock (GWFF) and Groundwater Flow Near-Field Rock (GWNF). Most of the
influences to these EEPs are addressed in the above analysis, although the thoroughness of
treatment varies among these influences.
Coupling between GWFF and GWNF (Influence GE65) is accounted for implicitly by the
detailed site-scale models. Effects of the FEP External flow boundary conditions (Influence
GE93) on GWFF are evaluated in various ways using the regional hydrogeological model,
the Simple Evaluation of groundwater flow and the detailed site-scale models (Clearing
House Hydrogeology in the AMF).
Effects of the FEPs Properties of far-field rock and Properties of near-field rock on GWFF
and GWNF (Influences GE46, NE50 and NE51) are evaluated in the derivation of the
detailed site models (Discrete Feature and Stochastic Continuum). However, coupled
effects stemming from possible influence of GWNF on the rock properties (Influence
NE117) are not considered explicitly, as discussed below.
Effects of GWFF and GWNF on far-field and near-field radionuclide transport processes
(dispersion, matrix diffusion, etc.) are explicitly considered, by estimating parameters for
the consequence-calculation models, CRYSTAL and CALIBRE (Clearing House
Hydrogeological parameters to RN-transport in the AMF).
FEPs and influences that are not fully evaluated
Potentially important influences that are identified in the PID, but are insufficiently
evaluated, or simply not evaluated, are mostly related to coupled Thermo-HydroMechanical (T-H-M) or Thermo-Hydro-Mechanical-Chemical (T-H-M-C) processes. At
present there is a lack of models and data for evaluating many of the above coupled
phenomena in a quantitative fashion. However, intensive, ongoing research in the field of
T-H-M processes (for example Jing et al., 1996) will probably yield a better basis for
analyses in future Performance Assessments.
The effects of a Disturbed-Rock Zone (DRZ) around tunnels and shafts, due to excavation
damage and mechanical stress concentrations, are evaluated in a simplified manner with the
Discrete Feature hydrogeological site model. However, some potentially important T-H-M
couplings in the near-field rock are not considered in the hydrogeological site models (e.g.,
the combined effects on the stress field of heat from the spent fuel and swelling pressure
in the bentonite, which could in turn affect the transmissivity of existing fractures). The
effect on the FEP GWNF of thermal buoyancy, due to heating of groundwater by heat from
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the spent fuel, is not evaluated in SITE-94. However, previous analyses (see e.g. SKI, 1991)
have indicated that the impact will be small.
The hydrogeological model for the Central Scenario accounts explicitly for a number of
FEPs and influences, including the effects of permafrost, formation of shield brine,
variations in density and viscosity due to temperature, pressure and concentration gradients
and time-varying hydrological boundary conditions. The Central Scenario also implies a
significant mechanical load, due to the overburden of glacial ice, which could potentially
affect fracture apertures and the flow and transport properties of major fracture zones in the
far-field. The variations of permeability anisotropy in the Central Scenario hydrogeological
model provide some indication of the potential impacts of such effects. However, a better
hydrogeological evaluation is needed regarding the combined effects of extreme hydraulic
gradients and enhanced transmissivity of large-scale fractures, particularly in conjunction
with recharge of oxygenated glacial meltwater, since these factors could reasonably be
expected to coincide in the Central Scenario.
Other links in the PID that are not evaluated in SITE-94 include Influence GE74 (effects
of GWFF on colloid generation and transport) and Influences GE86 and GE87 (effects of
Earth Tides on far-field groundwater flow and matrix diffusion). The entire sets of FEPs
and influences relating to resaturation of near-field rock, backfill and bentonite buffer, and
relating to gas generation, gas flow and transport are also not evaluated.
Couplings between chemical and hydrogeological processes are not adequately evaluated
in SITE-94. Of particular interest are the effects of dissolution and precipitation of fracture
filling minerals on the hydraulic and transport properties in fractures and fracture zones.
These processes are affected both by the natural, long-term evolution of groundwater
chemistry at the site and by the geochemical disturbance that occurs with the construction
of an underground repository, which may significantly affect the near-field rock properties
at early times after closure. The potential impact of altered fracture mineralogy on
groundwater flow needs to be better understood, although it may be expected that the main
impact is on the potential for chemical retardation of reactive radionuclide transport.

10.3.9.4 Scenario Uncertainty
Site hydrogeology is evaluated primarily for the Reference Case and for the Central
Scenario, as specified in Chapter 9. Within the hydrogeological evaluations for the
Reference Case, the main emphasis is on quantifying the impact of rock heterogeneity on
groundwater flow and transport, whereas, for the Central Scenario, the main focus is on
evaluating the impact of evolving hydrological boundary conditions.
Scenario completeness
The supplementary scenarios for SITE-94, as listed in Table 9.4.2, are mostly not used as
the basis for detailed hydrogeological evaluations; an exception is the supplementary
scenario Deficient Shaft Seal, which is evaluated as a variant of the Discrete Feature
hydrogeological site model.
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Uncertainty in scenario specification
Uncertainty in the specification of the Central Scenario is evaluated by means of multiple
variants in the regional hydrogeological model for the Central Scenario, including
alternative specifications of permafrost conditions (presence or absence of taliks), sub-ice
melting rates, and regional system boundaries (the effects of a sedimentary sequence
overlying the shield rocks east of Aspo).
Uncertainty in scenario implementation
Major physical processes that are taken into account quantitatively by the regional
hydrogeological model for the Central Scenario include density-dependent groundwater
flow coupled with diffusion, shield-brine generation, and hydraulic conditions induced at
the ground surface by the advance and regression of continental glaciers. Some
simplifications have been made in adapting the Central Scenario specifications to the
model, but the effects of the major events in the Central Scenario have been evaluated
quantitatively. Extreme effects (e.g. local conditions at ice margins) have been discussed
qualitatively.

10.3.9.5 Conceptual Model and Parameter Uncertainty
Conceptual and parameter uncertainties have been evaluated through multiple
interpretations of the hydrogeological site data, i.e. a suite of alternative conceptual
hydrogeological site models, each consistent with the available site data. With each
conceptual model, multiple variants have been used to evaluate conceptual and parameter
uncertainty specific to the model.
Ranking of evaluated uncertainties for Reference Case
The detailed hydrogeological site models predict water residence times, hence median
travel times from a canister to the biosphere, ranging from a few years to 10 000 years,
depending on conceptual model variant and position of the source canister. Uncertainty
related to the water residence time primarily affects the travel time of non-sorbing or
weakly sorbing radionuclides. However, the overall impact on the far-field barrier function
is not that critical because the dominating non-sorbing nuclide, 129I, has a very long half-life
compared with these groundwater residence times. Hence, potential releases of 129I from the
near-field will be delayed in the geosphere, but will not have time to decay before they
reach the biosphere. The following ranking of uncertainties is therefore based primarily on
their impact on the F-ratio, which is a better measure of the capacity of the far-field for
reducing radioactive releases to the biosphere.
The most significant conceptual uncertainties, as evaluated by the Discrete Feature model,
concern the spatial distributions of flow wetted surface area and transmissivity within
transmissive features, both of which strongly affect the retardation potential for a
radionuclide travelling through the far-field hydrogeological system. Conceptual and
parametric uncertainties of secondary importance include those pertaining to the effective
semi-regional boundary conditions for the model and those pertaining to the geological
structure model (i.e. uncertainties in the interpretation of the number of fracture zones and
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their exact position and orientation). These uncertainties affect non-reactive transport
properties, but are of lesser importance for the predicted F-ratios.
The main impact of the detailed-scale fracture network, representing the rock in the nearrepository environment, is to control the percentage of canister sites that are hydraulically
connected to a site-scale structure. Otherwise the distribution of far-field transport
properties for connective sites is not strongly affected by the properties of the detailed-scale
fracture network, within the evaluated ranges of parametric uncertainty.
The most critical uncertainty, as evaluated with the Stochastic Continuum site model,
concerns assumptions regarding the distribution and spatial correlation of the hydraulic
conductivity. This uncertainty affects the predicted distributions of far-field Darcy velocity
and thereby the F-ratios. However, the main uncertainty associated with the predicted
F-ratios is associated with the specific surface area, which is not estimated with this model.
The issue of connectivity is discussed in Section 11.2.2.4.
Comparison between the Simple Evaluation and the detailed site models
One purpose of the Simple Evaluation is to assess the reasonableness of the results from
the detailed, 3D hydrogeological site models. The following comparisons among models
are based on the near-field Darcy velocity and the far-field F-ratio.
Figure 10.3.20 illustrates the ranges of predicted near-field Darcy velocities for the Simple
Evaluation and three variants each of the Stochastic Continuum site model (SC) and the
Discrete Feature site model (DF). The figure includes the Base Case and the variants that
give the lowest and the highest median Darcy velocity for the respective site model. The
range of Darcy velocities for the Simple Evaluation corresponds to the results in
Table 10.3.1. For the detailed site models, the ranges of Darcy velocity correspond to the
10th percentile, the median and the 90th percentile of the estimated velocity distribution.
Note that for the DF model the velocity distributions are based only on a fraction of the
canister sites, i.e. the 33% flowing canister sites.
Disregarding the two highest Darcy velocities of the Simple Evaluation, which represent
a highly pessimistic case with a direct connection between the repository and the biosphere
via the most conductive fracture zone (NE-1, according to SKB nomenclature), the
combined uncertainty range predicted by the two detailed site models (approximately
10"6 m/year to 10"2 m/year) covers essentially the whole uncertainty range predicted in the
Simple Evaluation (Figure 10.3.20). In this respect, the more comprehensive use of site data
in the detailed 3D hydrogeological site models does not reduce the prediction uncertainty
for near-field Darcy velocity, but merely confirms the results of the simple scoping
calculations.
However, the detailed site models provide additional information on the spatial variability
of the Darcy velocity in terms of probability distributions. The Discrete Feature site model
also provides estimates of connectivity, i.e. the number of canisters that are hydraulically
connected to flow. Such information is essential for evaluating the performance of a full
repository. The detailed site models also provide information on parameter correlations,
which are not given directly by the simple scoping calculations.
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Figure 10.3.20 Estimated ranges (spatial variability) of near-field Darcy velocity for the
Simple Evaluation and the two detailed hydrogeological site models. For the detailed site
models the ranges of Darcy velocity correspond to the 10th percentile, the median and the
90th percentile of the estimated velocity distribution. The figure includes the Base Case and
the variants that gave the lowest and the highest median Darcy velocity for the respective
site model. Note that the statistics for the Discrete Feature model is based on the fraction
(~ 33%) of flowing canister sites.

Figure 10.3.21 compares the Simple Evaluation and the Discrete Feature model in terms
of the predicted capacity of the far-field for radionuclide retardation, as measured by the
F-ratio. For the Simple Evaluation, each data point represents a particular combination of
head gradient, pathway conductivity, and pore-structure model. For the Discrete Feature
model, the plot shows the 10th percentile, median, and 90th percentile for each of four
variants, including the LO and HI variants of the Base Case and the two variants that yield
the lowest and highest median values of the F-ratio.
The range of F-ratios predicted by the Simple Evaluation is very wide in relation to that
predicted by the Discrete Feature model, due to the fact that the Simple Evaluation
considers more extreme combinations of high hydraulic gradient, high conductivity and low
flow wetted surface area (giving very low F-ratios), and of low hydraulic gradient, low
conductivity and high flow wetted surface area (giving very high F-ratios).
Although the range of F-ratios predicted by the Discrete Feature model is orders of
magnitude narrower than that predicted by the Simple Evaluation, it should be noted that
the difference in resolution may be of less practical significance than this figure would
suggest, since any extremely low value of F will result in almost negligible far-field
retardation of most radionuclides and an extremely high value of F will result in an almost
negligible quantity of radionuclides reaching the biosphere (c.f. Chapter 16). Thus, the
detailed hydrogeological site model may not provide a markedly more clear-cut
classification of the far-field at this site as a 'poor', 'intermediate' or 'excellent' barrier to
radionuclide release. However, the detailed model does allow a distinction to be drawn
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Figure 10.3.21 Estimated ranges (spatial variability) of F-ratio for the Simple Evaluation
and the Discrete Feature model. For the Discrete Feature model the ranges of F-ratio
correspond to the 10th percentile, the median and the 90th percentile of the estimated
F-ratio distribution. The figure includes the Base Case (LO and HI porosity variants) and
the variants that gave the lowest and the highest median F-ratio for the Discrete Feature
model.

between the effects of spatial variability (i.e. the variation in the effectiveness of the farfield rock as a barrier, among canister locations) and uncertainty (conceptual or parametric).
The variability in F-ratio, for a given Discrete Feature model variant, is typically 1 to 2
orders of magnitude.
Some of the extreme, low-F cases in the Simple Evaluation might be regarded a priori as
relatively unlikely, e.g. a direct connection to the biosphere via a high-transmissivity
fracture zone with porosity equivalent to a single, parallel-plate fracture. However, the
rarity of such cases is difficult to assess without a more detailed analysis of sitecharacterisation data. The finding that such low-F cases are very rare in the Discrete Feature
model represents a reduction of prediction uncertainty, which is attributable to the more
intensive characterisation of potential transport pathways, using site-specific data.
The extremely high-F cases in the Simple Evaluation arise from two situations. In the first
situation, transport occurs through 600 m of low-conductivity rock mass (Simple
Evaluation Case 1). In the second situation, a moderate-transmissivity fracture zone is
assumed to be characterised by a pore-structure model giving high wetted surface
('crushed-zone' model). The fact that such high-F cases do not arise in the Discrete Feature
model can correspondingly be attributed to two causes, as follows:
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In the first case, the detailed assessment of site characterisation data leads to a model
containing a well-connected network of high-transmissivity fracture zones, which
will be intersected by nearly all hydrologically feasible pathways for radionuclide
migration through the rock mass. Therefore the Simple Evaluation Case 1 can be
excluded with high confidence. This implies a reduction of prediction uncertainty,
due to a more intensive use of site data in the detailed hydrogeological site model.

•

In the second case, the contrast is due to the fact that the 'crushed-zone' model for
pore structure is not applied to the Discrete Feature model. A more comprehensive
evaluation of uncertainty related to pore structure, in the detailed site model, would
likely yield higher upper limits on the F-ratio. Thus the apparent reduction of
uncertainty is an artifact of a less comprehensive evaluation of uncertainty in the
detailed site model.

Comparison between the Discrete Feature and Stochastic Continuum site models
Both spatial variability and uncertainty (effect of conceptual and parameter variants)
associated with the far-field Darcy velocity and dispersion are higher in the Discrete Feature
site model compared to the Stochastic Continuum site model. As indicated in
Figure 10.3.20, the discrete model also tends to predict higher Darcy velocities overall. On
the other hand, in the discrete model only a fraction of the canister sites are hydraulically
connected to a conductive structure in the far-field rock.
Despite these principal differences, the two detailed site models predict a similar
performance of the Aspo site, when all parameter uncertainties are taken into account.
Figure 10.3.22 contains a plot of F-ratio versus Peclet number based on the simulation
results for the main variants of the Discrete Feature site model. Each data point represents
the far-field transport parameters evaluated from a single canister release calculation. Each
model variant corresponds to a subset of the data points in the figure. The far-field
parameter ranges in Figure 10.3.22 thus represent a mixture of both (parameter and
conceptual) uncertainty and spatial variability. In order to sort out causes and effects of
different types of uncertainty (model variants) one needs to look at the result for one variant
at a time (Figure 10.3.8).
Figure 10.3.23 contains a similar plot for the variants of the Stochastic Continuum site
model. Only a few representative data points are shown to illustrate the prediction
uncertainty (The total number of canister release calculations for all model variants is
nearly 10 000). The parameter uncertainty associated with the specific surface area (a,.),
which is not evaluated by the Stochastic Continuum model, is incorporated in the F-ratios
by combining each estimate of Darcy velocity, from a given canister-release calculation,
with three values of a,, (a,, - 0.01, 0.1 and 1.0 mVm3). These values of a,, represent the
uncertainty range estimated independently with the detailed discrete-fracture network model
(see Section 10.3.6). Thus Darcy velocity and specific surface area are treated as
independent parameters, which is in contrast to the Discrete Feature model.
A comparison of Figures 10.3.22 and 10.3.23 shows that the Discrete Feature model
produces a wider range of Peclet numbers. The occurrence of both extremely high and
extremely low Peclet numbers is characteristic of heterogeneously, discretely fractured
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Figure 10.3.22 Scatter plot ofF-ratio versus Peclet number for all of the analysed model
variants of the Discrete Feature site model. The plot represents the total prediction
uncertainty (including spatial variability) as determined from the evaluation with the
Discrete Feature site model. Each data point represents the result from a single canister
release calculation.
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Figure 10.3.23 Scatter plot ofF-ratio versus Peclet number for all of the analysed model
variants of the Stochastic Continuum site model (see text for explanation).

385
systems in which large variations of velocities and limited mixing between flow paths may
occur (e.g. Dverstorp et al., 1992). The Stochastic Continuum model predicts a narrower
range of Peclet numbers which is consistent with the concept that a continuum model in
general induces more mixing than a discrete model. The Discrete Feature site model also
predicted a lower bound for the F-ratio, indicating the occurrence of pathways with less
capacity for retardation of radionuclide transport in the geosphere. However, the overall
impression from these plots is a striking similarity in the predicted uncertainty ranges of the
far-field performance.
Water residence times
The Discrete Feature site model variants predict water residence times, hence median travel
times from a canister to the biosphere, between 1 and 1500 years (10th and 90th percentiles
respectively). The corresponding range of water residence times predicted by the Stochastic
Continuum model variants is 100 to 10 000 years (assuming a constant porosity of 5X10"4).
Because the residence times for the Discrete Feature site model only represent a subset of
canister release points that had sufficiently high fluid velocity to allow particle tracking, the
upper limits are not directly comparable.

10.3.9.6 Simplification Errors
A potentially important uncertainty, which is not addressed in SITE-94, is related to the
simplifications involved in the abstraction of effective far-field transport parameters from
the detailed three-dimensional hydrogeology models. For example, the occurrence of both
extremely high and low Peclet numbers may be taken as indications that transport through
the three-dimensional, heterogeneous, Discrete Feature model is poorly approximated by
a one-dimensional, homogeneous advection-dispersion model. Very low values of the
Peclet number (less than unity) can result from fitting solutions of the ID advectivedispersive transport equation to particle tracking data for multiple, distinct flow paths with
strongly contrasting velocities. Very high values of the Peclet number (greater than 100),
corresponding to essentially plug flow in the ID transport equation, can occur due to a
combination of poor fits and an under-representation of small-scale dispersion in the farfield model. The transport distance dependence of the estimated dispersivities in the
Stochastic Continuum site model is another indication of a discrepancy between the
detailed site models and the simple one-dimensional transport equation adopted for the farfield radionuclide transport calculations.
The estimated values of the F-ratio represent averages of the spatially varying Darcy
velocities and flow-wetted surface areas along the transport paths from a canister to the
biosphere. If the local variability of Darcy velocity and flow-wetted surface area along the
transport paths is high, the use of constant parameter values for calculating reactive
radionuclide transport could be questioned. The potential errors associated with this
simplification are difficult to predict, as reactive radionuclide transport is a non-linear
function of Darcy velocity and flow-wetted surface area.
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10.3.9.7 Implications for Other Parts of the Assessment
The direct impact of the hydrogeological evaluation on other parts of the assessment is
indicated schematically in the Assessment Model Flowchart (AMF), Figure 2.4.5. All
evaluations described in this Chapter provide data to the Clearing House Hydrogeological
parameters to RN transport. One of the main functions of this Clearing House is to analyse
the modelling results and formulate hydrogeological parameter variants for the radionuclide
transport calculations (as indicated by the arrows to the Clearing Houses Near-field RN
Transport and Far-field RN Transport). This is described in Chapter 15.
The AMF also indicates additional deliveries of information to the Clearing Houses
Geochemistry, Geochemical parameters to RN-transport and Canister analysis. The
calculated infiltration rate of oxygenated groundwater during the Central Scenario is an
example of data that are delivered to the geochemistry Clearing Houses (Section 10.4).

10.3.9.8 Implications for Future Work
Several lessons pertinent to future Performance Assessments can be drawn from the
hydrogeological evaluations for SITE-94, in particular regarding:
1.
2.
3.
4.
5.

the assessment of spatial variability versus other sources of uncertainty,
the need for further development of hydrogeological models,
data requirements for future site characterisation,
methods for discriminating among alternative models and,
treatment of simplification errors.

Spatial variability and uncertainty
The parameterisation of the far-field in terms of F-ratio and Peclet number is a promising
approach for describing uncertainty and spatial variability. For the Aspo site, spatial
variability is found to be high in relation to most other evaluated sources of uncertainty, in
terms of the hydrogeological parameters for calculations of radionuclide transport. The high
spatial variability is predicted despite a repository layout that avoids major fracture zones
insofar as possible. For sites similar to Aspo, spatial variability between canister sites will
be one of the dominant aspects of the hydrogeological influences on overall performance.
The hydrogeological analysis has not taken into account the possibility of reducing
variability between canister sites by active canister emplacement (i.e., selection or rejection
of canister sites based upon detailed characterisation of the rock around each deposition
hole). The predicted existence of effectively unconnected sites (in the Discrete Feature
model) and a weak, negative correlation between F-ratio and near-field Darcy velocity (see
Section 11.2.2), suggests that such techniques could be effective for the Aspo site. More
work is needed to define methods for active canister emplacement, and for evaluation of
the consequences in hydrogeological models for Performance Assessment.
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Development of hydrogeological models
The multiple-interpretations approach is used in the hydrogeological evaluations to interpret
data at different stages, from the interpretation of hydraulic packer test data to the
development of 3D, detailed site models. This approach is found to be an effective means
of quantifying the relative importance of different types of parameter and conceptual model
uncertainties, particularly those uncertainties that cannot be evaluated with a particular
model.
The different types of hydrogeological models that have been used can be viewed as
complementary, both in that they represent a variety of conceptual assumptions, and in that
they utilise different subsets of the available data. The latter is important because neither
of the detailed site models used for quantitative predictions (Discrete Feature or Stochastic
Continuum) is able to utilise all of the available data. The Discrete Feature model is able
to assimilate more structural geological data in comparison with the Stochastic Continuum
model. On the other hand, the Stochastic Continuum model made more intensive use of
hydraulic measurements in boreholes, through conditional simulations.
The most comprehensive use of site-characterisation data is in the integrated interpretation
of hydrogeological and other site data, using 3D-visualisation techniques. This has proved
to be a valuable technique for building a qualitative understanding of site hydrogeology and
for assessing the significance of different data types. Although such integrated analyses are
resource-intensive, they provide essential information for selection and validation of
quantitative groundwater flow models. Partly due to constraints on resources, and partly due
to the fact that the techniques for integrated interpretation are developed in the course of
SITE-94, the findings from the integrated interpretation are not fully utilised for the
abstraction of quantitative site models.
In future Performance Assessments, integrated interpretations should be performed at an
earlier stage, so that the results can be applied to the development of and discrimination
among alternative detailed, quantitative hydrogeology models. Further development of the
detailed, quantitative models is desirable to improve data utilisation, especially with regard
to geochemistry. Links between these models and other types of models should also be
developed, in order to account for potentially important coupling effects (e.g. thermalhydrogeological-mechanical-chemical couplings) as discussed in Section 10.3.9.3.
Data needs
From the discussion throughout this section it is also clear that the hydrogeological
evaluation provided feedback for site characterisation, regarding the need for specific types
of data and the relative importance of different hydrogeological parameters. The dominant
sources of uncertainty in the hydrogeological evaluation are mainly related to the spatial
distribution and interrelationships of hydrogeological and transport properties. In the
Stochastic Continuum model, these uncertainties are expressed in terms of the spatial
correlation of hydraulic conductivity and assumptions regarding its relationship to porosity
and wetted surface. In the Discrete Feature model, the same uncertainties are expressed in
terms of models for heterogeneity of, and correlations among hydrogeological and transport
properties, within major fracture zones and individual fractures.
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Tracer tests on a range of scales could provide useful data for addressing these
uncertainties. Limitations on the characterisation of detailed flow geometries within such
experiments will, in general, lead to residual uncertainty in the estimated relationships
among hydraulic conductivity, porosity, and wetted surface. These uncertainties can
perhaps be addressed through expert judgement and further data analysis, in combination
with data from detailed characterisation studies of single, transmissive features.
Model discrimination
To some extent, the importance of conceptual uncertainty as evaluated by the multipleinterpretations may be exaggerated, due to inadequate discrimination among alternative
conceptual models, model variants, and stochastic realisations. For example, the individual
variants of the Discrete Feature model are not recalibrated or systematically checked for
consistency with the site-characterisation database, except for the Base Case variants. The
evaluated uncertainty would most likely be reduced if all realisations of all variants are
conditioned on borehole measurements and recalibrated with respect to cross-hole
(hydraulic interference and tracer) data. Similarly, the evaluated uncertainty in the
Stochastic Continuum model and variants could likely be reduced by a more comprehensive
calibration with respect to cross-hole data. Methods such as co-simulation could also be
used for incorporating the type of correlations between hydraulic conductivity and other
variables such as fracture density and lithology that are found in the multivariate analysis
(Le Loc'h and Osland, 1996).
Further development of the respective modelling methodologies is needed to produce a set
of model variants that more accurately reflect the true, residual uncertainty at the site. Apart
from conditioning and calibrating with respect to hydraulic and tracer test data, techniques
should be developed to discriminate among alternative models on the basis of geochemical
data.
Simplification errors
Errors arising from the use of simplified models for analysis of site characterisation data,
and in extraction of effective parameters from heterogeneous, 3D hydrogeological models
to homogeneous transport models of lesser dimension, should be explored more thoroughly
than is possible in SlTB-94. Where the effects of such simplifications on overall
Performance Assessment cannot be established as negligible, more sophisticated models
might be needed. For example, radionuclide transport models capable of handling spatial
variability of hydrogeological properties along streamlines, and/or network effects, may
need to be developed.

10.4

GEOCHEMISTRY

The purpose of Section 10.4 is to extract, from the geochemical site evaluation presented
in Section 7.4, those parameters and other information which are relevant for the
subsequent analysis of chemical features and processes in a Performance Assessment
generally described by the AMF. This section therefore discusses and motivates the
different groundwater composition variants that will be used later on in the assessment. In
particular, this section deals with the geochemical properties of the far-field, i.e. those
volumes of rock which will be relatively undisturbed by the excavation and the presence
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of the repository. This disturbance may be extensive, however, and will differ in scale and
extent depending on the phenomenon in question and with time. It is, therefore, useful to
consider the far-field as those parts of the site, where, apart from early transient effects, an
assumption of natural conditions in the long-term is justified. Nevertheless, much of this
discussion of geochemistry will also be relevant for the near-field rock, discussed in more
detail in Chapter 11, since the near-field geochemistry is always influenced directly by the
far-field chemistry by groundwater transport and since most changes in chemistry in the
near-field rock can be regarded as perturbations from undisturbed far-field conditions in the
absence of a repository.

10.4.1 Introduction
The task is to define ranges of geochemical conditions of importance, directly or indirectly,
for an assessment of barrier stability and the prediction of radionuclide behaviour in the farfield or, indirectly, of their behaviour in the near-field. This has to be done for the
Reference Case and for those external conditions or scenarios identified in the scenario
development (see Chapter 9).
No significant changes in the far-field bulk rock mineralogy are expected over the next
millions of years, as evidenced by the fact that no such changes have occurred in the past
over much longer times. This is not the case for fracture-coating mineralogy at depth, where
some redistribution of easily dissolved minerals like calcite may occur. There is also the
possibility of oxidation of fracture surfaces, even at depth, due to ingress of oxidising
surface waters (see Section 10.4.3). However, as a first approximation, it can be assumed
that the chemical conditions of groundwater pathways, including pathways for
radionuclides, will be influenced mainly by externally driven changes in groundwater
composition and temperature. Consequently it will probably be sufficient to concentrate on
groundwater composition. It should be noted, however, that this assumption is a hypothesis
needing further confirmation. This may be achieved by an iterative procedure where results
from the first geochemical and hydrogeological analyses are integrated together with results
from structural geology, etc. Such a procedure is not possible within SITE-94, however,
owing to time constraints.
In a full Performance Assessment, the physical properties of the rock would also be
analysed further, in particular, matrix diffusivities and penetration depths and their possible
correlation with groundwater chemistry and fracture/bulk rock mineralogy. The scarcity of
consistent site-specific data of this kind does not allow such an evaluation in SITE-94.
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10.4.2 Groundwater Properties
Based on the discussion in the preceding section, the following properties of groundwater
are of primary interest:
•

redox properties (content of divalent iron, sulphides and other reduced species; Eh;
pH),

•

concentration of components that may influence copper corrosion (oxygen,
sulphide/sulphate, chloride, carbonate),

•

contents of pH-buffering components (carbon dioxide/carbonate, calcium),

•

constituents aggressive to bentonite, such as potassium, low/high pH, calcium,
high/low salinity.

The groundwater composition for the Zero Variant of the Reference Case should be
relevant for the major part of the flowpaths into and out from the repository location (i.e.
the near-field in a geometrical sense). This variant should reflect conditions prevailing for
most of the next million years. Obviously, these requirements are difficult or impossible
to fulfill, not least as a result of the limited knowledge available at the time of data selection
in this project. Instead, data for groundwater at repository depth, near the most probable
location of a repository, are used. This choice would be relevant for present day (and the
next thousands of years, at least) for the groundwater entering the repository area and for
the near-field rock. Potentially diverging groundwater compositions for the flowpaths from
the repository area out to the biosphere are difficult to define, owing to lack of knowledge
about correlations between flow and geochemistry in the system.
However, it is possible to define ranges of compositions encompassing the groundwater
Types observed today at different depths and locations, as described in Section 7.4.3.
Representative groundwaters are selected as representative of conditions relevant to some
of the scenarios discussed in Chapter 9 and in Section 10.3. These waters constitute
different variants in the assessment.
The reference (Zero Variant) composition is based on a complete chemical characterisation
of multiple groundwater samples from the 530-535 m sampling interval in borehole KAS02
at the Aspo site (Smellie and Laaksoharju, 1992). A deep, high-salinity groundwater from
Laxemar borehole KLX02 and a shallow, low-salinity groundwater from Laxemar borehole
HLX01 reflect the range in salinities observed at the site. Both the KAS02 and KLX02
waters are reducing and alkaline. The shallow groundwater, however, is slightly acidic,
relatively oxidising and enriched in dissolved organic carbon. All the water samples are
nearly pristine, that is, they contain a very low content of contaminating drilling fluid. (Note
that these waters are not the same as the Type waters identified and discussed in
Section 7.4.3).
Thus, the following water is defined for the Zero Variant:
Medium salinity and reducing water are assumed to flow more or less horizontally
in the W-E direction. The composition is based on data from KAS02 (530-535m,
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CCC). The redox potential -250 mV is calculated from the sulphate/sulphide couple
since, initially, the measured value is found to be inconsistent with observed fracture
mineralogy. The properties are given in Table 10.4.1.
The temperature is assumed to be the one observed today at a depth of around 500 m, i.e.
15°C.
Variations occur in this composition and would need to be analysed further in a real
Performance Assessment. For example, the variability due to heterogeneity in mineralogy
at different scales should be evaluated. One way to explore this variability consistently
would be simulations resembling those described in Section 7.4.4.2.

Table 10.4.1 Reference and Variant Groundwater Compositions.
Basis Species*
(mg/I)

pH
Eh(V)

Zero Variant
KAS02
530-535 m

High Salinity
KLX02
1631-1681m

Low Salinity
HLX01
0-50 m

8.1

8.0

6.5

-0.25

-0.30

0.0

Na+

2100

8200

32.5

Ca2+

1890

18500

37.8

+

K

8.1

Mg 2+

42

45.5

2.2

2.1

4.9

SiO 2 (aq)

8.8

6.2

_

EFe

0.24

-

4.2

Mn 2 +

0.29

-

-

Li+

1.0

4.6

—

Si2*

35

337

-

ci-

6410

47200

18

Br"

40

F

1.5

HCO 3 SO 4 2 "

2

—

-

-

0.9

10

14

115

560

905

48

Zs -

0.15

-

-

P (in P O ^ )

0.005

-

—

N (in NH4+)

0.03

EC(org)

1.0
- Total concentration among all aqueous species.

24
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10.4.3 Scenario-related Changes of Groundwater Chemistry
The Central Scenario described in Chapter 9 and Section 10.3 affects the direction of
groundwater flow and, thus, the groundwater chemistry at the repository location as well
as along flowpaths towards the biosphere. The flow conditions are described in detail in
Section 10.3. The flow will be about the same in magnitude and direction for the next
55 ka. After that, during advance of the ice-sheet at the site, the flow direction will change
to downwards for about 5000 years, followed by a return to upward flow at 60-70 ka. After
70 ka, the flow will be about the same as at present, until the next glaciation at about 95 ka.
For a large part of the next 50 ka, permafrost conditions will prevail at Aspo and impede
free recharge and discharge of groundwater. Below cold-based ice, no recharge or discharge
will occur. Below warm-based melting ice, there is a large potential for greater recharges
than today as a result of meltwater flowing downwards. When the ice-sheet recedes at the
site, large upward flow may occur. Sub-ice groundwater flow rates will generally be one
order of magnitude greater than at present.
A major increase in the salinity above present levels, due to the rise of deep brines at the
receding ice margin, is not deemed likely in this analysis (Section 10.3.7.4). If such a
change is ever to occur, however, it is reasonable to assume that it will occur at about this
time. Glacial meltwater may penetrate to depths of a few kilometres during glacial advance,
possibly causing oxidising conditions.
A timetable for illustration of possible geochemical changes at Aspo would then be:
10-55 ka:

Several occurrences of permafrost conditions; salinity decreased to
about half of present day values; possibly a high organic content; 0°C
as an extreme variation in temperature.

55-60 ka:

Advance of ice-sheet, eventually sub-ice melting and recharge of
meltwater to great depths; low salinity water with properties similar to
those of present near-surface waters; oxidising conditions are possible.

70-95 ka:

Although not very likely, this would be the time for ingress of
groundwater at repository depth with a (much) higher salinity than at
present.

This leads to the definition of the following groundwaters for application in analysis of the
Central Scenario:
High salinity and reducing water from the deep sections of KLX02. This
groundwater composition would only be possible under more or less upward flow
conditions, e.g. some time during 70-95 ka after repository closure. The properties
are given in Table 10.4.1.
Low salinity, weakly oxidising and high TOC water. More or less downward flow.
The properties are given in Table 10.4.1.
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Waters representing highly oxidising conditions, as more extreme variations, were assumed
for some calculations, as described in Chapter 12.
The somewhat lower salinity that might occur at 10-55 ka is encompassed by the other
variations in this parameter. Only the effect of oxidising conditions is analysed further in
SITE-94, e.g. in the analysis of near-field chemistry (Section 12.2.3) and in the choice of
sorption coefficients.
The possibilities for oxidising groundwater to penetrate down to repository depth (see also
Sections 7.4.3 and 10.3.7.4) are analysed by Arthur (1996). Flow properties of individual
fracture zones have to be used in this approach. In the major conductive zones the Darcy
velocities may be in the order of 10 m/y as can be seen from the results of the simple
evaluation and similar high Darcy velocities occur in the conductive zones of the Discrete
Feature Models, although the flow in the rock of the hypothetical repository is lower (at
most 0.1 m/y) as can be seen from Figure 10.3.20. The high Darcy velocities in the
conductive zones are also confirmed by tracer-dilution tests in packed-off intervals of
boreholes at Aspo. Evaluation of these test suggest a range of Darcy velocity of 0.3 - 30 m/y
(Wikberg et al., 1991, p. 147; Rhen et al., 1992). During the event of a downward flow of
fresh meltwaters due to a warm-based glacial ice with sub-ice melting will create a
downward flow of these waters, whereas the magnitude of the flows are expected to be
fairly similar to the present under natural boundary conditions (see Section 10.3.7.4).
The quasi-stationary state approximation to coupled mass transport and water-rock
interaction (Lichtner, 1988) is used to derive analytical expressions for the rate of redox
front migration as a function of the modal abundances of ferrous silicate, oxide and
sulphide minerals in unaltered and hydrothermally altered granites and in fractures.
Mineralogical data from the Aspo site are used in the calculations. If the relevant reactions
are assumed to be instantaneous, the retardation of redox front migration is considerable
and would not seem to be a cause for concern but for the most pessimistic combinations of
mineralogy and groundwater flow (see Table 10.4.2).
However, there are at least two significant uncertainties associated with this conclusion.
First, knowledge about the availability of reducing minerals along groundwater flowpaths
and on reaction kinetics is not yet sufficient. Assuming, for example, that only ten percent
of the minerals are available for redox reactions would directly decrease the migration time
with a factor of 10. Second, ingress of oxidising waters to considerable depth has occurred
several times in the past and, therefore, significant amounts of reducing minerals may
already have been consumed along major flowpaths. In addition, the flow rates might be
even higher than those employed in the calculations depending on assumptions regarding
the cross sectional area of the conducting zones.
Calculations with similar conclusions are presented independently by Glynn and Voss
(1996); see also Sections 7.4.3 and 10.3.7.4. Together with the growing understanding of
the effect of glaciations on hydrogeology described in Section 10.3, these findings seem to
indicate an area where more knowledge is needed, not the least from field observations.
Consequences of oxidising groundwater penetrating down to the repository have been
illustrated in radionuclide transport calculation cases for the Central Scenario presented in
Sections 15.3.2.2, 15.3.3, 16.2.3 and 16.3.3.
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Table 10.4.2 Estimated times (years) required for an oxidising front to migrate 500 m in
unaltered and hydrothermally altered Aspo granite and in fractures for various
groundwater flow rates (Darcy velocities in fracture zones and fractures).
Darcy velocity

q ~ 0.3 m/year

q = 3 m/year

q ^ 30 m/year

Min

5.1xlO5

5.1xlO4

5.1xlO 3

Max

l.OxlO6

l.OxlO5

l.OxlO4

Min

l.OxlO6

l.OxlO5

l.OxlO4

Max

1.5xlO6

1.5xlO5

1.5xlO4

4.4xlO 7

4.4xlO 6

4.4x10 5

Unaltered Rock
Hydrothermally
Altered Rock
Fractures

10.4.4 Conclusions and Implications for Other Parts of the
Assessment
Ideally, the important paths for groundwater flow and radionuclide transport should be
characterised geochemically, both spatially and as a function of time. However, this would
require more detailed, and possibly new types of, measurements that were not available in
SITE-94, and that may never be practical. Here, the evolution of geochemistry is described
in terms of changes in groundwater composition only. These groundwater compositions are
used as input variants to the evaluation of buffer performance (Section 11.3), canister
stability (Section 11.5), in the evaluation of radionuclide solubilities (Section 12.2),
radionuclide speciation (Section 12.3) and in the evaluation of sorption properties
(Section 12.4).
For SITE-94, the possible future changes in water composition are assumed to be
encompassed by three distinct groundwaters sampled at different depths and locations at
Aspo and Laxemar. The most notable difference between these waters is the salinity and
they are characterised as:
Medium salinity, reducing, repository depth, for the Zero Variant;
High salinity, reducing, deep, for the Central Scenario;
Low salinity, mildly oxidising, shallow, for the Central Scenario.
The compositions are given in Table 10.4.1.
A preliminary analysis of the possible inflow of oxidising glacial meltwaters to great depths
during an ice-age shows that such a scenario cannot be excluded. More knowledge is
needed in this area, based on field studies of past occurrences and better understanding of
how the kinetics of mineral oxidation might influence this process.
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11 EVOLUTION OF THE NEAR-FIELD
This chapter describes the modelling of the near-field evolution for the Reference Case and
for the Central Scenario. The modelling builds on the description of the spent fuel and
Engineered Barrier System in Chapters 3 and 8 respectively and the modelling of the
geosphere described in Chapter 10. The results of this modelling is used as input to the
calculations of radionuclide speciation and solubilities in Chapter 12, as well as the
transport calculations defined in Chapter 15 and presented in Chapter 16.

11.1

INTRODUCTION

The near-field is usually defined as including the Engineered Barrier System (EBS) and that
part of the geosphere which will undergo changes due to the emplacement of the EBS, but
this is not a strict definition, as some EBS-induced influences may spread throughout the
geosphere to variable distances. Nevertheless, it is clear that modelling degradation of the
EBS and the eventual radionuclide release and migration through the barriers requires
higher resolution, both in terms of scale and in terms of which interactions of processes
need to be considered, than modelling migration of radionuclides far out in the geosphere.
In SITE-94, the near-field was defined as encompassing the canister containing the spent
nuclear fuel, surrounded by a compacted clay backfill, a portion of the immediately
surrounding rock and the tunnels in the vicinity of the deposition holes.

11.1.1 Near-field Interactions
The disturbances and interactions within the near-field are primarily of thermal,
mechanical, chemical and hydraulic nature. Couplings between these disturbances might
give rise to other, more complex, phenomena, e.g. fracturing, heat convection, canister
failure or change in the redox state. In SITE-94, special effort is devoted to linking the
features, events and processes (FEPs) of the near-field within the Process Influence
Diagram (PDDs; see Chapter 2 and Chapman et al., 1995). Inspection of the PIDs in
Figures 7.1.1, 7.1.2 and 8.1.1 reveals that the majority of Process System FEPs and links
considered in SITE-94 concern the near-field, but that the near-field FEPs also are linked
to the far-field.
The excavation, construction, operation and sealing of the repository may alter the state of
the near-field rock. In the Reference Case and Central Scenario, changes in the near-field
are also caused by interactions through the far-field/near-field interface. For example, the
stresses will adjust to the local geometry of features and excavation geometries in the nearfield and thereby result in local deformations of the near-field rock mass. Stress induced
from swelling of the buffer and from the repository heat will also cause deformation of the
rock mass. In another example, the groundwater flow in the vicinity of an individual
canister is driven by the overall far-field flow, but is highly influenced by the local
conductive features. A third example is that the chemistry of the groundwater, which
eventually reaches the canister and spent fuel, may change as a result of contact with the
buffer material.
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The changing state of the near-field rock may affect the buffer properties, both chemically
and mechanically. The mechanical and chemical loads on the canister affect canister
longevity. Once a canister is breached, water may reach the spent fuel, which starts
processes such as radiolysis, fuel degradation, radionuclide release and other subsequent
changes of the near-field chemistry.

11.1.2 Modelling Near-field Processes and the AMF
The modelling of the near-field evolution in SITE-94 is shown in the Assessment Model
Flowchart already introduced in Chapter 2 (Figure 2.4.5). The following subsections
provide the details about the modelling undertaken. However, much of the information
transfer between disciplines is manual, through a relatively large number of Clearing
Houses.
This chapter reports on SITE-94 analyses of thermal evolution, near-field rock mechanics,
near-field hydrogeology, near-field geochemistry, buffer evolution, tunnel evolution,
canister evolution, radiolysis, fuel degradation and redox conditions. The analyses are based
on the far-field impacts for the Reference Case and the Central Scenario as reported in
Chapter 10. In addition, possible intrinsic processes are analysed.
Chapter 12 describes radionuclide behaviour, such as dissolution/precipitation and sorption.
The radionuclide behaviour clearly depends on the state of the barriers, but in SITE-94 it
is assumed that there is no influence in the other direction, apart from the potential
movement of the redox front, i.e. that radionuclide transport does not affect the barrier
properties. This separation of the evolution of the barriers and the radionuclide behaviour
is justified since the radionuclides can be regarded as micro, or tracer, components in the
Process System. As such, they are assumed not to influence the behaviour of the macro
components, i.e. the barriers and other chemical components occurring in much larger
amounts than the radionuclides. On the other hand, the mutual influence of isotopes of the
same elements (including, stable isotopes of some elements, such as Zr present in the fuel
elements) are accounted for, e.g., in the sharing of solubilities as described in Chapter 13.

11.2 NEAR-FIELD ROCK
11.2.1 Rock Mechanical Impacts in the Near-field
This section describes the modelling of the mechanical stability of the near-field rock for
the Reference Case and the Central Scenario. The mechanical model is described in
Section 7.5. According to the AMF (Figure 2.4.5) the result of this analysis should affect
the evaluation of the canister stability (Section 11.5) and the evaluation of the near-field
groundwater flow (Section 11.2.2).
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11.2.1.1 Introduction
The mechanical state of the near-field rock is of primary importance for the integrity and
stability of the repository barriers. The PID covering the near-field rock (Figure 7.1.2)
shows that the near-field rock stress is influenced by the far-field stress, the excavation, the
swelling of the buffer, the temperature and the groundwater flow. These influences are
important both for the rock mass response of the Reference Case and the Central Scenario.
External stresses and temperatures will differ for the two cases as has already been
discussed in Section 10.2.
A rock mechanical analysis of the near-field provides information on the rock stress
distribution, rock mass movement, fracture initiation and fracture propagation. These
results can be used as a direct estimate of the mechanical stability of the repository and also
as input to discussion of the hydrogeology of the near-field. More specifically, the results
address the potential for:
•

rock instability in the near-field,

•

shearing of fractures at the wall of the canister deposition hole,

•

fracture displacement, shearing, opening/closure and fracture propagation which
might affect the near-field water flow.

This section focuses on the results of the SITE-94 near-field rock mechanical analyses
(Shen and Stephansson, 1996a, b). Two model approaches are used, as discussed in
Section 7.5. Modelling in 2D of simple fracture geometries, focuses on the propagation and
coalescence of existing fractures in the near-field, using a code developed by Shen (1993).
Modelling in 3D of three different fracture networks, all consistent with the hydraulic nearfield fracture networks (Geier et al., 1996), focuses on the intact rock stability and the shear
and normal displacement of existing fractures using the three-dimensional distinct element
code 3DEC (ITASCA, 1994).

11.2.1.2 The Effects of Loading for the Reference Case
Models and boundary conditions
The 3D, near-field analysis of the Reference Case considers the impacts from
•
•
•

the excavation of the tunnel and deposition hole,
the bentonite swelling pressure and,
the thermal loading at given times after waste disposal.

This modelling is done in sequence. Due to the small size of the model domain, application
of constant stress boundary conditions estimated by the far-field analyses is considered to
be justified.
The first step is to perform a consolidation calculation by applying an assumed, constant,
in-situ stress level at the 500 m level as a boundary condition. Excavation is then modelled
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by removing the rock mass in the tunnels and the deposition holes from the consolidated
model. The effect of the swelling pressure is modelled using the excavated model, by
applying 10 MPa as a boundary stress around the wall of the deposition hole and by
applying zero displacement on the external boundaries.
The temperature load is applied to this last model, by calculating the temperatures resulting
from the heat of a repository of 400 canisters. This temperature calculation is not equal to
the temperature calculations made for the far-field (see Section 10.2) and are only relevant
for assessing the rock mechanical impact of temperature changes. The temperatures
predicted are not adjusted for ambient temperatures or the geothermal gradient, but this is
of minor significance for the rock mechanical evaluation. (For further details see Shen and
Stephansson, 1996a, and Hansson et al., 1995a, b).
The three-dimensional 3DEC code, used for analysing the rock mechanics, can handle
complex fracture geometries and loads, but cannot directly model fracture propagation and
coalescence. Instead, Shen (1993) developed a special boundary element code to analyse
these phenomena in order to find out when stress conditions predicted by the threedimensional analysis could lead to such failures. Using this code, which can only handle
a few fractures, SITE-94 analyses the rock mass stability in a vertical and a horizontal
plane, through a deposition hole, for six different idealised fracture geometries (Shen and
Stephansson 1996a).
The applied boundary stresses simulate the stress state with the same loading events and
the same in-situ stresses as those used in the 3DEC near-field models. Thermal loading is
considered by increasing the boundary stresses and is estimated from previous studies (Shen
and Stephansson, 1990) to be about 2.5 times greater than the in-situ stresses. Shen and
Stephansson (1996a) also present limited sensitivity analyses of the impact of the applied
boundary stresses. A case with a 50% increase of the maximum principal stress and a 50%
decrease of the minimum principal stress is considered an extreme external stress condition.
Excavation
In the 2D analysis, the excavation does not cause any fracture propagation or coalescence
for the applied standard boundary stresses. However, fracture propagation and coalescence
do occur for some geometries when extreme boundary stresses are applied.
In the 3D analysis, excavation causes a major stress redistribution of the rock mass. The
principle stresses in the vicinity of the tunnel and the deposition hole are oriented in the
radial and tangential directions. Near the walls, the tangential stress is high (30 to 50 MPa)
and the radial stress is less (10 to 20 MPa). Stress redistribution due to the excavation
causes the occurrence of yield zones in a few locations near the walls of the tunnel and
deposition hole. At a few locations, where the stress is even higher, local intact rock failure
is found to have occurred.
Even though the analysis does not demonstrate it, rock wedges may form in the tunnel roof
and fall down during excavation or at a later stage during repository operation. Later, when
the repository is backfilled, this local instability is of minor importance. Rock
reinforcement can prevent rock fall and enhance stability during the operational phase.
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Fractures intersecting the tunnel will close with a maximum closure of 0.14 mm due to the
increase of normal stress. Fractures located in the tunnel walls, but not intersecting the
tunnel, will open, partly due to decrease of normal stress. The opening displacement is
normally very small (less than 0.02 mm) and only takes place over a limited length. The
opening and closing of fractures, which occur in the immediate vicinity of the excavation,
will affect the hydraulic conductivity of the rock mass in this region.
The maximum fracture shear displacement caused by excavation is found to be about 1 mm
(Shen and Stephansson, 1996a,b). Fracture dilation caused by shearing will increase the
conductivity of the fractures, but the 1 mm shearing is believed to be too small to have any
effect on the groundwater flow regime. Gouge material, resulting from shearing, may
reduce fracture conductivity.
Swelling of the buffer
According to the 2D analyses, the swelling pressure may enhance or prevent fracture
propagation, depending on the fracture geometry. As the impact is limited to the immediate
vicinity of the deposition hole, the swelling pressure has an influence only when the
fractures are short. Outside ranges which are larger than one borehole diameter, fractures
are barely affected by the swelling pressure.
The 3D analysis results show that swelling pressure in the deposition hole has a minor
influence on the stability of the rock mass. In fact, with swelling pressure of 10 MPa acting
on the wall of the deposition hole, the stress concentration caused by the excavation is
reduced. Swelling bentonite appears to function like a rock support, preventing major
disturbances and collapse of the deposition hole.
No significant fracture movement is found due to the swelling pressure of the buffer.
Thermal load
In the 3D analysis of thermal loading, the rock temperature in the repository reaches its
maximum at about 200 years after waste deposition. The temperature increase is almost
evenly distributed in the model, ranging from 25°C to 31 °C. The high temperature increase
causes high stresses in the rock mass, more than twice those present prior to thermal
loading. High stresses cause additional yielding in the foot- and sidewalls of the tunnel and
deposition hole. The maximum shear displacement of fractures increases to 0.47 mm. All
fractures in the model are closed, with average closure of 0.4 mm. After 10 000 years, the
repository has nearly reached the ambient temperature. The stresses return to their original
magnitude in most regions, except where rock yielding has occurred earlier. Unrecoverable
fracture shear displacement remains along the inclined joints; some fractures which were
open prior to thermal loading, open again after the cooling of the repository.
The 2D analysis, representing the thermal load with the extreme external stress boundary
conditions discussed above, result in major fracture propagation and coalescence for all
fracture geometries considered. Since the loading stress is high (50-90 MPa), shear
fractures extend long distances (more than 5 m). Fracture coalescence is found to increase
the shear displacement of fractures by more than 100%. Within the limited size of the
models, fracture shear displacement is small (less than 1-2 mm). Long fractures, which
could be a result of fracture coalescence, are expected to produce larger shear displacement.
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The fracture shear displacement at peak thermal loading is about twice that caused by
excavation. The amount of shear displacement predicted by both 3DEC models and BEM
models is only about 1 mm. The shear displacement is, however, roughly proportional to
the fracture length. Consequently, Shen and Stephansson (1996b) note that fracture
propagation and coalescence, which result in longer fractures, may significantly increase
the fracture shear displacement. It may be possible that fracture coalescence can occur in
a wider region than has been simulated by the BEM models.
Most fractures in the near-field region close due to the temperature increase, which will
reduce their hydraulic conductivity considerably. This effect is, however, reversed when the
rock starts to cool after the temperature peak about 200 years after waste deposition (cf.
KBS-3). Fracture propagation and coalescence may, however, result in remnant, long-term
effects on the hydraulic conductivity of the near-field rock mass. Because the high adverse
stresses only appear in the repository and its immediate region, such remnant permeability
changes are only likely to develop in the immediate area of the repository.
The Disturbed-Rock Zone
The Disturbed-Rock Zone is not treated extensively within SITE-94. Geier et al. (1996)
evaluates the effects of enhanced hydraulic conductivity along deposition tunnels in the
Discrete Feature site model, as reported in Section 10.3.4. In addition, Lawrence Berkeley
Laboratories (Noorishad et al., 1996) have started to analyse the SCV experiment at Stripa
(see below).
The extent of the disturbance of rocks adjacent to an excavation is dependent on the specific
properties of the site and the design and engineering of the excavation. A wide range of
possible changes in mechanical and fluid flow behaviour of the rock mass can be expected
as a result of the excavation (Jing et al., 1996). Experiences from the SCV experiment at
the Stripa mine (Olsson et al.,1992) showed a major reduction of inflow once the SCV
tunnel was constructed. One suggested explanation was degassing of dissolved gasses in the
groundwater, which may have resulted in reduced permeability due to gas blockage.
However, there may also be rock mechanical explanations.
In a case such as the SCV experiment, local variations of hydraulic conductivity in the
Disturbed-Rock Zone can be expected to occur as the rock deforms in shear and normal
modes; the magnitude of the effect depends on the orientation of existing fracture sets.
Because flow through the system is very sensitive to flow connectivity, critical changes in
the overall flow rate into the tunnel may occur due to local, seemingly unimportant changes
in the conductivity, if such changes affect flow connectivity. This fact points to the need for
careful consideration in a proper analysis. The complexity of the coupled hydromechanical
effects in a task of this nature requires development of an appropriate 3D-coupled hydromechanical simulator.
Some efforts within SITE-94 to address these needs are described by the team from LBL
(Noorishad et al., 1996). The work starts with the development of a computer simulator
utilising continuum macro-constitutive models of the rock material. Inclusion of major
discontinuities are then superimposed on the continuum models. The underlying philosophy
for this approach emanates from the fact that consideration of all controlling parameters is
usually beyond practical means and various approximations have to be made. A continuum
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approach, based on equivalent material behaviour with due awareness of the limitation of
the 'REV concept, is a pragmatic and promising approach. Accordingly, a 3D coupled
thermohydromechanical finite element code with elasto-plastic, strain softening/hardening
material models is developed with options for accommodating ubiquitous joint sets as well
as homogenous random joints. Verification of this simulator in a variety of problems has
been completed and will serve as a major building block in this modelling approach.
An example of the result of application of the LBL 3D ROCMAS code to the SCV rock
block is illustrated in Figure 11.2.1. This figure shows two curves. The first is the time
transient of flow in boreholes prior to excavation of the tunnel. The steady flow of
3xl0"5 m3/s matches the observed value approximately. The flow versus time after
excavation is given by the second curve, which shows that the steady flow is reduced by
50% due to the coupled hydro-mechanical effects. Realistic site-specific parameters are
used in the modelling although the results are not fine-tuned to the data.

FLOW RATE VARIATIONS OF SCV TUNNEL

1.25E-4
-a
c
o
o
Q

1.00E-4

CO
l_

<D

a.
7.50E-5
o
3

o

5.00E-5

©•

"co
£E

1 2.50E-5
0.00E0

5000

10000

15000 20000 25000
Time, Seconds

30000

35000

40000

Figure 11.2.1 Example of a LBL ROCMAS simulation of potential rock mechanical impact
on flow due to excavations. The lP re-excavation' curve is the time transient of flow in
boreholes prior to excavation of the tunnel. The flow versus time after excavation is given
by the second curve, 'Post-excavation', which shows that the steady flow is reduced by 50%
due to the coupled hydro-mechanical effects.
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11.2.1.3 The Effect of Loads for the Central Scenario
The Central Scenario involves changes to the far-field stress and temperature due to
permafrost and glaciation which would be superimposed on the effects defined by the
Reference Case rock mechanical analysis.
Permafrost
The effect of permafrost on near-field rock mechanics in SITE-94 is approximated to
coincide with Reference Case conditions. From the analysis of the permafrost depth (KingClayton et al., 1995) discussed in Section 10.2, it is concluded that permafrost will not reach
the repository level. Consequently, it is not necessary to analyse the effect of freezing of the
near-field rock in SITE-94. The temperature effect from glaciation on the stress field is
already neglected in the far-field analyses.
Glaciation
In order to represent the ice load in the 3D near-field rock mechanical analyses, Shen and
Stephansson (1996a) apply a vertical boundary stress, equivalent to the weight of 2200 m
ice, at the top surface of the model after it has been subjected to the effect of the swelling
pressure. In the two-dimensional model, the boundary stresses caused by 2200 m ice load
are calculated theoretically (see Shen and Stephansson, 1990 and 1996a).
The vertical 2D geometries analysed show an enhanced fracture propagation and
coalescence for the more extreme stress conditions. The far-field analysis (Hansson et al.,
1995a) shows that such extreme stress conditions may occur. Fractures propagate roughly
along the 60° dip plane. This may trigger a major shear rupture or faulting in this direction.
In the horizontal geometries, no fracture propagation, or only limited fracture propagation,
occurs during glaciation.
In the 3D analysis, the vertical and sub-vertical principle stresses increase in magnitude in
the whole region as ice loading is mainly vertical. Due to differences in stress magnitude,
there will be intact rock failures (yielding) in the deposition hole wall and the tunnel walls.
Intact rock yielding is also found near some joints intersections. The volume of intact rock
failure caused by glaciation is found to be similar to that caused by thermal loading.
Glaciation causes a major increase of shear displacement of inclined fractures with a
maximum of 0.33 mm, (Shen and Stephansson, 1996a, b). Larger shear displacements can
be expected if longer fractures are modelled. Rock fractures close when ice load is applied.
The maximum closure occurs in horizontal fractures which have the highest normal stress.
Deglaciation releases the vertical stresses. However, the yield zones and most of the fracture
shear displacement in the vicinity of the tunnel and deposition hole are unrecoverable and
remain as long-term consequences of the glaciation cycle.
With the short joints used in the near-field models, for both 3DEC and BEM models (Shen
and Stephansson, 1996a, b), fracture shear displacement is limited to 1 mm, which is small
enough to be neglected. However, fracture shear displacement is proportional to the length
of a fracture. Considering longer fractures (or the possibility that short fractures connect and
coalesce due to fracture propagation and become a long fracture or even a minor fault)
would result in greater shear displacements. If the strength and stiffness of the fracture zone
are reduced, the displacements can be even greater (Hansson et al., 1995a, b). Shen and
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Stephansson (1996a, b) suggest that fracture coalescence caused by glaciation may extend
over large areas because the glaciation is a large-scale event. Large-scale fracture
propagation and coalescence can create minor faults, or can trigger movement of existing
faults.
Glaciation will close most of the joints and hence reduce the hydraulic aperture.
Reactivation of existing faults or development of new fractures are other factors which will
enhance their hydraulic conductivity.

11.2.1.4 Uncertainties
Consistency with PID FEPs and links
The near-field rock mechanical analysis considers most of the FEPs and links related to the
near-field rock Process Influence Diagram displayed in Figure 7.1.2 (IL=10) and the full PID
in enclosure. (All these FEPs and links are also associated to the Rock Mechanics Clearing
House, see Figure 2.4.5). However, some of the links are only treated qualitatively, as will
be discussed in the next section.
The near-field rock stress analysis in SITE-94 considers the impact from properties of nearfield rock (NE121), creeping of near-field rock (NE120), near-field temperature (NE45),
bentonite swelling (BE 129) as well as the far-field stress field (GE81). The analysis also
directly considers the impact on creeping of the rock mass (NE31) and enhanced near-field
rock fracturing (NE34). The SITE-94 analysis does not acknowledge the influence of
groundwater flow (NE48). Furthermore, there is no quantitative evaluation of the changes
in rock permeability due to the deformation of the rock mass.
The omission of the hydraulic coupling with rock mechanics is a limitation, as noted in
current research and development work such as the DECOVALEX study (Jing et al., 1996).
Conceptual model and parameter uncertainty
Most of the discussion on conceptual model and parameter uncertainty for the far-field rock
mechanical analysis (Section 10.2.6) is also valid for the near-field.
Clearly, the analysis is subject to significant conceptual model uncertainty. The joint system
at Aspo is not known in reality and will only be partially known even after excavation of
the test rooms. The intact rock is assumed to be linearly elastic (in BEM models) or elastoplastic (in 3DEC models) and joints are assumed to have linear stiffness and to follow
Mohr-Coulomb failure criteria.
Apart from conceptual model uncertainty, there is also parameter uncertainty owing to the
lack of measured data. Most of the mechanical properties of the intact rock and joints are
based on experience or extracted from other published data. These data have great
uncertainties when they are applied to the Aspo site. In spite of this, as Shen and
Stephansson (1996a) study some different variants (three different 3D networks, different
external stresses in the 2D model and two alternative values for the fracture toughness in
the 2D model), they are able to draw the following conclusions:
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•

When sufficient numbers of fractures are considered, different fracture network
realisations from the same fracture distribution model have minor influence on the
results.

•

Different stress states have a significant effect on fracture propagation and
coalescence. Fractures do not propagate under the in-situ stresses measured at Aspo.
However, with a variation of 50%, they can propagate during different loading
events. Fracture propagation is very sensitive to the ratio of minimum and maximum
principle stresses.

•

Fracture roughness value is another parameter controlling fracture propagation and
coalescence. The modelling results are sensitive to fracture roughness but not as
much as to the stress state.

In addition, due to code and resource limitations in the analysis, only one tunnel and one
deposition hole are considered for the near-field study. The influences from other tunnels
or deposition holes are neglected. The region analysed is relatively small, which does not
allow for long (and potentially significant) structural features to form. The far-field stresses
resulting from the large-scale features are not properly transmitted to the near-field analysis.
Instead, average stress values are used as boundary conditions. The fracture network
obtained from the hydraulic analysis is simplified. The fracture propagation analysis is only
made in two dimensions. Clearly, it is not easy to judge the effect of all these
simplifications at the present stage, but this will have to be considered in future analyses.

11.2.1.5 Conclusions
Implications for other parts of the assessment
The direct outputs from the near-field rock mechanical evaluations are stresses and
deformations of the near-field rock mass. Table 11.2.1 summarises how these results are
used in other parts of the SITE-94 assessment.
The modelling conducted by Shen and Stephansson (1996a, b) shows that both thermal
loading and glaciation may create local instability of intact rocks in the walls of the tunnel
and deposition hole, possible fracture propagation and coalescence at some locations near
major faults or fracture zones and changes of water flow pathways caused by such fracture
coalescence. The swelling pressure in the deposition hole is found to have minor effects on
the rock stability and fracture deformation.
The fracture propagation and coalescence is found to be controlled by the ratio of minor and
major principal stresses and their magnitude. A ratio less than 0.20 is the essential condition
for any fracture propagation. The 2D BEM analysis of fracture coalescence finds that an
extremely low stress ratio (less than 0.05) is unlikely to occur in the repository area and that
a stress ratio of less that 0.20 is only found in some locations. This means that tensile
fracture propagation (rock splitting) will not occur and shear failure only occurs in those
limited locations where the stress ratio is less than 0.20.
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The fractures used in the near-field modelling are of limited length (about 1 to 10 m). From
the numerical results of the near-field modelling Shen and Stephansson (1996a, b) find that
the shear displacement of these short fractures is only 1-2 mm maximum during the whole
process from excavation to glaciation. This small shear displacement will have a negligible
impact on the stability of the runnels and canister safety.
The near-field modelling shows that fractures undergo cyclic deformation of closing and
opening during the loading sequence from excavation, swelling pressure, thermal loading
and glaciation. Generally, peak thermal loading and maximum glaciation reduce the
mechanical aperture by about 0.4 mm due to the increase of fracture normal stresses (Shen
and Stephansson, 1996a). This fracture closure will reduce water inflow into the tunnel and
increase fracture shear strength, but may also increase the degree of stress concentration in
the intact rocks around the tunnels and deposition holes, which may, in turn, have a negative
impact on tunnel stability. On the other hand, during cooling of the repository and
deglaciation, intact rock contraction will cause some fractures to open again, therefore
changing the water flow pathways, reducing the shear strength of the fractures and reducing
the stress concentration degrees of the intact rock.

Table 11.2.1 Areas where the near-field rock mechanical results were used in other parts
of the SITE-94 assessment, the results used and references to relevant PID links.
Target Process

Impact for Reference
Case (thermal load)

Impact for Central
Scenario (glaciation)

PID
Link

Mechanical impact
on canister

Minor displacement

Minor displacement
Potential for large
displacement

NE123

Enhanced rock
fracturing

Local failures of rock
mass will occur

More global failures of
rock mass may occur

NE34

Properties of nearfield rock

Local permeability
changes No quantitative
estimates

Decrease during loading
- remaining effects new fracture pathways
No quantitative
estimates

NE36
NE37

Far-field stress

- not analysed

- not analysed

NE114

Implications for repository design and further work
The results from this study provide information about the near-field rock mass response to
a hypothetical nuclear waste repository in the Aspo area. The results can be improved by
further studies with more data on rock masses from Aspo and with better models which are
able to handle a large number of random fractures.
The impact of thermal loading and glaciation on the stability of the tunnels and the
deposition holes have to be evaluated using a combined consideration of water inflow,
fracture deformation/strength and strength of intact rocks. The water flow system in the
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vicinity of the repository is expected to be especially affected by thermal loading and
glaciation, due mainly to changes of fracture aperture and to changes in the connectivity of
the fracture network by fracture propagation and coalescence.

11.2.2 Hydrogeology
The details of the hydrogeological evaluation calculations are described in Section 10.3,
together with the results for the far-field. This section briefly summarises the
hydrogeological parameters estimated for the near-field rock. This division of the
presentation corresponds to different data delivery paths from the Clearing House
Hydrogeological parameters to RN-transport in the AMF (Figure 2.4.5). The results
described in this section constitute the basis for the delivery to the Canister analysis and
Near-field RN-transport Clearing Houses. However, in the hydrogeological site models, the
near-field rock is modelled as an integrated part of the far-field rock, to enable the
determination of correlations between local hydrogeological parameters on the scale of a
canister deposition hole and the effective far-field flow and transport parameters describing
transport in the geosphere.
Note that the term 'significant' is used below in the sense of significance for the overall
performance of the rock as a barrier, rather than in the sense of statistical significance for
particular parameters.
11.2.2.1 Discrete Feature Model: Reference Case Results
Introduction
Hydrogeological parameters for the near-field model, CALIBRE, are estimated by sampling
the predicted steady-state flow fields for each realisation of the Discrete Feature model, as
described in Section 10.3.4.1. The predicted near-field parameters include fracture spacing,
Snf, mean transport aperture , bnf, and near-field Darcy velocity, qnf.
Connectivity: Base Case
A minority of the canister sites die fractured (intersected by transmissive fractures), and
only a fraction of these can be described as flowing sites, in consideration of the numerical
resolution of the model (see Section 10.3.4.3). For the Base Case model, in which the nearfield rock type is considered to be Aspo granodiorite, approximately 43% of the canister
sites are fractured and only 33% are flowing sites. In the following, the results for the
Discrete Feature site model are presented in terms of the canister sites that are experiencing
flow (flowing sites). Partly because it facilitates the evaluation of different model variants
and partly because the consequence calculations are performed on a single canister basis in
SITE-94. The implication of connectivity for the results interpretation is discussed in
Section 11.2.2.4.
Spatial variability: Base Case
The distribution of near-field parameters for flowing sites in the Base Case model,
SKI0/NF0/BC0, is summarised in Table 11.2.2. The variability, vx of each parameter is
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defined in terms of the log10 difference between the 90th and 10th percentiles of the
predicted distribution, as in Section 10.3.4.3. The highest spatial variability is seen for qnf,
which varies by more than two orders of magnitude. Snf varies by about one order of
magnitude, while b^ varies by less than a factor of two. The effective far-field head gradient
Ah/L (which is actually a far-field parameter, but is obtained for all flowing sites) also
shows relatively little spatial variability.

Table 11.2.2 Summary statistics of the near-field hydrogeological parameters for flowing
canister sites, determined with the Base Case model variant of the Discrete Feature site
model.
qnf
Base Case: All flowing
Minimum
lOPercentile
Median
90th Percentile
Maximum
Variability

snf

(m/yr)
(m)
sites (33% of all canisters)
3.2xlO 6
0.28
5
9.7xlO"
0.67
2.08
1.7xlO 3
2
5.50
3.8xlO"
5.7x10'
30.85
0.91
2.59

bnf
(mm)

M/L
(rn/m)

0.40
0.58
0.65
0.75
0.99
0.11

<0.0002
0.0018
0.0024
0.0028
0.0036
0.19

Correlations: Base Case
Near-field Darcy velocity qnf shows, at best, a weak correlation to the far-field Darcy
velocity, qff and to the far-field performance measure, F-ratio, discussed in Section 10.3.
Figure 11.2.2 is a cross-plot of near-field Darcy velocity estimated for different canister
positions versus the corresponding estimates of the far-field F-ratio (a^LA^), for the Base
Case variant (SKI0/NF0/BC0/LO). Note that the plot only contains data for the connective
fraction of canister sites that produced far-field results. As can be seen from the figure, the
near-field Darcy velocity is negatively correlated with the F-ratio, indicating a lower
potential for far-field retardation if the local Darcy velocity is high. However, the
correlation is rather weak, hence a low Darcy velocity at a certain canister site does not
guarantee high retardation in the far-field. For the 'HI' far-field variant (Section 10.3),
where transport is dominated by the far-field geological structures, the far-field retardation
is essentially independent of the local near-field Darcy velocity.
A weak negative correlation is also seen between near-field Darcy velocity, qnf, and the
distance to the nearest deterministic feature, R (Figure 11.2.3). However, high near-field
fluxes do occur at sites with R>40 m from the nearest fracture zone; thus a location far from
a fracture zone does not guarantee a low near-field Darcy velocity. Recalling Section 10.3,
a similar result is obtained for the correlation between the far-field F-ratio and R.
Among near-field parameters, a weak negative correlation is seen between qnf and S nf , i.e.
higher flux values are more likely to occur in more intensely fractured intervals, where the
fracture spacing is lower. However, many well-fractured canister sites have negligible Darcy
velocities, which illustrates the importance of network connectivity effects for the near-field
at the Aspo site.
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Impact of different conceptual variants on connectivity
The only variant with a significant impact on connectivity is the lithological variant (NF1),
in which Smaland granite rather than Aspo granodiorite is assumed to be the near-field rock
type. In relation to the Base Case model, this variant gives significantly reduced percentage
(a factor of four reduction) of both fractured and flowing sites. However, when only flowing
sites are considered, the distributions of near-field parameters are quite similar in the two
cases.
Impact of conceptual variants on near-field Darcy velocity
Near-field Darcy velocity is found to be sensitive to several of the analysed model
variations, in particular variations in the transmissivity distribution parameters for the
repository-scale fracture population (Variants NFOA and NFOB), in boundary conditions
(Variant BC2), and in the overall far-field hydrogeological conceptual model (Variant
SKBO). Each of these variants produces a significant (order of magnitude) increase in
median q^ relative to the Base Case. Figure 11.2.4 illustrates the predicted near-field Darcy
velocity distributions (flowing canister sites) for the Base Case and the NFOB and SKBO
variants.
None of the variants has a significant effect on the degree of spatial variability for qnf, apart
from the connectivity effect mentioned above. Introduction of the Disturbed-Rock Zone
(Variants DZ0-DZ3) in the model has only minor effects on near-field fluxes.
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Figure 11.2.2 Scatter plot of near-field Darcy velocity estimated for different canister
positions versus the corresponding estimates of far-field F-ratio (a^>dJqff) for the Base
Case variant of the Discrete Feature site model (SKI0/NF0/BC0/LO). Note that the plot
only contains data for the connective fraction (-10%) of canister sites.
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Figure 11.2.3 Scatter plot of near-field Darcy velocity, qnj> estimated for different canister
positions versus the distance to the nearest deterministic fracture zone, for the Base Case
variant of the Discrete Feature site model (SKI0/NF0/BC0).
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Figure 11.2.4 Discrete Feature model results: cumulative distributions of near-field Darcy
velocity predicted by the Base Case variant and the two model variants that produced the
highest Darcy velocities (SKI0/NF0B/BC0 and SKB0/NF0/BC0).
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Impact of conceptual variants on fracture spacing
Fracture spacing is not affected by most of the variations considered, with the exception of
the lithological variant, NFL The main effect of this variant is a decrease in the number of
fractured sites. However, when only the flowing sites are considered, the distribution of
fracture spacing is quite similar between lithological variants.
Impact of conceptual variants on near-field transport aperture
Fracture transport aperture estimates from the Discrete Feature model are quite consistent
between variants, due to the fact that all variants use the same relationship between fracture
transmissivity and transport aperture, except the variant NFOC which specifically considers
a uniform, order of magnitude increase in fracture transport apertures.
Summary: effects of variants
In summary, Darcy velocity qnf is predicted to be the most sensitive of the near-field
parameters, with respect to the uncertainties which have been considered for the Discrete
Feature model. Key factors are:
•

the influence of lithology on the connectivity of canister sites to the far-field,

•

the effect of the fracture transmissivity distribution on fluxes through connected sites.

Near-field fluxes are also influenced by a few of the variations with respect to the far-field
hydrogeological model, but are not significantly affected in most cases.
It should be noted that uncertainty regarding conceptual models for the detailed pore
geometry within the near-field fracture network is not investigated with the Discrete Feature
model in SITE-94. More heterogeneous conceptual models for pore geometry could be
expected to yield greater variability of bnf and q^.
11.2.2.2 Stochastic Continuum Model: Reference Case Results
Introduction
The Stochastic Continuum site model is only used to provide estimates of Darcy velocity,
qnf, for the near-field rock. For each realisation of the hydraulic conductivity field, Darcy
velocity is evaluated for a large number of uniformly distributed 'canister' positions
(approximately 600) at repository depth. Because the model does not explicitly represent
the location and geometry of the site-scale fracture zones used to define the lateral
boundaries of the hypothetical repository, the selected canister positions are not confined
to a particular region in the repository horizon.
Connectivity
As noted above, connectivity is universal in the Stochastic Continuum model which implies
that all canister sites are connected to flow. The distributions of near-field Darcy velocity
presented below thus represent all of the canister positions evaluated, and are thus not
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directly comparable to the corresponding plots for the Discrete Feature site model that are
based on a limited fraction of flowing canister sites.
Spatial variability: Base Case
The estimated spatial variability of q^ for the Base Case of the Stochastic Continuum model
is about 2 orders of magnitude, expressed as the log10 difference between the 90th and 10th
percentiles of the velocity distribution. The corresponding variability associated with
flowing sites for the Base Case of the Discrete Feature model (for the 33% flowing canister
sites) is about 2.6 orders of magnitude (Figure 10.3.20). The median of the predicted nearfield Darcy velocity distribution is about 10"4 m/year compared to 10'3 m/year for the
Discrete Feature model.
Correlations: Base Case
As in the Discrete Feature model, a weak positive correlation is found between the nearfield and far-field Darcy velocities. The far-field residence times are, however, essentially
independent of local hydraulic conductivity of the rock at the source canister. In other
words, a small, local hydraulic conductivity at the radionuclide release site does not ensure
that the mean residence time for transport is long, over the 500 m transport distance to the
biosphere. These results are to be expected in a continuum model where connectivity is
universal. Over large transport distances, the hydraulic conductivity along the pathway will
be averaged out so that the local hydraulic conductivity at a particular point, even if an
extreme value, will play an insignificant role.
Impact of conceptual variants on near-field Darcy velocity
Table 10.3.5 contains summary statistics of q^for all of the analysed variants (Table 10.3.4)
of the Stochastic Continuum site model. Figure 11.2.5 illustrates the cumulative
distributions of q^ for the Base Case and some of the conceptual variants. As can be seen,
the calculated near-field Darcy velocity distributions are very similar, both in terms of mean
values and variability. The only exception is the variant with rather extreme assumptions
on correlation (LNG-DIP80) that results in a wider distribution.
These results indicate that the predictions of near-field Darcy velocity are rather insensitive
to the details within the Stochastic Continuum model, be it correlation structure or details
of the point hydraulic conductivity distribution. This is an important difference between the
Stochastic Continuum and Discrete Feature site models.
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Figure 11.2.5 Stochastic Continuum model results: cumulative distributions of near-field
Darcy velocity for the Base Case and some of the conceptual model variants.

11.2.2.3 Central Scenario Results
The impact of the climate evolution scenario on site hydrogeology is analysed with transient
large-scale hydrogeological models, described in Section 10.3.7. As a complement, the
Discrete Feature model is employed for a detailed site-scale analysis of groundwater flow
during a situation of glacial advance and a situation of glacial retreat, respectively (see
Section 10.3.8). The main impact on the near-field hydrogeology, for both situations, is an
order of magnitude increase of the median Darcy velocity (~102 m/year) compared to the
Base Case variant of the Reference Case (~103 m/year). This increase corresponds directly
to the increase in hydraulic head gradients. The variability of the near-field Darcy velocities
are not affected.When judging these results, it should be noted that hydro-mechanical
effects associated with the ice load that could potentially affect the distribution of hydraulic
conductivities in the near-field rock, are not considered in the Discrete Feature model.
However, as noted in Section 10.3.7, dramatic changes of the calculated flow magnitudes
would require a combination of several extreme events, for example large block movements
in the rock in combination with exceptional hydraulic heads associated with an ice dammed
lake.
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11.2.2.4 Conclusions and Implications for Other Parts of the Assessment
Main results
The variants of the Discrete Feature model predict overall higher near-field Darcy velocities
for the flowing canister sites (median values ranging from 5X10"4 m/year to 2xlO"2 m/year)
compared to the Stochastic Continuum model (median values from 4xlO'5 m/year to
lxlO"4 m/year). However, both models consistently predict a large spatial variability of the
near-field Darcy velocities: 2 to 3 orders of magnitude in terms of the log10 difference
between the 90th and 10th percentiles of the near-field Darcy velocity distribution for
flowing canister sites. This result is a strong indication that the high spatial variability is a
property of the site rather than an uncertainty. Thus, the two different conceptual models
predict that the small-scale spatial variability in, e.g. hydraulic conductivity, is propagated
to produce variability in site-scale radionuclide transport parameters.
The above comparison between the Discrete Feature and Stochastic Continuum models is
based on flowing canister sites, thus hiding an important difference between the site models,
namely the fact that only a fraction of the canister sites are hydraulically connected to flow
in the Discrete Feature site model (-33% flowing canisters). Figure 11.2.6 shows the
predicted cumulative distributions of near-field Darcy velocity for all canister sites for the
Base Case variant of both site models. As can be seen from the figure, the Discrete Feature
model in this case predicts a significantly wider velocity distribution with a very low
median Darcy velocity (below the numerical resolution of the Discrete Feature model).
These differences, which reflect differences in connectivity properties, must be taken into
account when assessing the performance of a full scale repository (multiple canister
failures).
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Figure 11.2.6 Cumulative distributions of near-field Darcy velocity for all canister sites
for the Base Case variants of the Discrete Feature and Stochastic Continuum site models.
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Applicability of the Reference Case results for the Central Scenario
The only impact of the Central Scenario on the near-field Darcy velocities is an order of
magnitude shift of the flow distribution towards higher velocities. The results on spatial
variability for the Reference Case are thus also applicable for the Central Scenario, with
reservation for potential T-H-M-C effects that are not considered in the hydrogeological
models (see discussion in Section 10.3.9).
Uncertainties
As noted in Section 10.3 (Figure 10.3.20) the combined uncertainty plus variability range
of the near-field Darcy velocities, associated with the detailed site models, is as great as that
determined by the simple 'back-of-the-envelope' calculations of groundwater flow.
However, in the detailed models part of the uncertainty has been transferred into spatial
variability. Further reduction of the uncertainty is thus a question of model discrimination
(i.e. to be able to rank the validity of the tested conceptual site models and their variants)
but high spatial variability appears to be an intrinsic property of the site.
Although the predicted variability of flow for flowing canister sites is similar in both site
models, there are significant differences in the predicted connectivity properties in the nearfield rock. These differences reflect conceptual differences in the two modelling approaches
rather than data uncertainties. The integrated analysis of hydrogeological borehole data
described in Section 7.3.6 indicates a high degree of non-uniformity and the discrete nature
of flow, which are more consistent with the Discrete Feature modelling results. The
Stochastic Continuum model encompasses a wide distribution of hydraulic conductivities,
but does not account for the fact that some deposition holes may be located in unfractured
rock with no (or extremely small) Darcy velocities.
Implications for other parts of the assessment
The predictions of near-field hydrogeology provide the basis for defining hydrogeological
parameter variants for the radionuclide release calculations, as described in Section 15.2.1.
The weak correlations found between the near-field and far-field hydrogeological
parameters imply that the parameter variants for the near-field and far-field cannot be
treated as completely independent. However, restrictions on which near-field parameters
can be combined with a given set of far-field parameters are relatively small.

11.2.3 Chemical Conditions and Perturbations
This section discusses the chemical conditions in the near-field rock and perturbations of
these conditions as a consequence of the existence of the repository and of changes
considered in the Central Scenario. These conditions also correspond to some of the
evaluations necessary within the Clearing House Geochemical parameters to RN-transport
in the AMF (Figure 2.4.5). The results described in this section constitute part of the basis
for the delivery to the Canister analysis and Near-field RN-transport Clearing Houses,
mainly discussed in Chapter 15.
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11.2.3.1 Effects of Aeration and Other Phenomena During the Operational Phase
Regions of the host rock will be in continuous contact with air during the construction and
much of the operational phase of the repository, because ventilation and drainage will be
needed to sustain viable working conditions underground. Natural gases, such as Rn,
CH4(g) and H2(g), will have to be removed from underground workings, as will gases
generated by blasting or exhausted from drilling and excavation equipment. Excess water
entering excavations will be pumped to the surface.
Oxygen may diffuse into partially-drained regions of the host rock under such conditions
and this would promote oxidation of Fe(II) minerals such as pyrite and ferrous silicates
(McKinley, 1985). The development of partially-saturated conditions in the host rock is
difficult to evaluate quantitatively but estimates for the case of crystalline host rocks suggest
that such conditions could be generated near borehole surfaces (Winberg, 1991). Oxidation
reactions could generate acidic solutions and cause hydrous ferric oxide or other Fe(III)
minerals (e.g., jarosite), to precipitate. Hydrolysis of aluminosilicate minerals and
carbonates would minimise the overall amount of acid generated, but if such reactions were
to occur for extended periods of time the porosity and permeability of the host rock could
be altered.
Changes in hydrogeological conditions and groundwater chemistry may also result from
perturbations in fluid pressure (NEA, 1993). The hydraulic pressure within excavations will
be roughly equal to that at the Earth's surface (c. 0.1 MPa), whereas fluid pressures outward
into the host rock would eventually approach hydrostatic conditions (c. 5 MPa at 500 m
depth). A range of transitional pressures could therefore exist between the excavations and
unperturbed regions of the host rock. Groundwater will flow towards regions of reduced
pressure and dissolved gases will exsolve as the lower pressures are encountered.
Exsolution of volatile, weak electrolytes (e.g. CO2(g) and H2S(g)) could increase pH,
possibly by as much as several pH units (Arthur and Murphy, 1989). Increasing pH would
induce heterogeneous reactions (Winberg, 1991) that could alter the porosity and permeability of the host rock. Larger volumes of the host rock could experience the effects of
depressurisation than would be affected by O2(g) diffusion.
Repository construction and operation could also introduce exotic materials to the natural
environment. Blasting gases could, for example, permeate the host rock and locally enrich
groundwaters in nitrate/nitrite. Human activity will inevitably introduce bacteria and other
micro-organisms underground. The longevity of microbial populations following closure
of the repository may be short, however, because their viability would be limited by the
availability of nutrients.
Many of these effects will be transient in nature. Some chemicals introduced or found
during construction and the operational phase are soluble and thus will be removed as
groundwater resaturates the repository. Others are present naturally and will not change
geochemical conditions significantly. Residual amounts of oxygen and other reactive gases
remaining in the repository after closure will eventually be consumed by reactions with
host-rock minerals or the Engineered Barriers.
Many of these early chemical disturbances will probably have little effect on the long-term
function of the host rock in providing a stable physical and geochemical environment
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enveloping the repository. The extent of host-rock oxidation caused by O2(g) diffusion and
possible mineralogical changes accompanying groundwater depressurisation may, however,
require further analysis because these phenomena could affect long-term redox conditions
and groundwater flow patterns in localised regions near the repository. A potential open
question in this regard concerns whether reactions generating such changes are reversible
(NEA, 1993). The possible effect of remaining oxygen on canister corrosion is considered
in Section 11.5.3.

11.2.3.2 Thermochemical Effects
The heat dissipation from spent fuel causes a significant increase in temperature lasting for
many thousands of years. According to the KBS-3 concept, the maximum temperature at
the canister surface of 80°C will be reached within a hundred years after disposal. The use
in SITE-94 of the work by Tarandi (1983) is discussed in Section 8.5, and Table 8.5.1 gives
the temperatures within the Engineered Barriers as a function of time after disposal.
It is evident from Table 8.5.1 that the initial temperature gradient across the buffer
(0.375 m) declines relatively 'quickly'; after a few thousand years, it decreases to values in
the order of a few °C and less. After 1000 years, the average temperature within the
repository will be only a few degrees below the temperature at the canister surface. The
maximum gradient outside the repository will be less than 0.1 °C/m after a few thousand
years (Tarandi, 1983). This will clearly be influenced by changes in ambient temperature
in the rock, as discussed for the circumstances of permafrost in the Central Scenario (see
Section 10.2).
Equilibria which may be influenced by an increase in rock temperature include:
•

A decrease of calcite solubility, which may cause a net deposition of calcite in the
near-field, possibly leading to decreased fracture transmissivity and water flow;
however, it is conservative to assume that the overall transmissivity is not affected.

•

An increase of silicate solubility, which might give rise to a slight increase of rock
porosity, but probably more than counteracted by the effects of calcite deposition.

For the reasons given above, in SITE-94 these thermochemical effects on the host rock are
neglected.

11.2.3.3 Effects from Long-Term Alteration of the Engineered Barriers
Dissolved species and reaction products from alteration of the Engineered Barriers might
significantly change the chemical conditions in the host rock. A more detailed account of
such phenomena was presented in SKI Project-90 (SKI, 1991) and no new work is
undertaken in SITE-94. Examples of relevant processes are:
•

Release of impurities in the bentonite comprising buffer and backfill: sulphide,
sulphate, carbonate and organic materials. The latter is considered to be a minor
problem since the clay acts as an effective 'filter' for passage of large molecules
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(such as humic substances, colloids and microbes). The inorganic components occur
naturally and would have generally the most significant impact on the canister and
spent fuel.
•

In theory, bentonite may form colloidal dispersions when in contact with pure water,
or water with extremely low salinity. If such conditions should ever occur, they
would most probably be of a transient nature, e.g. in connection with glaciations (see
Sections 10.3.7 and 10.3.8).

•

Corrosion of the metal components, notably the copper canister, will release heavy
metals, toxic in the conventional sense. However, the solubility of copper in the
repository environment is extremely low and cannot add to the hazards of the
repository more than would a natural orebody of copper minerals.

•

Concrete will most probably be used as a material for injection, rock reinforcement
and other construction in the repository (see Section 8.4). The reactive components
calcium and hydroxide will eventually be leached out and then be able to react with
rock minerals to form laumontite. Bentonite might react to form zeolites such as
analcime (Bolt, 1982). From a chemical point of view these reactions are not
unfavourable, since such minerals are good sorbents for radionuclides. However,
alkaline attack on clay minerals can lead to loss of their plasticity (Pusch and
Karnland, 1988) which could affect the effectiveness of the bentonite buffer as a
diffusion barrier.

None of these processes are addressed quantitatively in SITE-94.

11.2.3.4 Possible Future Changes in Chemical Conditions of the Rock
The host rock should provide a stable geochemical environment for the repository, whose
evolution can be predicted in terms of probable ranges in the values of parameters that
affect the performance of the Engineered Barriers. Accurate prediction of possible future
changes in host-rock geochemistry may not be possible, however, because:
•

it is extremely difficult to characterise heterogeneities in host rock properties
controlling groundwater flow and mixing processes that could affect mineral-water
equilibria,

•

rates and mechanisms of many heterogeneous and homogeneous reactions are
unknown, particularly over the range of temperatures and groundwater compositions
that could be of importance,

•

physical processes, including possible future changes in the character of atmospheric
deposition, temperature variations, and the effects of glaciation, are difficult to
quantify (e.g. SKI, 1991).

Despite these difficulties, in a Performance Assessment it is necessary to account for
possible future changes in geochemical conditions in the host rock.

418
In SITE-94 it is assumed that the evolution in site conditions would produce variations in
mineralogy and groundwater chemistry similar to those presently observed at Aspo. This
implies that the physical and chemical processes occurring in the future will be the same as
those that have occurred in the past. This is a reasonable assumption for natural phenomena
such as glaciation and water-rock interaction, but it may be questionable for human-induced
effects (e.g. acid rain, global warming or intrusion into the repository by people in the
future).
The range in groundwater compositions observed at Aspo (Section 7.4.3) is therefore
evaluated to define bounding estimates of initial chemical conditions in groundwaters that
could come into contact with the repository. The selected groundwaters are discussed in
Section 10.4, where a reference composition (Zero Variant), as well as low-salinity and
high-salinity variants are defined.
An important objective in SITE-94 is to determine how natural variations in site
groundwater chemistry can best be assimilated into the Performance Assessment process
and to evaluate how associated uncertainties could influence Performance Assessment
results. The chemical evolution of the near-field is approximated in SITE-94 in terms of
limiting conditions at equilibrium, or steady state, in three closed systems representing fully
saturated bentonite, iron corrosion products of the canister and spent fuel. The model is a
reaction-path model contacting a reference amount of site groundwater with bentonite,
canister corrosion products and spent fuel, one after the other. The model is presented in
Section 11.3.3.2 and 12.2, and described in full in Arthur and Apted (1996a, b).

11.3

THE BUFFER

This section discusses the chemical and mechanical stability of the buffer, although the
ambition level in this discussion is low compared to what should be expected in a
Performance Assessment being part of a license application. The radionuclide transport
properties of the buffer are discussed in Section 8.3 and the sorption properties are
discussed in Section 12.4. These discussions correspond to some of the evaluations
necessary within the Clearing House Buffer and backfill analysis in the AMF (Figure 2.4.5).
The results described in this section constitute part of the basis for the delivery to the
Canister analysis and Near-field RN-transport Clearing Houses, mainly discussed in
Chapter 15.

11.3.1 Introductory Remarks
The mechanical and chemical stability of the buffer is important because of its ability to
limit groundwater flow and radionuclide transport and to provide a stable and beneficial
chemical environment, as well as a physical protection for the embedded waste packages.
In a full Performance Assessment, the following issues would have to be addressed with
respect to alterations of the buffer materials and the possible subsequent change or
deterioration of safety-related functions:
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1.

The initial state of the buffer (mechanical and physico-chemical properties, including
redox buffering capacity and their variations), which includes consideration of QA
in pretreatment of materials and during emplacement. Some of these aspects have
already been covered in Section 8.3.

2.

Consideration of phenomena that might occur during both the operational phase and
the resaturation phase, i.e. after sealing the repository and during ingress of
groundwater into the (at least partially) dried out and hot components of the
repository.
Mechanical effects on of the buffer due to the behaviour of the surrounding media,
host rock and canister. The fact that mechanical properties of the buffer are
determined by its evolving mineralogical and chemical condition must be considered.

3.

4.

Alteration of chemical conditions in the buffer (e.g. porewater chemistry, mineralogy,
redox state, etc.) as a possible consequence of chemical interactions with
groundwater components, reactions with corrosion and radiolysis products and the
effect of temperature on such reactions.

5.

Effects on the physico-chemical properties, e.g. swelling ability, plasticity (rheology),
porosity, diffusivity, sorptivity and hydraulic conductivity of the clay as a result of
mineral alteration, variation in salinity and mechanical behaviour of adjoining
barriers (rock and canister).

6.

Behaviour during and after disruptive events (e.g. mechanical and thermomechanical
effects) in the repository for different timeframes. Effects of gas transport through the
buffer also belong to this category.

It should be recognised that many of the processes mentioned above may need to be
considered in combination.
For SITE-94, independent work has only been performed on the fourth item listed above.
However, mechanical degradation of the buffer is also discussed separately in this section
due to its importance in the evaluation of some scenarios.

11.3.2 Mechanical Stability
The bentonite intended for use as a buffer has a high potential for water uptake and
swelling. Thus, it tends to fill fractures that intersect the deposition holes. When subjected
to rock movement, its plasticity and swelling ability, in combination, act to prevent the
formation of voids and volumes with increased hydraulic conductivity.
Thus, the most important mechanical properties are the ability of the buffer to keep the
canister in place and to accommodate rock deformation such as dilation and shearing of
joints so that open fractures are not propagated into the canister surface. The buffer material
should, therefore, have a suitable plasticity (related to mineralogy, density, etc.) to allow it
to seal off fractures crossing the deposition hole.
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It is hard to imagine a purely mechanical process that could remove or severely degrade the
buffer in these respects. Anticipated rock movements along fractures are of a magnitude
(mm - cm) that should only disturb the buffer temporarily (Section 11.2.1). However,
fractures along a deposition hole may affect the buffer if fracture widths significantly
greater than 0.1 mm are common. The bentonite can then swell out into the fractures
causing a decrease in density. A similar effect has been suggested as a result of voids in the
KBS-3 lead-filled canister. This is now believed to be a minor problem for present designs
of the canister which have an inner steel structure that will not yield to the external pressure
(hydrostatic plus bentonite swelling pressure is about 15 MPa, but may exceed 30 MPa
during glaciations; Section 11.5.2.1). After failure of the steel construction, however, any
inner void volume will be available for swelling of bentonite, unless the corrosion products
of iron give rise to an increase in volume of about the same extent. Such a volume
expansion due to corrosion products must not, however, increase the compaction and the
back-pressure of the buffer to levels that might endanger the surrounding host-rock.
It is evident that more careful analysis of the mechanical processes influencing buffer
functions will be necessary when the design of the canister is finalised.
The mechanical properties of the buffer after chemical degradation are unclear. This is also
true for degradation due to a combined chemical and mechanical attack on the buffer. An
example of the latter is piping, which might occur as a result of gas transport through the
buffer (Tsang and Mangold, 1984).

11.3.3 Chemical Alterations and Conditions
11.3.3.1 General
The buffer material will undergo chemical reactions, either between components initially
present, or with reactants transported from the host rock or from the waste package. These
reactions may cause changes in the ability of the buffer to fulfill its functions as a barrier.
In addition, the chemical conditions in the buffer will govern the behaviour of radionuclides
diffusing through it after canister failure. An attempt to simulate these conditions is
described in the next section.
In the relatively calcium-rich Aspo groundwaters, the most obvious alteration of the buffer
material would probably be ion exchange of sodium for calcium. This process results in
some loss of plasticity and of swelling ability, although the latter may be a minor problem
for highly compacted bentonite. Results from coupled modelling of ion exchange and
transport of calcium are available (Jacobson and Camahan, 1988) as well as from modelling
based on a mixing tank concept (Wieland et al., 1994), but they are not conclusive on the
time scale of this alteration process. Such results are not generic, since initial conditions in
the actual buffer and site-specific groundwater compositions must be employed in the
calculations.
The high initial temperature in the vicinity of the canister might lead to dissolution of silica
from the laminar layers of the montmorillonite structure and replacement of silicon by
aluminum, e.g. from the clay plate edges (see, e.g., Pusch and Karnland, 1988). The silica
is precipitated at the edges, leading to a decrease in plate mobility and subsequent loss of
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plasticity (so-called cementation). The aluminium-substituted montmorillonite, i.e.
beidellite, may transform into Mite, when sodium ions in the interlaminar layers are
exchanged for potassium. Ulitisation means a collapse of the interlaminar layers, with the
result that the swelling ability of the clay is lost. Both beidellite and illite may be present
initially in bentonite in significant amounts.
According to present understanding, alteration due to illitisation will be small, even after
100 000 years (Pusch, 1995). Temperatures elevated enough to be of importance are of
comparatively short duration, about 5000 to 10 000 years (Section 8.5). In addition, the ion
exchange takes place in an environment dominated by sodium and calcium ions and with
low potassium concentrations.

11.3.3.2 Chemical Conditions in the Porewater
A change in buffer porewater chemistry starts when the bentonite is initially contacted with
groundwater. It might also occur later, in connection with transport of reactants and reaction
products after canister failure. Chemical gradients will develop and might influence the
behaviour of radionuclides when they diffuse through the buffer. Thus, the chemistry
observed under non-evolving conditions may not be relevant. Full coupling of chemistry
and transport in modelling will be difficult, however. In the following, a semi-quantitative
attempt to determine possible changes in the porewater chemistry is described.
The chemical evolution of the near-field was modelled in terms of limiting conditions at
equilibrium (or steady state) in three closed systems representing bentonite, iron corrosion
products of the canister, and spent fuel. Groundwater (Sections 10.4 and 11.2.3.4) was
assumed to equilibrate first with bentonite, then with the canister corrosion products
(Section 11.5.4) and, finally, with spent fuel (Section 11.8). The bentonite model and
calculated results are summarised in this section and are described further by Arthur and
Apted (1995a, b). Background information on bentonite composition is provided in
Section 8.3.
A reaction-path model was used to simulate bentonite-water interactions and resultant
porewater compositions at equilibrium. Such models enable calculation of variations in
mineral abundances and aqueous solution compositions resulting from the cumulative
effects of reversible and irreversible reactions. Each reaction contributes to progress in
advancing the system from initial, non-equilibrium conditions to a final state of overall
equilibrium. The theoretical foundations of reaction-path modelling are described by
Helgeson (1968). A reaction-path model in version 7.2 of the EQ3/6 geochemical software
package (Wolery, 1992) was used in SITE-94.
Initial conditions that must be specified in such models include the temperature, solution
chemistry and mineralogy. Because a key objective of SITE-94 is to evaluate how
uncertainties inherent in site properties could influence Performance Assessment results,
three groundwaters representing the range in groundwater compositions observed at the
Aspo HRL were considered. Bentonite mineralogy was assumed to be similar to that of
MX-80 bentonite according to Table 8.3.1. Smectite was modelled as an ideal solid solution
of Na, K, Ca, and Mg -montmorillonite, -nontronite, and -beidellite end members, initially
with 69 mol% Na-montmorillonite, 23 mol% Ca-montmorillonite, 6 mol% Mg-mont-
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morillonite, 1 mol% K-montmorillonite and 0.125 mol% each of the other components. An
initial porosity of 30% was assumed.
Bentonite-water interactions at 15°C and/or 80°C were simulated for each of the initial
groundwater compositions. It was assumed that redox conditions were controlled by these
interactions. An alternative constraint of fixed O2(g) partial pressure (= 0.2 bar assumed for
conservative, strongly oxidising conditions) was also adopted in some cases, in order to
simulate conditions that could be generated by alpha radiolysis, or by contact of the buffer
with oxidising groundwaters. These temperatures, initial groundwater compositions and
redox constraints represent conditions that could be generated in the Reference Case or
Central Scenario. Seven conceptual models of near-field evolution were defined accordingly
(Section 12.2.3) and radionuclide solubilities in the corresponding equilibrated solutions
(Section 12.3) were used in the consequence calculations (Chapter 16).
Some results of the calculations are presented in Chapter 12 and are discussed further by
Arthur and Apted (1995a, b). The general conclusions from these results, mainly with
respect to the effects of uncertainties inherent in site properties (groundwater chemistry) on
Performance Assessment results (radionuclide speciation-solubility behaviour), are
summarised in the following paragraphs. It should be emphasised, however, that these
conclusions are preliminary and are based on very limited analyses. Moreover, several
alternative conceptual models to that adopted in SITE-94 have been proposed (e.g., Wanner,
1987; Meunier et al., 1992; Arthur et al., 1993), but cross-comparison of the models was
not attempted, as this is beyond the scope of SITE-94.
The results suggest that bentonite-water interactions will buffer the aqueous solution
parameters that control radionuclide speciation-solubility behaviour. For example, Eh and
pH are buffered to relatively alkaline and reducing values (e.g., pH: 7.7 to 9.3; Eh: -0.25 to
-0.33 V) compared to the Eh-pH range of the initial groundwaters (see e.g. Table 12.3.1).
Pyrite oxidation lowers pH to 3.5 under oxidising conditions, but subsequent hydrolysis of
the smectite clays and calcite raises the final, equilibrium pH to the mildly alkaline range.
Such buffering could be important because the redox potential and pH dominate the
aqueous speciation and solubility behaviour of most of the radionuclides released from
spent fuel, and because radionuclide solubilities are often minimised under alkaline and
reducing conditions (Section 12.3). These results support the approach in the Swiss, Finnish
and Japanese HLW programmes, in which radionuclide solubilities are evaluated in relation
to evolved bentonite porewater compositions. The rationale for this approach is that such
solutions are better defined and are more likely to be time-invariant than are solutions
coexisting with other components of the Engineered Barrier System and near-field host rock
(McKinley and Savage, 1994).
The results also suggest that bentonite-water interactions could control the concentrations
of anions that form complexes with several radionuclides. The calculations indicate that
incorporation of Ca2+ in smectite and solubility equilibrium with calcite, for example, will
effectively limit dissolved carbonate concentrations. These reactions increase carbonate
concentrations in the near-field by approximately one order of magnitude under both
reducing and oxidising conditions and at 80°C as well as 15°C, compared to initial
concentrations in the reference, saline and dilute groundwaters. Carbonate complexes make
up greater than 10% of Pu and U concentrations under oxidising conditions. Such
complexes also dominate Am speciation (Section 12.3).
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Dissolved sulphate concentrations are predicted to increase by up to several orders of
magnitude under oxidising conditions, as the trace amounts of pyrite in bentonite are
oxidised. Sulphate complexes of Ni2+, Si"2* and Am3+ are important under such conditions
(Section 12.3). Differences in salinity among the groundwaters appear to have little effect
on calculated bentonite-water interactions. Chloride concentrations are unaffected by
reactions in bentonite. Similarly, the results suggest that F and PO43" concentrations will be
limited by the relatively high Ca2+ concentrations and solubility control by fluorapatite,
Ca5(PO4)3F.

11.3.4 Possible Future Changes in Buffer Properties - Implications
for Other Parts of the Assessment
Ideally, changes and degradation of buffer properties should be described as functions of
time and, for a range of cases, covering uncertainties in data and models, as well as the
variability in geochemical conditions. However, no attempt to reach this goal was made
within the scope of SITE-94. Instead, calculations have been performed to illustrate the
effects of what is believed to be a worst case of buffer degradation.
Loss in plasticity and swelling ability are the major threats to the barrier functions of the
buffer. Even after such a transformation the material will still be present, but will be more
similar in properties to a fractured hard rock than a clay. This situation would be the same
as if the canister had been put in a deposition hole without buffer and in direct contact with
the rock. This an example of a scenario with extreme buffer degradation. For the results of
this evaluation, see Chapter 16.
Oxidation of the buffer due to radiolysis is described further in Section 11.7.

11.4

BACKFILLS AND SEALS

The long-term evolution of the drift backfill, drift and shaft seals, and any localised zones
of grouted rock may affect both the flux and the composition of groundwaters in the
Engineered Barrier System.
No new work is carried out in this area in SITE-94 and this section simply provides a
compilation of potentially significant issues that would need to be considered in a full safety
assessment. The issues are divided between those concerning the backfill and seals, and
those concerning grouted rock.

11.4.1 Evolution of Backfill and Seals
Degradation and possible complete or partial loss of function of backfill and seals may
occur as a result of a number of processes. The main impact on repository performance is
considered to be on groundwater fluxes in the vicinity of deposition holes, as a result of
enhancements in transmissivity of drifts and shafts, predominantly at the seal-backfill
interface with the rock. This 'short-circuiting' of flow through the rock may have the added

424
effect of allowing waters of different composition to move more easily and quickly to
repository depths. Topics that will eventually need review and consideration include:
•

possible displacement of the buffer-backfill interface (at the top of deposition holes)
caused by the higher swelling pressure of the highly compacted bentonite buffer
which may, in turn, lead to reduction in buffer density and performance as a diffusion
barrier,

•

localised variations in groundwater flux within backfilled shafts and drifts and in
surrounding rock resulting from anticipated heterogeneities in emplaced backfill and
seals (including potential for channelling),

•

long-term degradation of hydraulic properties in clay-containing backfill arising from
chemical interactions with cement-based grouts,

•

erosion of seals (particularly in the upper regions of shafts) because of possible high
hydraulic gradients and groundwater flow rates (e.g. resulting from ice loading),

•

possible disruption and loss of physical integrity of backfill and seals by rock
displacements and permafrost as a result of climate change,

•

field-scale confirmation of the performance of backfills and seals, both as emplaced
and after a period of saturation.

11.4.2 Evolution of Grouted Rock
The long-term chemical stability of high-performance, cement-based grouts remains to be
established. The impact on stability of the addition of performance enhancing agents such
as superplasticiser and pozzolanic material (finely divided particulates and amorphous
silica) needs to be considered. While natural and archaeological analogues to the
environmental stability of normal cements and concretes (or their constituent phases) can
be useful, confirmation of the chemical stability of these high-performance grouts needs to
be established more directly.
In addition to its own stability, the long-term chemical compatibility of cement-based grouts
with granitic host rock and clay-based backfill and buffers must be considered. Highly
alkaline groundwater, generated by reaction with cements in grouted rock zones, may lead
to rapid mineralogical alteration of the granite or backfill. Conversely, groundwaters
buffered by granitic minerals may react with the phases of the cement. The compositional
gradients between these dissimilar materials are likely to sustain chemical reactions, and the
possible degradation of physical and chemical properties of rock, buffer/backfill materials
and cement-based grouts over a long time period needs to be explored.
One aspect of the study of grouted rock interaction with Engineered Barriers would need
to be the potential region of influence. This may be restricted to zones where grout is
actually in direct contact with other Engineered Barriers or there may be a potential for
small localised, high-pH plumes around intensively grouted volumes of rock. The potential
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significance of such interactions on actual repository performance may be small, but this
needs to be established by scoping studies.
This is an important issue in terms of design and construction flexibility since, if such
interactions can be demonstrated to be of little significance to overall system performance,
the volume of potentially useable rock at a site (after allowing engineering of weak or
flowing zones using grouts and concretes) might be extended.

11.5

THE CANISTER

This section discusses the stability of the canister and thus correspond to the Clearing House
Canister Analysis in the AMF (Figure 2.4.5). The discussion builds on information provided
in previous sections. The design of the canister is described in Section 5.4.1 and the
construction, manufacture, sealing and testing of the canister, in Section 8.2.3. The
mechanical and chemical properties are described in Sections 8.2.4 and 8.2.5, respectively.

11.5.1 Introduction
As discussed earlier, technical development work of the canister is in progress (1996) in a
number of crucial areas, e.g.:
•
•
•
•

full scale test of manufacturing and sealing of canisters,
testing for identification of defects,
modelling of localised corrosion,
evolution of the chemical and mechanical load environment.

Therefore, it is at present not reasonable, or even possible to derive estimates of the canister
failure rates at different times after closure of the repository.
However, for the purposes of SITE-94 it is still pertinent to discuss conceivable
mechanisms for canister deterioration and to use this discussion as a basis for postulating
failure rates for use in the subsequent analyses. It is intended that these postulates should
fall withing a credible range, although they may be considered realistic, pessimistic or even
highly pessimistic. As mentioned earlier (Section 8.1.2), it should be borne in mind that any
potential weakness identified as a basis for canister failure might yet be overcome or
circumvented by the industry as a result of the ongoing R&D work.
On a general, qualitative sense all high importance canister related FEPs and influences in
the SITE-94 Process Influence Diagram are assessed. However, on account of the
qualitative treatment of the canister in SITE-94, it is not considered appropriate to relate the
analyses to specific FEPs and links in the PID.
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11.5.2 Mechanical Integrity
The canister will have to be designed and manufactured to withstand the mechanical forces
encountered during transportation and handling as well as in the repository after closure (cf.
Section 8.2.3). For the purposes of S1TE-94, only the function in the repository after closure
is considered.

11.5.2.1 Evolution of the Mechanical Loads
The hydrogeological and rock mechanical analyses described in Section 11.2, and the
evaluation of the buffer in Section 11.3, provide estimates of the uniform mechanical loads
on the canister, for both the Reference Case and the Central Scenario.
Reference Case loads
As water enters the bentonite during resaturation, the bentonite swells and exerts a pressure
onto the canister, as described in Section 11.3. This pressure can be expected to be mainly
isostatic. SITE-94 makes no calculations on the degree of non-uniformity of the pressure
in the bentonite. It is conceivable, however, that such a non-uniform pressure may build up
if the access of water to the bentonite around a canister is unevenly distributed, e.g. from
a fracture.
Non-uniform pressures on the canister can also arise in the unlikely event of faulting.
However, the rock mechanical analysis (see Section 11.2.1) only suggests minor
displacements (a few mm) across the deposition hole for the Reference Case loadings.
A repository located at a depth of 500 metres will experience a maximum hydrostatic
pressure of about 5 MPa (in the case of no ice sheet). The maximum uniform swelling
pressure of the bentonite may be of the order of 10 MPa.
Central Scenario loads
The glaciation phases of the Central Scenario implies additional loadings on the canister.
During certain phases of the glaciation, when the bottom of the ice is wet, the ice cover will
be in hydraulic contact with the groundwater in the rock mass. This could result in an
additional pressure build-up corresponding to the thickness of the ice, as discussed in
Section 10.3.7. A conservative estimate of the maximum additional hydrostatic pressure
during a glaciation would be in the region of 30 MPa, which corresponds to an overburden
of ice that is three kilometres thick.
The ice cover also affects the rock mechanical stability. The SITE-94 evaluations (see
Section 11.2.1) only suggest minor displacements across the deposition hole, but do not
fully exclude the possibility of more general failures, or even faulting.
11.5.2.2 Effects on the Canister
The uniform external pressure will build up slowly, and this pressure will probably cause
the copper to creep onto the steel canister until the space between the canisters is essentially
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eliminated (see Section 8.2.4). The non-uniform part of the external pressure might cause
further creep. In such a process, the copper might become thinner where the pressure is the
highest, and thicker where the pressure is the lowest. A canister thus flattened on two
opposite sides would experience a somewhat peculiar stress situation and it cannot readily
be assessed whether or not all these stresses will be compressive. Tensile stresses may be
significant for the long-term mechanical behaviour (including creep) as well as for any
possibility for stress corrosion (cf. Section 8.2.5).
When a canister is subjected to an external load, the associated stresses (in addition to any
internal stresses present) may concentrate in the vicinity of defects having unfavourable
shape and location. For the purpose of SITE-94, it is postulated that such situations,
possibly in combination with other effects mentioned above, might lead to the loss of
canister integrity for a small fraction of the canisters after 1000 years, but before 50 000
years after closure. The number of canisters which will fail will depend on the eventual
design specification for the canister. The possibility of this process representing a common
cause failure for a large number of canisters has not been addressed in SITE-94.
In Section 11.5.3 below, it is postulated that adverse conditions leading to considerable
localised corrosion on a few of the canisters might occur later than 1000 years after closure,
but before the next glaciation. For the Reference Case, it is assumed that some canisters
have initial defects that could potentially lead to penetration of the copper canister by
corrosion. This would also impair the steel canister so that it will eventually become
sufficiently weakened in order to succumb to the external pressure.

11.5.3 Chemical Integrity
11.5.3.1 Evolution of Chemical Conditions
The development of rock-groundwater geochemistry is described in Section 10.4 and the
evolution of the chemistry in the buffer in Section 11.3. This section discusses some
features pertinent to copper corrosion.
As described in Section 8.2.5, the reactions that take place at the copper surface depend on
both the composition of the porewater in the bentonite and the surrounding groundwater.
For a long time, the composition of the porewater near the canister surface will be very
similar to the initial groundwater composition. The oxygen content might be an exception,
e.g. due to reactions with reducing materials (see Section 11.2.3).
The composition of the groundwater can vary significantly, even within a limited rock
volume. In particular, the composition varies with depth and variations can also be expected
to appear with time.
The transport of aqueous species between the rock and the zone nearest to the canister
surface can be expected to take place by diffusion (see Section 8.3.3) and is thus assumed
to be driven by differences in concentration.
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Evolution for the Reference Case
During the operational phase, and for some time after closure of the repository, oxygen
originating from air may be present in the water contacting the canister. The availability of
such residual oxygen for canister corrosion depends on a number of factors, amongst others:
•

the initial degree of water saturation in the backfill as well as the manner in which
the bentonite absorbs water,

•

the rate and the distribution of groundwater inflow to the bentonite,

•

the rate and the mechanism for oxidation of the iron sulphide in the bentonite,

•

the extent of diffusion of the dissolved oxygen.

It can be expected that, once the atmospheric oxygen has been consumed, the redox
potential, the iron(II) content and the reduced sulphur content (sulphides and polysulphides)
will correspond to equilibria with the bentonite.
As time elapses, the most abundant ions in the inflowing groundwater (chloride and sodium
ions, but also carbonate, sulphate and iron(IT) ions) will modify the composition of the water
in contact with the canister (cf. Section 11.3.3).
No example has been found where groundwater sulphate ions are reduced without the action
of microorganisms. The direct reduction of sulphate ions by copper is not thermodynamically possible. Sulphidation of copper by sulphate is, however, thermodynamically
possible if iron(II) is present. It has been found that even deep fracture systems in crystalline
bedrock may host significant microbiological populations (including sulphur-reducing
bacteria) although their activity is nutrient-limited.
At present, relatively little is known about the condition of the bentonite when it is put in
place (development work is still in progress, see the discussion in Section 8.1). The
following possibility is mentioned as an example. In order to facilitate the pressing of the
blocks by reducing the internal friction, water is added to the powdered bentonite. There are
limits to the amount of water that can be added since pressing beyond the point where the
pores are totally filled with water provides no improvement in the compaction. The prepressed blocks can, therefore, be expected to contain open pores, partially filled with air.
When exposed to the temperature gradient between the canister and the rock in the
repository, the water in the bentonite may distill across to the cold side and leave a relatively
concentrated groundwater ('brine') on the surface of the canister. The presence of such a
brine may strongly enhance certain corrosion processes, e.g. formation of copper chloride
complexes.
Another pessimistic, but conceivable, situation would appear if the residual oxygen in the
tunnel backfill were to concentrate onto one or a few canisters. Such a concentration would
appear to be possible if resaturation initially occurs predominantly in one region of a
disposal tunnel. At present, the procedure for backfilling is still under development.
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Central Scenario
During the later phases of a glaciation, it is possible that surface water containing oxygen
might reach repository depth (cf. Sections 10.3.7, 10.3.8 and 10.3.9). Such oxygen is not
likely ever to reach the canister since it can be expected to react with (and become
consumed by) the pyrite that is present in the bentonite. Nevertheless, if it is postulated that
the bentonite contains no pyrite, or that the pyrite has been consumed previously during
resaturation, the oxygen will access the canister surface at a very slow rate (provided that
the bentonite is physically intact).

11.5.3.2 Effects on the Canister
Corrosion failures may occur as a result of general corrosion or localised corrosion. The
prerequisites for corrosion of the copper canister in a repository environment are given in
Section 8.2.5. Some comments were also made regarding corrosion of the steel canister.
Modelling corrosion of the copper canister
The chemical durability of a canister depends on the availability of reactive species and the
mechanism of attack. Evaluations of the availability of reactive species can usually be
converted, in a relatively straightforward manner, to general corrosion lifetimes. They are
also necessary when localised corrosion is to be evaluated.
Several calculations of general corrosion have been reported for KBS-3 type repositories.
In most cases, it has been assumed that residual oxygen introduced during repository
construction and waste emplacement will react within a short time, at most a few hundred
years. Consequently, previous work has concentrated on general corrosion under reducing
conditions.
In SITE-94, calculations of general corrosion are carried out for three cases (Worgan and
Apted, 1996; Worgan et. al. 1995):
•

diffusive mass-transport of sulphide through the bentonite to the canister surface
under reducing conditions (the sulphide originates from the groundwater as well as
from the iron sulphide in the bentonite),

•

diffusive mass-transport of oxygen from the surrounding groundwater to the canister
surface,

•

diffusive mass-transport of copper chloride species away from the canister surface
under comparatively highly oxidising conditions.

The CALIBRE finite-difference code, previously developed for near-field radionuclide
transport analysis by SKI has been modified to perform mass-transport analysis of general
corrosion of copper under a range of repository conditions. This modified code, called
CAMEO (Worgan and Apted, 1996), represents the Engineered Barrier System and
surrounding host rock, and is two-dimensional with radial and axial symmetry. The time of
containment failure is constrained either by (King et. al., 1994):
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•

transport rates of corrodants (e.g. dissolved oxygen or reduced sulphur species) to the
canister,

•

transport rates of corrodant products (e.g. copper chloride species) away from the
canister.

Additional chemical processes explicitly modelled in CAMEO include:
•
•

copper corrosion/dissolution rate
kinetics of Cu(I) oxidation to Cu(II),

both as a function of near-field porewater chemistry, specifically pH, Eh and chloride
concentration. The diffusive transport and sorption behaviour of Cu(I) and Cu(II) in
compacted bentonite buffer are also separately incorporated. A summary of the processes
explicitly treated in the CAMEO code is shown in Figure 11.5.1.
In the case of containment time constrained by transport of corrodant products away from
the canister, the model includes bentonite, rock and fractures. In the fracture, advective
transport of corrodant products takes place in addition to the diffusive transport. For cases
where mass transport of corrodants into the canister is determining the containment time,
only the bentonite buffer is modelled, with a constant concentration of the reactive species
at the bentonite/rock interface.
The SITE-94 evaluation involves a series of sensitivity analyses for copper corrosion under
oxidising and reducing conditions (Worgan and Apted, 1996). The analyses assume a
0.06 metre thick copper canister surrounded by a 0.35 metre thick bentonite buffer. Time
invariant concentrations of reactants are imposed at the buffer-rock interface. Limiting
concentration values for dissolved sulphide are taken from maximum values measured at
Aspo (3.12xl0 2 moles/m3). Other calculations include a pitting factor of five, additional
sources of sulphur from iron sulphide phases in the bentonite buffer and the combination
of both.
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Figure 11.5.1 Schematic of chemical and transport processes affecting general, uniform
corrosion of copper canisters under oxidising conditions. (From Worgan and Apted, 1996).
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Predicted containment times for general corrosion of copper under diffusion-limited
transport of reactants (either dissolved oxygen or reduced sulphur species) are in the order
of 107 years or greater. These results are in agreement with earlier analyses, such as KBS-3
(SKBF/KBS, 1983). Inclusion of sulphur from iron sulphides in the buffer has negligible
impact on containment times.
Two exceptional cases can be identified. First, dissolved sulphate (which can be as much
as three orders of magnitude higher than dissolved sulphide species in Aspo waters) can
diffuse through the buffer and might be reduced (perhaps microbially) at the copper surface.
For such a condition, predicted containment times for general corrosion decrease to about
104 years. Second, if extremely oxidising conditions (Eh=0.4 V, pH=9) can be sustained at
the copper surface, then the diffusive transport rate of copper chloride complexes may
become the rate-limiting step in general corrosion of copper. Under such extremely
oxidising conditions, predicted failure times by general corrosion also decrease to
approximately 104 years.
The canister design assumed for the SllJb-94 analyses is presented in Figure 5.4.1, and has
a copper thickness of 0.05 m. Despite the slightly greater copper thickness used in these
conservative bounding calculations performed with the CAMEO code, the results are still
are considered sound. The results should not, however, be accepted as likely containment
times without a careful analysis of the assumptions and uncertainties. Some topics where
such caution needs to be observed may be the following:
•

the process for resaturation of the repository with groundwater after closure,

•

the attack on the canister by uniform corrosion, which can be expected to take place
at different rates on different parts of the surface due e.g. to differences in access to
oxygen,

•

possible significant reduction of the effective thickness of the canister if large pores
of unfavourable shapes are present (e.g. defects from manufacturing),

•

changes in groundwater chemistry with time:
- intrusion of oxygenated water (e.g. in connection with a glaciation)
- cyclic variations

•

changes in the properties of the bentonite with time, including possibilities of
channelling,

•

reduction of sulphate ions through the action of microorganisms.

An interesting feature of the general corrosion calculations is that they indicate the
significance of intact bentonite barriers and the importance of understanding phenomena
that might be detrimental to the functions of that low permeability, diffusion-control barrier.
General corrosion might be strongly enhanced if the chemistry becomes unfavourable, as
described above. Since the precise condition of the bentonite in the long-term is not known,
no calculations have yet been made. However, it appears unlikely that even very
unfavourable chemistries would give rise to early failures by this mechanism.
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In other fields of technology, where materials are used in corroding environments, a general
pattern can be observed. When comparatively rapidly corroding materials are used
(thermodynamically unstable materials with little or no protecting layers), the lifetime is
usually limited by general corrosion, perhaps with some localised character. When more
sophisticated materials are used (highly protective layers are formed), corrosion failure
typically takes place as a result of localised corrosion, if it occurs at all.
The prerequisites for localised corrosion were discussed in Section 8.2.5. At present,
essentially no calculation^ tools are available for simulation of localised corrosion on
copper under repository conditions. Therefore, only a general discussion can take place.
Section 8.2.4 noted that very few data exist regarding the frequency, size, shape and
location of fissures in the copper canister. Such fissures might provide sites for crevice
corrosion. Moreover, for larger grain sizes, material may segregate to the grain boundaries
and make such regions more susceptible to localised corrosion.
Corrosion of the steel canister
For the steel canister, only corrosion from the outside is considered in S1TE-94. Such
corrosion is possible only if there is a penetration of the copper canister. In such a case,
galvanic corrosion of the steel in contact with the copper canister is assumed to be the
dominating mechanism for oxidising as well as reducing conditions (cf. Section 8.2.5). For
the purpose of SITE-94, it is postulated that the lifetime of the steel canister is 1000 years,
subsequent to failure of the copper canister. This postulate should not be interpreted as an
implication that the life-time of the steel canister inside a penetrated copper canister is
actually 1000 years under fully oxidising conditions.
Canister failures for the Reference Case and the Central Scenario
It should be clear from the above discussions that the number and character of canister
defects will be distributed among the canisters and that the canisters will experience a
distribution of chemical environments. This implies that canister failures will be distributed
in time and that there will also be a distribution of the types of failure. Common cause
failures have not been addressed.
In view of the conceivable effects discussed above, and for the purpose of SITE-94, it is
postulated (cf. Section 15.2.3) that a few of the canisters will lose their full integrity within
100 000 years. The effect of an initial defect going all the way through steel and copper is
investigated by postulating a pin-hole from the time of deposition (one calculation case, see
further Section 15.2.3).

11.5.4 Chemical Conditions in a Failed Canister
The chemical evolution of the near-field is approximated in SITE-94, in terms of limiting
conditions at equilibrium, or steady state, in three closed systems representing bentonite,
iron corrosion products of the canister and spent fuel. In essence, this approximation is
made using a reaction-path model which contacts a reference amount of site groundwater
(Section 10.4 and 11.2.3.4) with bentonite, canister corrosion products and spent fuel, one
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after the other. The model is presented in Section 11.3.3.2 and described in full in Arthur
and Apted (1996a, b). The canister part of the model and the calculated results are
summarised in this section.
The initial conditions that must be specified in the model include the temperature, solution
chemistry and mineralogy. Calculations are carried out for near-field temperatures of 15°C
and/or 80°C (see Section 12.2.3). Irreversible reactions among corrosion products of the
canister and solutions generated by prior reactions in bentonite (Section 11.3.3.2) are
simulated. As described in Section 5.4.1, the canister consists of an inner shell of carbon
steel and an outer shell of copper. Copper and its corrosion products are not explicitly
modelled, however. Copper has been selected, in part, because of its thermodynamic
stability in water over a large range of mildly oxidising to mildly reducing conditions that
are similar to the redox conditions of many Swedish groundwaters.
In contrast to Cu°, Fe° in contact with water is thermodynamically unstable at all
temperatures and hydrostatic pressures expected in the near-field. Under anaerobic
conditions, corrosion is induced by reactions involving H2O. It is assumed that increases in
ferrous ion concentration and the formation of corrosion-product layers would reduce
corrosion to a low, steady-state value until all the Fe° in the canister is altered to corrosion
products. It is also assumed, as a first approximation, that magnetite (Fe3O4) is the only
corrosion-product mineral formed. After the metallic iron has completely corroded, the
composition of the water in contact with the canister would therefore be controlled in the
long-term by an approach to equilibrium with magnetite.
Magnetite may react with mildly reducing to mildly oxidising near-field solutions to form
one or more of several possible Fe(III) oxides, hydroxides, or silicate minerals (including
clay minerals). Studies of analogous conditions in geological systems indicate that a
metastable Fe(III) solid, such as amorphous ferric oxyhydroxide (Fe(OH)3), would
precipitate initially, and that it would subsequently transform over geological time scales
into more stable minerals such as goethite (a-FeOOH) and, finally, hematite (a-Fe2O3). To
evaluate the effects on near-field evolution of the formation of ferric-bearing alteration
phases under oxidising conditions (see below), the conceptual model is constrained by two
alternative assumptions: (1) hematite is allowed to form, and (2) hematite is not allowed to
form. In both cases, other ferric-bearing phases precipitate if conditions lead to their
stability. In SITE-94, radionuclide speciation-solubility behaviour is calculated only for
canister solutions generated in the absence of hematite. The effect of this conceptual-model
uncertainty on radionuclide behaviour is discussed in Arthur and Apted (1996a), and the
results are summarised below.
Redox conditions are assumed to be determined by magnetite reactions at 15°C and/or
80 °C with solutions evolved from bentonite. An alternative constraint of fixed O2(g) partial
pressure (= 0.2 bar assumed for conservative, strongly oxidising conditions) is also adopted
in some cases, to simulate conditions that could be generated by a-radiolysis, or by contact
of the buffer and canister with oxidising groundwaters. These temperatures, initial solution
compositions and redox constraints represent conditions that could be generated in the
Reference Case or Central Scenario.
Seven conceptual models of near-field evolution are defined accordingly (Section 12.2.3)
and representative results of the calculations are shown in Tables 12.3.1 and 12.3.2.
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Radionuclide solubilities in the canister-equilibrated solutions corresponding to these
models (Section 12.3) are then used in the radionuclide transport calculations (see
Chapter 15).
The general conclusions from these results, mainly with respect to the effects of
uncertainties inherent in site properties (groundwater chemistry) on Performance
Assessment results (radionuclide speciation-solubility behaviour), are summarised in the
following paragraphs. It should be emphasised, however, that these conclusions are based
on very limited analyses.
Reaction of magnetite with bentonite porewaters is predicted to have minor effects on
solution chemistry and virtually no effect on aqueous-phase parameters that are important
determinants of radionuclide speciation-solubility behaviour. Dissolved Al concentration
(which is relatively low in unreacted groundwater) is calculated to decrease by as much as
9 orders of magnitude, however, and Fe concentration increases by factors of between 10
and 100. The concentrations of other constituents are nevertheless virtually unchanged, as
are pH and Eh.
Such minor changes in calculated solution compositions indicate that bentonite-equilibrated
porewaters are close to equilibrium with magnetite under reducing conditions and in
equilibrium with magnetite alteration phases when both bentonite and the canister
experience strongly oxidising conditions. Magnetite equilibrates with goethite and a
nontronitic smectite (i.e., Fe3+ is the principal cation occupying octahedral sites) under
reducing conditions at 15°C. A similar assemblage is generated at 80 °C, but pyrite, rather
than goethite, coexists at equilibrium. Magnetite is unstable under the strongly oxidising
conditions assumed in some calculations. It dissolves completely in such instances and is
replaced by goethite and nontronitic smectite. It is important to note that aqueous-phase
redox potentials are then controlled by the assumed fixed-fugacity constraint on O2(g) and
the equilibrium reaction:

and not by the Fe-bearing alteration phases.
The speciation and solubility behaviour of radionuclides in solutions contacting the canister
corrosion products are similar to those in corresponding bentonite-equilibrated solutions
(for one example, see Table 12.3.1 showing the results from Model 1). This is because
solution parameters controlling radionuclide speciation-solubility behaviour are nearly
identical in both cases, which further underscores the possible importance of buffering of
near-field chemistry by bentonite-water interactions.
Solution compositions generated by magnetite-water reactions differ significantly from
those discussed above if hematite is assumed to be a possible reaction product. Hematite
is more stable than goethite and nontronitic smectite, but its formation may be kinetically
hindered over geological timescales. Nevertheless, if conditions permit hematite
precipitation (e.g., given sufficient time and/or increasing temperature), calculations suggest
that solution compositions in the above models would be controlled by reactions leading
to a stable assemblage of magnetite + pyrite + hematite (Arthur and Apted, 1996b).
Predicted equilibrium conditions are strongly reducing (<-0.5V) and hyperalkaline
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(>pH 12), and calculated solubilities of several radionuclides differ by orders of magnitude
compared to solubilities shown in Tables 12.3.1 and 12.3.2. This suggests that uncertainties
in conceptual models of near-field evolution of chemistry could be of similar importance
to uncertainties in site properties.

11.5.5 Conclusions and Implications for Other Parts of the
Assessment
The SITE-94 assessment of canister longevity is, to a large extent, of a qualitative nature.
It appears that both mechanical and chemical mechanisms can be identified which would
potentially lead to failure. Common cause failures have not been addressed. In light of these
qualitative results and the intended purpose of SITE-94 to evaluate site characterisation and
site performance issues, it is concluded:
•

SITE-94 will assess the consequence of a complete canister failure after 1000 years,
10 000 years and 100 000 years, knowing that such failure may in fact occur for only
a few canisters at any of these times.

•

SITE-94 should not assess the consequences of a multiple canister failure, as any
estimate of the number failed would be highly uncertain. Instead, the consequence
analyses should be performed for single canister failures, knowing that the overall
impact of a full repository would be to superimpose the effect of few such failures.

Chapter 15 discusses how these general conclusions are used to formulate actual radionuclide transport calculation cases.
The general conclusions drawn from modelling the evolution of the conditions in a failed
canister must be regarded as preliminary, with respect to the limited analysis. The
conclusions mainly concern the effects of uncertainties inherent in site properties
(groundwater chemistry) on Performance Assessment results (radionuclide speciationsolubility behaviour).
Reaction of magnetite (used as a model for the canister corrosion products) with bentonite
porewaters is predicted to have minor effects on solution chemistry and virtually no effect
on aqueous-phase parameters that are important determinants of radionuclide speciationsolubility behaviour. This underscores the possible importance of buffering of near-field
chemistry by bentonite-water interactions.
With other phases included, e.g. if hematite is assumed to be a possible reaction product,
quite different solution compositions are generated. This suggests that uncertainties in
conceptual models of near-field evolution of chemistry could be of similar importance to
uncertainties in site properties.
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11.6

RADIOLYSIS

This section discusses radiolysis and thus corresponds to part of the discussion necessary
within the Fuel Degradation and RN-release Clearing House in the AMF (Figure 2.4.5).
Fuel dissolution mechanisms is discussed in Section 11.8 and redox front formation in
Section 11.7.
Ionising radiation from the spent fuel can decompose water present in the inner regions of
the EBS into hydrogen and oxidants, mainly hydrogen-peroxide and oxygen. For the
copper-steel canister concept, it is possible that water may be present in the canister at the
time of manufacture. In that case, radiolysis will start immediately on encapsulation.
Radiolysis can also occur in the water surrounding the canister in the deposition hole, but
only gamma radiation can penetrate out through the canister wall and it will be attenuated
considerably. Therefore, the effects and the consequences of gamma radiolysis are not
considered in detail in SITE-94.
The most significant radiolysis, from the Performance Assessment point of view, will take
place via alpha radiation, when water reaches the fuel surface after canister failure. This
process is important for understanding and modelling the oxidation of the fuel matrix and
the subsequent release of radionuclides (see Section 11.8). In addition, oxygen species
formed by alpha radiolysis might migrate through oxidised parts of the canister, reach the
bentonite buffer and rock and form a redox front in the otherwise reducing environment (see
Section 11.7).
Alpha radiolysis as a source for oxidants in the near-field was treated in detail in the
Project-90 report (SKI, 1991). It was concluded that a very simple, but reasonable, model
for the rate of oxidant production (Gox, e.g. moles/tonne, year) would be a direct
proportionality with the alpha activity (A, e.g. GBq/tonne),
GoxW^Att)

(Eq. 11.6.1)

This relation gives the time-dependence of oxidant production rate. The proportionality
constant k^ depends on a range of factors. As shown by, e.g., Christensen and Bjergbakke
(1982), the most important of these is the chemical environment at the fuel surface, e.g. the
presence or absence of iron species acting as 'catalysts' for recombination of reducing and
oxidising radiolysis products . Another factor is the physical state of the fuel, in particular
its specific surface area, which depends on the sizes of fuel fragments. In SITE-94, the value
on kox used in Project-90 has been retained.
When it is assumed that part or all of the produced oxidant reacts with the fuel, causing its
dissolution, this process occurs at a rate proportional to the alpha decay rate (see
Section 11.8).
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The alpha decay rate as a function of time was calculated as part of Project-90 (Shaw, 1992)
and these results are used again in SITE-94 with an adjustment for the amount of fuel in
each canister. The resulting time-dependence of oxidant production rate is shown in
Figure 11.6.1.
An alternative model, accounting for porosity or grain size, has been recently developed and
tested against evidence from the Cigar Lake natural analogue study (Liu, 1995). In this work
it was concluded that the observed radiolysis rate is in the order of one percent of that
calculated. A reasonable explanation for this discrepancy would be the recombination of
oxidising and reducing species not accounted for by the simple models. Uncertainty about
the production of oxidants at the surface of spent fuel is still significant and the assumed
conservative data from Project-90 are thus retained in SITE-94.
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Figure 11.6.1 The oxidant production rate Gox (keq/m3 of the canister, year) as a function
of time.
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11.7

REDOX CONDITIONS

This section discusses redox conditions and formation and propagation of redox fronts. The
resulting input to consequence calculations are discussed in Chapter 15.
Different oxidation states of some of the radionuclides (Tc, Np and Se) behave chemically
quite differently, which makes it important to determine the redox state of the migration
path. The redox state is governed by the initial barrier conditions as well as by any redox
reactions causing changes in the redox state of solids. The redox capacity of the
groundwater may also play a role, in particular by scavenging oxidants being transported
by flow, along fractures.

11.7.1 Initial Redox Conditions
The redox state of the predominantly granitic, aplitic and dioritic rocks at Aspo is largely
controlled by their content of iron-bearing minerals, e.g. magnetite, biotite and pyrite. The
groundwater at Aspo shows low concentrations of Fe(II). Direct measurements of the redoxpotential in the deep groundwaters give values generally close to -0.30 V (see
Section 7.4.4). Experimental data for the Aspo rocks shows reducing capacities which
support the selection of a redox capacity of 0.04 keq/m3, see further Section 7.4.2 and
Andersson (1996).
The mineralogy of the bentonite in the EBS is similar to that of an MX-80 type (see
Section 8.3.2). The redox condition in the bentonite buffer, after resaturation, is reducing
and the redox potential has been calculated to be -0.25 to -0.33 V (see Section 11.3.3). The
same redox capacity is selected for the bentonite as that used in Project-90, i.e. 0.15 keq/m3
(Ericsen and Jacobsson, 1983) since no new literature data were found (Andersson, 1996).
The redox potential inside the canister will probably be reducing due to the large content
of iron. Although oxidants are produced inside the canister, conditions will remain
reducing, except for certain parts, which may be oxidised by migrating oxidants.

11.7.2 Formation and Propagation of Redox Fronts
The redox-front concept has been accepted as an important part of near-field Performance
Assessment since its first presentation in connection with KBS-3 (Neretnieks, 1982;
Neretnieks and Aslund, 1983). A redox front in the system may be caused by three possible
effects:
1.

The possible establishment of oxidising conditions due to radiolysis in the close
vicinity of the fuel and the change to reducing conditions further out in the near-field.

2.

Formation of an oxidised zone around the repository before closing and resaturation.

3.

The change of water chemistry when oxidising surface water enters the system.
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The first cause is seen as the principal reason for inclusion of a redox front in the analysis
and requires an estimate of the extent and consequence of an oxidised zone surrounding a
breached canister. The importance of the second cause has not been analysed. The third
cause may be of importance in case of glaciation in the Central Scenario, but has not been
considered likely for the Reference Case.
The oxidants produced by radiolysis of water (see Section 11.6) at the fuel surface may
migrate out from the surface, through the broken canister wall, through the bentonite buffer
and penetrate the rock matrix and its fractures. The oxidant production rate exhibits
considerable uncertainty, over several orders of magnitude. A further uncertainty concerns
the migration distance of the oxidants, since the original metal content in the canister could
be sufficient to preclude any propagation of the front (Shaw, 1992). Reducing agents,
primarily ferrous iron, in the barriers and rock consume the oxidants as they migrate
through the barriers and decrease their migration rate. Since oxidants can only migrate in
an oxidised environment, any available reductants present along the transport path must first
be oxidised. This means that the propagation rate and extent of the front decrease in
proportion to the availability of reductants in the barriers.

11.7.3 Modelling Near-field Redox Conditions in SITE-94
The uncertainties in the propagation of oxidants through the near-field barriers and the nearfield rock are reflected in the selection of four redox variants in the consequence analysis,
which cover the full range, from fully oxidising to fully reducing conditions in the nearfield. These variants are:
•

the zero variant, which assumes reducing conditions everywhere, except on the fuel
surface

•

a variant which assumes oxidising conditions throughout the near-field,

•

a variant which calculates the propagation of a redox front, as will be described
below (corresponds to (a) in Figure 11.7.1),

•

a variant which assumes a redox front is present a few metres into the rock, with
oxidising conditions inside the front (corresponds to (c) in Figure 11.7.1, as an
extreme of the case (b) in Figure 11.7.1).

These variants are further specified in Section 15.2.2.
The migration of the redox-front in the near-field (including near-field rock), i.e. the third
variant above, can be calculated with the near-field transport code CALIBRE (Worgan and
Robinsson, 1995). In the model, once the container has failed, the oxidants diffuse through
the canister and buffer and reach the rock matrix and a water-filled fracture. The oxidant
production rate, expressed as a time series in moles per cubic metre of canister, is specified,
together with the redox capacities of the waste form (canister, fuel, filler and cladding),
bentonite and rock. The radionuclide transport calculations take account of the calculated
redox potential throughout the system by adjusting the values of elemental solubility limits
and retardation properties. In modelling the redox-front in the present version of CALIBRE,
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it is in principle assumed that redox conditions in the fracture are reducing at all times,
owing to an excess supply of reducing agents in the flowing water compared to the supply
of oxidants from the fuel. (In fact, this is an unlikely situation due to the low concentration
of ferrous iron found in the groundwater at Aspo). This assumption will make the redox
front to advance longer in the rock than in the fracture, whereas the opposite would be true
if the fracture is oxidising (see Figure 11.7.1). When modelling radionuclide migration in
SITE-94, it has been possible to specify the position of the redox front in accordance with
the four different variants defined above.
In the CALIBRE calculations of redox front migration, the reducing capacity of the wasteform (fuel, cladding, filling and canister) is conservatively set to zero. Further, it is
assumed, that the total amount of oxidants produced escape from the canister, although the
total amount is also assumed to be available for fuel conversion, as discussed in
Section 11.8. The input parameters used in the calculation are given in Table 11.7.1
The results of modelling the propagation of the redox front show that it passes the bentonite
rock interface about 1400 years after repository closure. The oxidants produced inside the
canister start to migrate out from the canister at the time of canister failure, in this case after
1000 years. Consequently, it takes about 400 years to obtain oxidising conditions
throughout the bentonite buffer. The redox front reaches a maximum distance of about one
metre into the rock during 106 years.

b)

a)
Moving
Front

Moving
Front

Fracture

c)

H oxidising
G reducing

Figure 11.7.1 The contour of the redox front a) with a reducing fracture, as is assumed in
the CALIBRE calculation of the redox front movement, b) with an oxidising fracture (could
not be modelled by the present version of the CALIBRE code), c) in the variant with
oxidised near-field but with a redox front at the near-field/far-field interface.
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Table 11.7.1 Input parameters for the calculation of redox front migration.
Parameter

Value

Unit

Reducing capacity, 'waste-form'

0

keq/m3

Reducing capacity, bentonite

0.15

keq/m3

Reducing capacity, rock

0.04

keq/m3

Proportion of oxidants produced that are made
available for redox front migration

100

%

Oxidant production rate as a function of
canister failure time

See Table 11.8.1

11.8

FUEL DISSOLUTION

This section discusses fuel dissolution mechanisms and thus corresponds to part of the
discussion necessary within the Fuel Degradation and RN-release Clearing House in the
AMF (Figure 2.4.5). The radionuclide release mechanisms are discussed in Section 13.2 and
the resulting input to consequence calculations are discussed in Chapter 15.

11.8.1 General
One of the major mechanisms believed to determine the release rate of radionuclides from
spent fuel is a release congruent with the dissolution/conversion of the fuel matrix into an
oxide of uranium in a higher valency state. Other important mechanisms are a partial but
rapid (instantaneous) release of some soluble elements present in cracks and in the gap
between fuel and cladding (e.g. Cs, I) and also an intermediate rate of release for some
elements from, for example, grain boundaries (e.g. Cs, I, Sb, Mo, Tc and, possibly, Sr). This
section describes briefly the mechanism(s) for fuel conversion; for a more detailed
discussion, see SKI (1991).
Although not yet experimentally confirmed, it might be expected that (alpha) radiolysis of
water causes oxidation of uranium (matrix conversion). As explained in Section 11.6, the
uncertainty in the prediction of oxidant production rate is great. The maximum amount of
uranium that can be oxidised depends on when radiolysis starts (the time of canister failure).
The rate of oxidation decreases from the start, due to decay of the alpha emitting
radionuclides, giving the fastest matrix conversion for immediate canister failure times.
The concepts for fuel dissolution and matrix release mentioned in the literature mostly deal
with explanations of results from leaching experiments. This rather limits consideration of
the availability and behaviour of oxidants under conditions relevant for the long-term in a
repository. These difficulties must be kept in mind when reviewing the literature for
concepts of importance for a predictive release model. Fuel dissolution and related subjects
have been reviewed by Grambow (1989; 1990) and Johnson and Shoesmith (1988).
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The redox condition of the aqueous phase adjacent to the fuel surface is determined by the
balance of various rate processes, e.g.:
•

production rate of oxidant,

•

transport rate of oxidant away from the surface,

•

rate of uranium oxidation,

•

rates of other reactions consuming oxidant (including recombination, e.g. as catalysed
by surface reactions),

•

transport rate of (oxidised) uranium from the surface,

•

transport rates of other reactants.

Evidently, it is a non-trivial task to model the combined effect of these processes even for
well-defined (laboratory) conditions. It is currently not possible, given our present levels
of understanding, to analyse the effect for conditions relevant to a breached canister in a
repository. Thus, it is necessary to rely on bounding assumptions, in particular for regulatory
purposes.
The redox condition determines which oxide phase is stable. For slow oxidant production,
U4O9 or U3O7 might be stable. When the 4-9 oxide is the stable phase, the attack on the
surface will come to a halt as soon as a protective layer of this oxide has formed. The matrix
dissolution is then controlled by the rate of uranium transport from the surface, with the
solubility of the 4-9 oxide as an inner boundary condition. It is not certain that the 3-7 oxide
will form a similar protective layer, but this uncertainty in stoichiometry should be of
negligible importance, considering all other uncertainties.
For higher production rates of oxidant, the 3-8 oxide will form, which also means a definite
disruption of the matrix structure since this oxide cannot be incorporated in the dioxide
crystalline structure. Thus, the oxidation and conversion will propagate through the layer
of 3-8 oxide and this rate will depend only on the supply of oxidant at the corroding surface.
In its highest state of oxidation, uranium will probably occur as schoepite (UO3*2H2O or
UO2(OH)2-H2O). From the viewpoint of all other uncertainties, the different stoichiometry
of schoepite and the 3-8 oxide may be neglected in the mass balance of oxidant.
In SITE-94, the rate of fuel matrix conversion is assumed to correspond to the oxidant
production rate and the most conservative assumption for the rate of matrix conversion is
that all the oxidant produced will oxidise the fuel. Likewise, and also conservatively, it has
been assumed that all the oxidant produced is available in the case of a redox front forming
(see Section 11.7).
A similar approach, i.e. a direct proportionality between alpha decay rate and rate of fuel
degradation, was used in SKB 91 (SKB, 1992) and in TVO 92 (TVO, 1992), although with
less conservative assumptions regarding the degradation rate based on results from leaching
experiments.

11.8.2 Thermodynamic Modelling of Spent Fuel Oxidation
The chemical evolution of the near-field is approximated in SITE-94 in terms of limiting
conditions at equilibrium, or steady state, in three closed systems representing bentonite,
iron corrosion products of the canister and spent fuel. The model is a reaction-path model
contacting a reference amount of site groundwater (Sections 10.4 and 11.2.3.4) with
bentonite, canister corrosion products and spent fuel, one after the other. The model is
presented in Section 11.3.3.2 and described in full in Arthur and Apted (1996a, b).
The results from the speciation-solubility calculations reveal the complexity of the spent
fuel/water interaction and the difficulty of modelling it as a closed system. The treatment
of carbon is an illustrative example. The CO2 fugacities are assumed to be fixed in order to
minimise the effects of acidification from release of carbon from the fuel. Since the CO32*
is an important complexing agent, this assumption will influence the speciation
unacceptably. It is concluded that realistic models that treat the spent fuel/water interactions
will need to have transport included.
For the SITE-94 radionuclide transport calculations, the solubility limits in the 'waste-form'
part of the near-field code CALIBRE are taken as the lowest from the water interaction with
either spent fuel or canister corrosion products, see Table 12.3.2. (The CALIBRE code does
not distinguish between the real waste form, spent fuel, and the interior of the canister, see
Chapter 13.)

11.8.3 Implications for the Assessment - Modelling of Time
Dependence for Fuel Dissolution in SITE-94
The oxidant production rate as a function of time is derived from the alpha radiolysis, as
described in Section 11.6. By integrating Equation 11.6.1, the accumulated amount of
oxidants produced can be derived as a function of time. The integration starts at canister
failure time, when water reaches the fuel surface. In Figure 11.8.1, the amount of oxidants
produced is shown as a function of time for different canister failure times. As the oxidant
production rates are only available for time intervals, the integration is performed as a
stepwise summation.
With the dissolution of the fuel matrix seen as a transformation of UO2 into U3O8
(Section 11.8.1) and the oxidants as hydrogen peroxide, 2 moles of oxidant transform
3 moles of uranium. The total amount of uranium oxide to be oxidised is given in the
SITE-94 inventory (Section 3.3.2) and, hence, the required amount of oxidants can be
calculated. This is shown in Figure 11.8.1 as a horizontal line.
It is clear that linearisation of these curves would be reasonable, considering all other
uncertainties in the model. The resulting oxidant production rates and durations of fuel
matrix dissolution obtained after linearisation are presented in Table 11.8.1.
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Table 11.8.1 Oxidant production rate and duration of fuel matrix dissolution, for different
canister failure times. The production rates are average values over the times shown. (The
production rate at 1000 years is about 1 mol per canister and year.)
Canister failure time
(years)

Oxidant production rate
(moles/canister, year)

Duration of fuel matrix
dissolution
(years)

0

0.60

7 500

103

0.30

15 000

104

0.12

37 000

0.012

360 000

5

1O

2500

D

can fail = year 0
-can fail = 1000 years
-can fail = 10 000 years
-can fail = 100 000 years
• Req. for total matrix re!.

100 000

200 000

300 000

Time (years)

Figure 11.8.1 Accumulated amount ofoxidants produced (moles/m3) as a function of time,
for different canister failure times.
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12 CHEMISTRY AND BEHAVIOUR OF
RADIONUCLIDES
12.1

INTRODUCTION

When describing the rate of transport of radionuclides it is not only necessary to consider
groundwater flow and diffusion processes, but also to take into account the mobility of the
different radionuclides. The mobility of an element is determined by its partition between
solids and solution, i.e. by its solubility and its tendency to sorb onto solid surfaces.
This chapter describes how the chemical behaviour of radionuclides is predicted based on
information on the geochemical conditions in various parts of the repository Process
System and for different time frames. The discussion covers all high importance FEPs and
influences in the SITE-94 Process Influence Diagram. The general aspects of modelling
radionuclide chemistry, in particular speciation and solubility, are described in Section 12.2,
together with the assumptions made for the calculations in SITE-94. The results of
calculations in terms of solubilities and speciation are presented and discussed in
Section 12.3. Sorption mechanisms and different approaches to evaluate sorption on
mineral surfaces are discussed in Section 12.4, where sorption data for the bentonite and
the rock also are given.

12.2

MODELLING RADIONUCLIDE SPECIATION AND
SOLUBILITY

12.2.1 General
The low solubility of many radionuclides is an important constraint limiting their
concentration and, hence, their transport rate. Here, the term solubility refers to the total
aqueous concentration of a radioactive element among all isotopes and species that are in
equilibrium with each other and with a solid phase comprising the element. Solubilities can
be calculated with the aid of chemical thermodynamic models and standard-state
thermodynamic data. The models describe the state of an aqueous solution in terms of the
concentrations and activity coefficients of simple ions, ion pairs and complexes. Solubilities
are calculated in such models on the basis of heterogeneous-equilibrium constraints (i.e.,
specification of solubility-controlling phases) for each element considered. Because
aqueous speciation and solubility are interrelated, the models are often referred to as
speciation-solubility models.
Radionuclide solubilities may constitute credible upper bounds on the source term in
Performance Assessment models if solubility-controlling phases are selected such that they
are:
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•

well-defined thermodynamically,

•

conservative choices in the sense that resultant equilibrium concentrations are
greater than might realistically be expected.

Radionuclide solubilities then represent deliberately maximised estimates for given
conditions of temperature, pressure and solution composition. Radionuclide concentrations
controlled by other possible reactions, such as sorption, must be less than or equal to
concentrations limited by solubility equilibrium. Similarly, the solubility of a solid
composed dominantly or partially of a radionuclide component in solid solution should be
less than that of the corresponding pure component (e.g., SKI, 1991; Anderson and Crerar,
1993). (Examples exists, however, which seem to contradict this important basic
assumption).1
Radionuclide solubilities can be calculated for systems in which charge balance,
mass-action and mass-balance constraints among relevant components and phases can be
quantified (e.g., Anderson and Crerar, 1993). Computer programs are required to solve the
resultant sets of nonlinear equations when dealing with complex multicomponent,
multiphase systems such as will exist in the near-field. More than 80 speciation-solubility
programs are described by Andersson (1987). EQ3/6 (Wolery et al., 1992), PHREEQE
(Parkhurst et al., 1985), MINEQL (Morel and Morgan, 1972) and MINTEQA2 (Allison et
al., 1993) are among the most widely used codes supporting the development of geological
disposal systems for radioactive wastes.
A number of limitations must be recognised, however, when thermodynamic models are
used to calculate radionuclide solubilities.
Given relevant thermodynamic data, the total aqueous concentration of a radioelement in
a water of specified and constant properties is easily calculated. This simple approach is
often used and it gives correct results if the water properties (pE, pH and ligand
concentrations) are appropriately buffered. If this is not the case, the direction of reaction
and the availability of reacting components, solids and solutes within a specified system
must be considered. It should be noted here that the available reactants are not only
determined by initial conditions but also depend on possible mass transfer to and from the
surroundings. This is the same as admitting that only a coupling of chemistry and transport
will give useful results.
This problem is highlighted in particular when it is not assumed that the radioelement is a
microcomponent and, thus, that its presence does influence the macrosystem. It is
emphasised even more when it is simultaneously recognised that the radionuclide behaviour
is governed by a range of different microenvironments due to the heterogeneous character
1

Such behaviour may be reversed, however, if excess free energy of mixing is positive. Bricker and Garrels
(1967; see also Stumm and Morgan, 1981) showed, for example, that the equilibrium concentration of Ca2+
in aqueous solutions coexisting with magnesian calcites increases with increasing concentrations of MgCO3
in these non-ideal solid solutions. High-Mg calcites (i.e., > 6 mol%) are metastable relative to pure CaCO3,
but this metastability evidently persists over geological timescales. Similar experimental studies of solidsolution behaviour among radionuclide-containing solids are few (Bruno and Sandino, 1987; Bruno et al.,
1985), however, and it is therefore unclear at present whether pure radionuclide solids are necessarily more
soluble than solid-solution phases in all cases.
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of the geochemical system. Conversely, in an homogeneous system, and with an assumed
immediate access to unlimited amounts of reactants, and thus where the radioelement may
be considered as a microcomponent, this conceptual uncertainty should be of minor
importance. This is the simplified approach used in the calculations described below.
Deficiencies in the availability, accuracy and consistency of thermodynamic data are
described in Section 12.2.2. An approach to evaluate the effects on radionuclide solubilities
of:
•

uncertainties associated with natural variations in site groundwater chemistry,

•

uncertainties inherent in models of the chemical evolution of the near-field,

•

uncertainties in radionuclide speciation-solubility behaviour

is described in Section 12.2.3. Owing to these uncertainties, a number of simplifications are
made in deriving a radionuclide solubility database for SITE-94. The general approach is
outlined in the following paragraphs and is described further by Arthur and Apted (1996a).

12.2.2 Thermodynamic Data
This section discusses the thermodynamic data needed to model radionuclide
speciation-solubility behaviour and to document potential sources of uncertainty in these
data. Sources of thermodynamic data supporting SITE-94 calculations are identified by
Arthur and Apted (1996a).
The primary data needed in most speciation-solubility models include equilibrium constants
for formation of aqueous species and for heterogeneous reactions involving solubilitycontrolling solids. These data are temperature-dependent and reaction enthalpies and partial
molal quantities, such as isobaric heat capacities, are required to calculate equilibrium
constants at a given temperature of interest. Other thermodynamic data needed in
speciation-solubility models include temperature-dependent parameters for calculation of
activity coefficients and water activity in electrolyte solutions. A detailed evaluation of data
requirements in thermodynamic models is given by Johnson et al. (1992) and Anderson and
Crerar(1993).
An important source of uncertainty in the results of radionuclide speciation-solubility
models stems from inadequacies in the availability, accuracy or consistency of
thermodynamic data for formation of solubility-controlling solids and aqueous species. The
status of these potential limitations in thermodynamic data supporting SITE-94
speciation-solubility calculations is described below.
An evaluation of the inorganic solution chemistry of actinide and fission product ions
provides insight concerning thermodynamic data that should be included in
speciation-solubility models for these elements. Thus, thermodynamic data for hydrolysis
reactions are likely to be of primary importance in such models. Hydrolysis of these
elements is probable because many of them occur in high valency states (+III or higher) and
because the acidity of these ions generally increases with increasing oxidation state (e.g.,
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Baes and Mesmer, 1976; Stumm and Morgan, 1981). Also, because precipitation of oxides,
hydrous oxides and hydroxide minerals represents the final stage of formation of
polynuclear complexes from mononuclear hydrolysis species (Stumm and Morgan, 1981),
it is reasonable to assume that many radionuclide solubilities could be controlled by these
minerals under near-neutral to alkaline conditions.
However, it is important to reiterate that, in reality, such solubilities are more likely to be
controlled by solid-solution phases than by pure solids.
The relatively low oxidation states of the aqueous ions of some radionuclides, such as Ni2+
and Sr2"1", may limit the effects of hydrolysis to strongly alkaline conditions, and other
complexes may dominate the aqueous speciation of these elements over a broad pH range.
Carbonate species are particularly important complexing ligands because they form strong
complexes with some important radionuclides and because their concentrations in natural
groundwaters are generally greater than concentrations of other possible ligands, such as
phosphate and fluoride. Other common anionic constituents of groundwaters, such as
sulphate, chloride and bromide, do not form strong complexes with actinides and most
fission-product cations. In an analogous way to the behaviour of oxide precipitates of
hydrolysis species, carbonate minerals may be solubility-controlling in cases where
radionuclide speciation is dominated by carbonate complexes. Carbonate minerals are
frequently less soluble than corresponding oxides/hydroxides (Stumm and Morgan, 1981),
but are more soluble than other minerals, such as silicates or aluminosilicates.
Consequently, they are moderately conservative choices as solubility-controlling phases.
For these reasons, oxides and carbonates are assumed as a first approximation to be
possible solubility-controlling solids in SITE-94. The primary aqueous species of interest
are the radionuclide hydroxy and/or carbonate complexes. Thermodynamic data for these
solids and aqueous species are available for most of the radionuclides considered (Am, Np,
Pu, Tc, Th, U, Ni, Sn, Sr and Zr). In the absence of appropriate thermodynamic data (i.e.
Ra and Se), other phases are selected, as noted below, or source-term concentrations are
assumed to be unlimited by solubility constraints (i.e. Cs and I).
A complicating factor in this approach is the tendency among (primarily) the actinides to
form amorphous hydrous oxides on initial precipitation from aqueous solutions (Rai et al.,
1990; SKI, 1991; Grenthe et al., 1992). Further complications arise from self-irradiation
effects, which can cause initially crystalline solids to become amorphous with time (Rai and
Ryan, 1982). These effects are mitigated to some extent by the tendency for amorphous
solids to re-crystallise with ageing (Strickert et al., 1984; Yui, 1993). Consequently, it is
uncertain whether solubility-controlling actinide phases should be considered as crystalline
or amorphous solids. The solubilities of the amorphous solids may be of primary interest
in Performance Assessments, however, because metastable supersaturations would
correspond to higher solubilities and thus to conservative constraints on source-term
concentrations.
The solubilities of both crystalline oxides and amorphous hydrous oxides of U(IV), Np(IV),
Pu(IV), Th(IV) and Ni(IT) are therefore calculated in SITE-94. Comparison of calculated
solubilities between crystalline and amorphous solids of these radionuclides under
conditions that could be generated in the near-field provides insight concerning the effects
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of uncertainty in the crystallinity of solubility-controlling phases on radionuclide
concentrations that constrain the source term in Performance Assessment calculations.
The solubility-controlling phases for other radionuclides, for which thermodynamic data
for amorphous solids are unavailable, are assumed to be crystalline oxides (Sn, Zr, U(VI)),
elemental solids (Se°), carbonates (Sr, Np(V)), hydroxy carbonates (Am), or sulphates (Ra).
Calculations are carried out to determine differences in solubilities when other phases (e.g.
sulphides, selenides, silicates) more stable than these crystalline solids are assumed to be
solubility-controlling.
Potential radionuclide species other than hydroxy and carbonate complexes are also
considered in these calculations. Many of the radionuclides may be strongly complexed by
phosphate or fluoride ligands, for instance, although experimental determinations of
relevant formation constants are lacking (Andersson, 1988). Nevertheless, available
estimates of formation constants for fluoride and phosphate complexes of Am(HT),
Np(IV/V), Pu(IV/V), Sr(II), Th(IV) and U(IV/VI) are adopted in the calculations. Estimated
formation constants for fluoride complexes of Sn(II) and Zr(IV) are also utilised.
The effects on radionuclide solubility of organic complexes are not considered in S1TE-94
because measured or estimated thermodynamic data are lacking or are of questionable
relevance. Organic ligands in deep groundwaters are primarily humates and fulvates, which
may be particularly important for trivalent radionuclides (e.g. Andersson, 1988). Humic
acids are also known to complex Np(V) species (Moriyama et al., 1995). Modelling the
effects of these ligands on radionuclide solubilities is complicated, however, because their
complexing behaviour is influenced by ionic strength, the presence of other cations and by
the degree of protonation of functional groups comprising these high molecular weight
ligands. Further study is needed to evaluate the potential importance of organic complexes
on radionuclide solubilities.
A problem related to the availability of thermodynamic data for radionuclide complexes is
the presence in databases of data for potential solubility-controlling solids that are not
relevant to the conditions of interest. For example, Ca and Sr uranates and zirconates
(CaUO4, CaZrO3, a-SrUO4 and SrZrO3) are calculated to be extremely insoluble, but they
are not observed in experiments, possibly for kinetic reasons. Similarly, the calculated
solubilities of spinel minerals such as trevorite (NiF^OJ are extremely low, but such
minerals are not observed in experimental or natural systems at relatively low temperatures
(Bruno et al., 1991). These solids are therefore excluded in SITE-94 to avoid calculation
of potentially non-conservative solubilities for U, Sr, Zr and Ni.
In addition to the availability of thermodynamic data, uncertainty in speciation-solubility
models may also result from inaccuracies in existing thermodynamic data. Evaluating the
accuracy of thermodynamic data is a complex and time-consuming task, as evidenced by
the recent NEA/OECD effort in compiling a selected set of consistent thermodynamic data
for inorganic aqueous species and solid phases of uranium (Grenthe et al., 1992; see also
SKI, 1991, Wanner, 1990 and Nordstrom and Munoz, 1985).
Because such evaluations are presently unavailable for many radionuclides and are outside
the scope of SITE-94, the results of the speciation-solubility calculations must be

450
considered with regard to possible inaccuracies in the thermodynamic data supporting the
calculations.
The approach to dealing with this problem in SITE-94 is to compare calculated
radionuclide solubilities to the results of experiments conducted under conditions that are
similar to those expected in the near-field (Arthur and Apted, 1996a). This is analogous to
an approach by Puigdomenech and Bruno (1991; 1988) to develop thermodynamic
databases for Pu and U, respectively. In the absence of experimental data, expert judgement
is used to define speciation-solubility models that are representative of the known
geochemical behaviour of stable isotopes of the radionuclides in environments that are
analogous to expected near-field conditions. The approach is useful in identifying
thermodynamic data for solids and aqueous species that are clearly inconsistent with
observed solubility behaviour. It does not, however, constitute a test of the accuracy of
thermodynamic data supporting the model, nor should it imply confidence in model results
for conditions that are outside an experimental range.
In SITE-94, ensuring the availability, accuracy and consistency of thermodynamic data in
speciation-solubility calculations is not a subject of separate investigation. A detailed
review of thermodynamic data will be necessary for licensing purposes, however, and the
completeness, quality and consistency of the data will then be of critical importance.

12.2.3 Chemical Models of Near-field Evolution
A key objective in SITE-94 is to determine how site specific data can best be assimilated
into the Performance Assessment process and to evaluate how uncertainties inherent in site
properties could influence Performance Assessment results. In this section, models are
described that account, in some measure, for the variability in groundwater compositions
observed at Aspo and the effects of these variations on the chemical evolution of the
near-field (Arthur and Apted, 1996b). The results of calculations using these models define
solution compositions that constrain calculations of radionuclide solubilities, the results of
which are described by Arthur and Apted (1996a) and are summarised in Section 12.3.
The chemical evolution of the near-field will be controlled by reaction diffusion
phenomena, driven by the inherent thermodynamic instability of some barrier materials
(spent fuel and Fe°) and by irreversible reactions leading to equilibrium among other
materials, their alteration products and the ambient environment (e.g. bentonite and Cu°).
The chemical evolution of the near-field is approximated in SITE-94 in terms of limiting
conditions at equilibrium, or steady state, in three closed systems representing fully
saturated bentonite (Section 11.3.3.2), iron corrosion products of the canister
(Section 11.5.4) and spent fuel (Section 11.8). In essence, this approximation is made using
a reaction-path model which contacts a reference amount of site groundwater (Sections 10.4
and 11.2.3.4) with bentonite, canister corrosion products and spent fuel, one after the other.
The model is presented in Section 11.3.3.2 and described in full in Arthur and Apted
(1996a, b).
A maximum near-field temperature of 80°C and a minimum temperature of 15°C is also
assumed in these models. The minimum temperature is most realistic because the thermal
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period in the repository is expected to be relatively short-lived. The maximum temperature
of 80°C could, however, represent near-field conditions in the event of early canister failure
and consequent early release of radionuclides from spent fuel during the first thousands of
years.
In addition to these initial conditions, the effects of highly oxidising solutions reacting with
spent fuel and with the host rock, bentonite and canister are modelled. Oxidising conditions
could be generated by radiolysis of water near spent fuel, possibly followed by outward
propagation of an oxidising front into the host rock (Section 11.7). Oxidising conditions
could also be generated in the Central Scenario by rapid circulation of oxidising glacial
meltwaters to repository levels (Section 10.4). It is important to emphasise, however, that
expected conditions in the near-field will be reducing (Reference Case and in most
situations described by the Central Scenario).
The extent of natural variations in site groundwater chemistry is defined based on ranges
in groundwater compositions observed at Aspo (Sections 7.4.3 and 10.4) and approximated
in terms of a reference composition (referred to as the Zero Variant groundwater) and
high-salinity and low-salinity variants (Table 10.4.1). The assumed range in groundwater
chemistry and near-field temperatures could approximate conditions in the repository
represented by:
•

subhorizontal flow of moderately saline groundwater corresponding to present-day
conditions at the Aspo site and at a depth of 400-500 m (Reference Case, Zero
variant groundwater, reducing near-field at 15°C),

•

present-day conditions with early breach of containment (Zero Variant groundwater,
reducing near-field at 80°C),

•

upward flow of deep saline groundwater, during conditions of a retreating glaciation,
(high-salinity groundwater, reducing near-field at 15°C),

•

downward flow of shallow groundwater during glacial conditions (low-salinity
groundwater, reducing near-field at 15°C),

•

extreme conditions with downward flow of oxidising solutions in fractures
intersecting the repository (low-salinity groundwater, oxidising near-field at 15°C).

The first two conditions represent the Reference Case. The last three conditions could
represent near-field evolution driven by the Central Scenario.
Seven models approximating near-field evolution and radionuclide speciation solubility
behaviour are defined in accordance with the above initial and boundary conditions
corresponding to the Reference Case and Central Scenario. Two additional models are
considered in order to evaluate the effects of conceptual uncertainties concerning the nature
and crystallinity of potential solubility-controlling phases. Model constraints are
summarised in Table 12.2.1 and are described further in the following paragraphs.
Calculations were made with the geochemical code EQ3/6 (Wolery et al., 1992).
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Model 1 represents possible Reference Case conditions in which the Zero Variant
ground water (Table 10.4.1) is assumed to equilibrate at 15°C with bentonite
(Section 11.3.3.2). The resultant solution is then equilibrated with magnetite corrosion
products of the canister (Section 11.5.4). The solution equilibrated with these corrosion
products is then reacted with spent fuel (Section 11.8). Reducing conditions are assumed
in the host rock, bentonite and canister. Reducing conditions in the host rock are defined
by the redox potential assumed for the Zero Variant groundwater. Reducing conditions in
the bentonite and canister are determined by irreversible reactions leading to equilibrium
in these systems. Oxidising conditions are assumed during reactions involving spent fuel.
In this and all other models in which oxidising conditions are assumed, redox potentials are
constrained by assuming a fixed O2(g) partial pressure of 0.21 bar. This represents strongly
oxidising conditions corresponding to equilibration of the aqueous solution with ambient
air - a highly unrealistic situation. Solubility-controlling phases in Model 1 are assumed to
be amorphous oxide or carbonate solids. The full results for Model 1 are shown in
Table 12.3.1.
Model 2 is similar to Model 1. A near-field temperature of 80°C is assumed, however, in
order to simulate conditions possibly resulting from early canister failure.
Models 3 and 4 represent conditions that could be generated in the Central Scenario.
Near-field interactions involving saline (deep) and dilute (shallow) variants of the Zero
Variant groundwater are considered in these models (Table 10.4.1). Equilibration of these
groundwaters with bentonite is considered in the models, but not subsequent reactions with
corrosion products of the canister or spent fuel.
The effects on near-field evolution and radionuclide speciation-solubility behaviour of
oxidising conditions generated, for example, by radiolysis, are considered for the Reference
Case in Models 5 and 6. The existence of a redox front at the bentonite-host rock interface
is considered in Model 5, whereas in Model 6, oxidising conditions are assumed throughout
the Engineered Barrier System and near-field host rock.
Model 7 is similar to Model 6, but evaluates conditions that could be generated in the
Central Scenario. Oxidising conditions simulated in this model could be generated by
migration of a shallow, dilute and oxidising solution to repository levels.
Models 8 and 9 are defined to evaluate the effects of conceptual model uncertainty for
Reference Case conditions. Uncertainty concerning the nature of solubility-controlling
phases is addressed in Model 8, where non-oxide/non carbonate solids are assumed to be
solubility limiting (in cases where appropriate thermodynamic data are available) rather
than amorphous oxide/carbonate phases. The results of calculations simulating Model 8 are
compared to those for Model 1. In Model 9, crystalline oxides/carbonates are assumed to
be solubility-controlling rather than the amorphous isochemical solids considered under
identical conditions in Model 1.
For full results of Models 2-9, see Arthur and Apted (1996a). The essential results are
presented in the next Section, 12.3.

453
Table 12.2.1 Models addressing different conditions, scenarios and uncertainties in the
near-field (Arthur andApted, 1996b) andfor speciation-solubility calculations (Arthur and
Apted, 1996a).
Model

Groundwater1

Temp Redox conditions2 Solids3
(°C)
hr b c
sf

Cryst 4

Scenario5 or
uncertainty

1

zero variant

15

r

r

r

0

o/c

am

R.C.

2

zero variant

80

r

r

r

0

o/c

am

R.C. - early
canister failure

3

high salinity

15

r

r

nc

nc

o/c

am

C.S. - deep,
saline gw

4

low salinity

15

r

r

nc

nc

o/c

am

C.S. - shallow,
low salinity gw

5

zero variant

15

r

0

0

0

o/c

am

R.C. - redox front

6

zero variant

15

0

0

0

0

o/c

am

R.C. - oxidising
near field

7

low salinity

15

0

0

0

0

o/c

am

C.S. - oxidising
near field

8

zero variant

15

r

r

r

0

n-o

am

R.C.uncertainty: solid
phase

9

zero variant

15

r

r

r

o

o/c

xl

R.C. uncertainty:
crystallinity

1
2
3
4
5

12.3

See Table 10.4.1.
Reducing (r) or oxidising (o) conditions in host rock (hr), bentonite (b), canister (c) or spent
fuel (sf) regions of the near field; nc = not considered.
Oxides/carbonates = o/c; non-oxides = n-o.
Crystallinty of solubility controlling phase: amorphous (am) or crystalline (xl).
Reference Case (R.C.) or Central Scenario (C.S.).

RESULTS OF RADIONUCLIDE SPECIATIONSOLUBILITY CALCULATIONS

The results of calculations simulating near-field chemistry and resultant radionuclide
speciation-solubility behaviour are summarised below. The compositions of solutions
simulated in one of the near-field models, Model 1 (Section 12.2.3), is given in full in
Table 12.3.1 as an illustration. Sections 12.3.1 to 12.3.17 give information and solubilities
for the elements of importance in a Performance Assessment. Uncertainty considerations
using Models 8 and 9 are presented in Section 12.3.18. The data given in these subsections
are employed to define the solubilities used in the release calculations described in
Chapters 13-16. The solubilities are compiled in Table 12.3.2. For a full presentation of the
results, see Arthur and Apted (1996a).
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12.3.1 Americium
Redox
Conditions

Solubility
Controlling Solid

Solubility Range
(moUl)

Aqueous Species
(>10%)

Reducing

AmOHCO3

6.5xlO'9 (Model 1) to
1.8xlO"7(Model4)

AmCO3+
AmOH2+
Am3+
Am(CO3)2*
AmCl2+
AmCl2+

Oxidising

AmOHCO3

1.2xlO"8 (Model 1) to
1.8*10-7(Model7)

AmCO3+
Am(OH)2+
Am(CO3)2"
AmSO4+
Am(SO4)2-

The crystalline hydroxy-carbonate is solubility-controlling under both reducing and
oxidising (P02(g) ~ 0.21 bar) conditions. The maximum solubility under oxidising
conditions is the same as that under reducing conditions. Minor variations in pH and Eh and
control of dissolved carbonate concentrations via calcite (in bentonite) equilibrium,
accounts for the relatively small variations in AmOHCO3 solubility and the aqueous
speciation of americium under both reducing and oxidising conditions. Oxidising
conditions increase SO42" concentrations significantly as a result of pyrite (in bentonite)
oxidation. Sulphate complexes of Am3+ are weak, however, and do not greatly enhance
AmOHCO3 solubilities. Temperature effects on AmOHCO3 solubility are small between
15and80°C

12.3.2 Cesium
Solubility Range
(moUl)

Redox
Conditions

Solubility
Controlling Solid

Reducing

Not solubility limited

Cs+
CsCl°

Oxidising

Not solubility limited

Cs+

Aqueous Species
(>10%)

Cesium concentrations are assumed to be unlimited by solubility equilibrium with pure
crystalline or amorphous solids, or with solid-solution minerals such as clinoptilolite.
Aqueous speciation is dominated by Cs+ under both reducing and oxidising conditions. The
CsCl° ion pair constitutes slightly greater than 10% of total Cs concentrations in Model 2
(80°C, Zero Variant groundwater) and Model 3 (15°C, saline groundwater).
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12.3.3 Iodine
Redox
Conditions

Solubility
Controlling Solid

Reducing

Not solubility limited

r

Oxidising

Not solubility limited

io3-

Solubility Range
(mol/l)

Aqueous Species
(>10%)

Iodine concentrations are unconstrained by solubility equilibrium under all conditions.
Aqueous speciation is calculated to be dominated by the iodide anion, I\ in reducing
solutions and iodate, IO3", in oxidising waters.

12.3.4 Lanthanides
The solubilities of lanthanide elements are not calculated because relevant thermodynamic
data are scarce and not available in the database used. As a first approximation, the
speciation-solubility behaviour of the lanthanides, including Ce and Sm, might be assumed
to be the same as for trivalent actinides such as Am (SKI, 1991).

12.3.5 Nickel
Redox
Conditions

Solubility
Controlling Solid

Solubility Range
(mol/l)

Aqueous Species
(>10%)

Reducing

NiO-H2O(am)

4.9x10-* (Model 2) to
l.lxl<r l (Model3)

Ni2+
Ni4(OH)44+

Oxidising

NiO-H2O(am)

5.8xlO-3(Model6)to
7.4xlO"2(Model6)

Ni2+
NiSO4°
Ni^OH)/*

Thermodynamic data for Ni(OH)2 are assumed to approximate data for amorphous hydrous
Ni oxide, NiO-H2O(am), and this phase is assumed to be solubility-controlling under both
reducing and oxidising conditions. This phase is not solubility-controlling, however, in the
relatively acidic dilute groundwater (Models 4 and 7, respectively). The polynuclear
hydrolysis species, Ni4(OH)44+, makes up slightly greater than 10% of total Ni
concentrations in some cases and nearly 40% in bentonite solutions generated by
interactions with the saline groundwater. Pyrite oxidation increases SO42" concentrations
under oxidising conditions, thereby increasing NiSO4° concentrations up to about 40% of
total dissolved Ni.
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12.3.6 Neptunium
Redox
Conditions

Solubility
Controlling Solid

Solubility Range
(mol/l)

Aqueous
Species (>10%)

Reducing

NpO 2 -2H 2 O(am)

1.8xlO"9 (Model 1,3,4) to
5.5xlO-9(Model2)

Np(OH) 4 °
NpO 2 +

NpCyCO^
Oxidising

NaNpO 2 CO 3 -3.5H 2 O

5.4x10* (Model 7) to
l.OxlO^CMode^)

NpO2+

Thermodynamic data for Np(OH)4 approximate data for amorphous hydrous Np oxide,
NpO2-2H2O(am), and this phase is assumed to be solubility-controlling under reducing
conditions. The crystalline neptunyl carbonate phase is assumed to be solubility limiting
under oxidising conditions. Neptunium concentrations are not controlled by equilibrium
with the latter phase, however, for the case of the dilute groundwater (Table 10.4.1) under
oxidising conditions. The solubility under oxidising conditions is greater by up to five
orders of magnitude than under reducing conditions. Neptunium speciation is dominated
by Np(OH)4° under reducing conditions and this results in very minor variations in Np
solubility irrespective of initial groundwater chemistry and subsequent near-field
interactions. It is important to note, however, that the Np(OH)5" complex, for which
thermodynamic data have been estimated (Lemire, 1984) is not considered in these
calculations because there is no experimental evidence for amphoteric behaviour at high
pH (Rai and Ryan, 1985; Arthur and Apted, 1996a). The solubility of NpO2-2H2O(am) is
relatively insensitive to temperature variations between 15° and 80°C.

12.3.7 Niobium
The solubility of niobium was not calculated due to lack of data in the available
thermodynamic database. The value 10"8 M was adopted for the Zero Variant from literature
data compiled for Project-90 (Andersson, 1991) and Projekt Gewahr 1985 (Nagra, 1985).
Experimental data are very scarce, however, and the possibility of anion (niobate) formation
in the upper pH range (pH > 9) indicates that solubilities should be selected with caution.
Thus, Berner (1994) proposes the conservative value of 10"3 M for the solubility of Nb
based on data for a system with Nb2O5 as the only solid phase. Together with the Project-90
compilation this results in a very wide range for the Nb solubility, 10"9 - 10'3 M.
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123.8 Palladium
Redox
Conditions

Solubility
Controlling

Reducing

Pd(OH) 2

l.OxlO^to
l.OxlO-4

Pd2+

Oxidising

Pd(OH) 2

l.OxlO^to
l.OxlO"4

Pd2+

Solid

Solubility
(mol/l)

Range

Aqueous
(>10%)

Species

The solubility of Pd(OH) 2 is not calculated, but rather estimated from data based on
experiments conducted under oxidising conditions at pH 8 to 14 (Thomason and Williams,
1992). Palladium metal is expected to be more stable than the hydroxide at a redox
potential less than about +0.20 V (Brookins, 1988). Trial calculations assuming solubilitycontrol by Pd° suggest that Pd2+ concentrations in reducing near-field solutions would be
very much less than that corresponding to solubility-control by Pd(OH)2 (Arthur and Apted,
1996a). The hydroxide is, therefore, conservatively assumed to be solubility-controlling
under both oxidising and reducing conditions.

12.3.9 Plutonium
Redox
Conditions

Solubility
Controlling

Reducing

PuO2-2H2O(am)

1.0xlO" 9 (Model4)to
9.1xl0- 7 (Model3)

Pu3+
Pu(OH) 4 °
PuSO 4 +

Oxidising

PuO2-2H2O(am)

1.4xlO- 5 (Model6)to
9.5xlO" 5 (Model7)
(see text)

PuO2(CO3)22PuO2+
PuO2F3-

Solid

Solubility
(mol/l)

Range

Aqueous
(>10%)

Species

Thermodynamic data for Pu(OH) 4 approximate those for amorphous hydrous Pu oxide,
PuO2-2H2O(am), and this phase is assumed to be solubility-controlling under both reducing
and oxidising conditions. Plutonium concentrations are not controlled by equilibrium with
this solid, however, for the case of the dilute groundwater (Table 10.4.1) under oxidising
conditions. The solubility calculated for oxidising conditions is greater by up to almost five
orders of magnitude compared to reducing conditions. However, this is due to the chosen
extreme oxidising conditions. For the more reasonable oxidising conditions usually
assumed in Performance Assessments the estimated solubility is similar to that under
reducing conditions, e.g. 10'9 M. This value has been used for the release calculations
described in Chapters 14 - 1 6 . It should be noted, though, that experimental data have been
presented that corroborates a change of solubility limiting phase and an accompanying rise
of solubility for Pu under truly aerobic conditions (Nitsche, 1991). Plutonium speciation
is dominated by Pu3+ and/or Pu(OH) 4 ° under reducing conditions, depending on pH; Pu3+
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dominates at pH less than about 8 for the near-field solutions considered (Arthur and Apted,
1996a). The Pu(OH)5" complex, for which thermodynamic data have been estimated
(Lemire and Tremaine, 1980) is not considered in these calculations because there is no
experimental evidence for amphoteric behaviour at high pH (Puigdomenech and Bruno,
1991; Arthur and Apted, 1996a). The PuSO4+ complex is important only in the dilute
groundwater (Table 10.4.1), where the relatively low pH stabilises Pu(IH) relative to
Pu(IV). The PuO2+ ion and PuO2(CO3)22" are of approximately the same order of dominance
in near-field solutions under oxidising conditions.

12.3.10 Radium
Redox
Conditions

Solubility
Controlling Solid

Solubility Range
(mol/l)

Aqueous Species
(>10%)

Reducing

RaSO 4

5.3xl0"8 (Model l)to
7.2xl0' 2 (Model3)

Ra2+

Oxidising

RaSO 4

2.9xl0 9 (Model7)to
8.3xl0-8(Model6)

Ra2+

Only thermodynamic data for crystalline RaSO 4 are available and this solid was therefore
assumed to be solubility-controlling. The solubility under oxidising conditions is less than,
or about the same as, under reducing conditions. The highest solubility is predicted for
conditions in bentonite equilibrated with the saline groundwater (Table 10.4.1). These
conditions result in very low SO 4 2 ' concentrations (10"8 M) and Ra2+ concentrations
therefore increase accordingly.

12.3.11 Selenium
Redox
Conditions

Solubility
Controlling Solid

Solubility Range
(mol/l)

Aqueous Species
(>10%)

Reducing

Se°

3.1xl015(Model4)to
4.3x10* (Model 3)

HSe

Oxidising

Not solubility
limited

SeO42"
NiSeO4°

Selenium solubilities are assumed to be controlled by the elemental solid under reducing
conditions and are unlimited by solubility constraints under oxidising conditions. The
lowest Se° solubility is calculated for conditions in the dilute groundwater (Table 10.4.1),
where redox conditions are mildly oxidising and the solution is relatively acidic. A much
narrower spread in Se° solubilities is predicted (10"6 to 10"8 mol/l) under the more reducing
and alkaline conditions evolved by interactions of site groundwaters with engineered barrier
materials.
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12.3.12 Strontium
Redox
Conditions

Solubility
Controlling Solid

Solubility Range
(mol/l)

Aqueous Species
(>10%)

Reducing

SrCO3

5.7xlO' 8 (Model4)to
6.0x10" (Model 3)

Sr2*
SrCl+
SrCO3°

Oxidising

SrCO3

9.3xl0" 5 (Model7)to
2.5x10" (Model 7)

Sr2*
SrSO4°

Crystalline SrCO3 is assumed to be solubility-controlling under both oxidising and reducing
conditions. Its solubility is approximately the same in both cases, with the exception of
solutions resulting from interaction of the low-salinity groundwater (Table 10.4.1) with
bentonite. The relatively acidic groundwater in this model (Model 4) leads to extensive
calcite dissolution. This raises dissolved carbonate concentrations to relatively high levels
and SrCO3 solubility is reduced accordingly. The SrSO4° complex constitutes about 50%
of total Sr concentrations under oxidising conditions. Sulphate is generated under these
conditions by pyrite oxidation.

12.3.13 Technetium
Redox
Conditions

Solubility
Controlling Solid

Solubility Range
(mol/l)

Aqueous Species
(>10%)

Reducing

TcO2-2H2O(am)

3.3xl0*8 (Model 1,4) to
4.4xlO-6(Model2)

TcO(OH)2°
(TcO(OH)2)2°
TcO4-

Oxidising

Not solubility
limited

TcO4"

The amorphous hydrous Tc oxide, TcO2-2H2O(am) is assumed to be solubility-controlling
under reducing conditions. Technetium concentrations are not solubility limited under
oxidising conditions. The solubility of TcO2-2H2O(am) is greater than that of several Tc
sulphides and oxides and it is, therefore, considered to be a conservative choice as
solubility-controlling solid. The TcO4" anion is the dominant Tc species under reducing
conditions in the Zero Variant groundwater at 80 °C and in solutions that are oxidising. In
all other cases, TcO(OH)2° (84%) and (TcO(OH)J2° (16%) are the dominant species. The
solubility of TcO2-2H2O increases by two orders of magnitude between 15° and 80 °C for
conditions corresponding to the Zero Variant groundwater in the host rock.
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12.3.14 Thorium
Redox
Conditions

Solubility
Controlling Solid

Solubility Range
(mol/l)

Aqueous Species
(>10%)

Reducing

ThO2-2H2O(am)

1.3xl010(Model2)to
4.2X10"6 (Model 1,3,4)

Th(OH)4°

Oxidising

ThO2-2H2O(am)

4.2xlO"6 (Model 6,7) to
4.2x10-* (Model 6,7)

Th(OH)4°

Thermodynamic data for Th(OH)4 approximate those data for amorphous hydrous Th oxide,
ThO2-2H2O(am), and this phase is assumed to be solubility-controlling under both reducing
and oxidising conditions. As for Sn, the aqueous speciation of Th is represented by a single
species in all the models. Unlike the other actinide solids, however, the solubility of
ThO2*2H2O(am) is calculated to decrease significantly with increasing temperature. This
may be an artifact of the calculations that can be attributed to the lack of thermodynamic
data in for Th(OH)4° formation at temperatures other than 25 °C. In such cases, the 25 °C
data are simply assumed in EQ3/6 at all temperatures between 0° and 300°C. Thus, the
stability of the complex may be overpredicted at 80°C and this reduces ThO2-2H2O(am)
solubility. For the consequence calculations in SITE-94 (presented in Chapter 16) the
solubility of Th at 80 °C was assumed to increase from the value at 15°C by the same factor
asforU(IV).

12.3.15 Tin
Redox
Conditions

Solubility
Controlling Solid

Solubility Range
(mol/l)

Aqueous Species
(>10%)

Reducing

SnO2

1.7xl0-8(Model3)to
1.5xlO'7(Model2)

Sn(OH)4°

Oxidising

SnO2

1.8xl0"8 (Model 1) to
1.8xl0"8(Model7)

Sn(OH)4°

Crystalline SnO2 (cassiterite) is assumed to be solubility-controlling under both reducing
and oxidising conditions. The Sn(OH)4° species comprises 100% of total Sn concentrations
in all cases. Because the solubility-controlling solid and aqueous speciation are the same
in all the models, there is very little scatter among the computed solubilities. Cassiterite
solubility at 80°C is an order of magnitude greater than at 15°C, however.
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12.3.16 Uranium
Redox
Conditions

Solubility
Controlling Solid

Solubility Range
(mol/l)

Aqueous Species
(>10%)

Reducing

UO2-2H2O(am)

LlxlO-5(Model3)to
8.4xlO"3 (Model 2)

U(OH)4°

Oxidising

UO3-2H2O

3.5xlO"5(Model6)to
l.lxHT3 (Model 6,7)

UO2(CO3)34(UO2)2(CO3)(OH)3UO2(OH)2°

The amorphous UO2*2H2O(am) solid is assumed to be solubility-controlling under reducing
conditions. Crystalline hydrated schoepite (UO3*2H2O) is assumed to be solubilitycontrolling under oxidising conditions. The solubility of UO2-2H2O(am) is nearly identical
(10 5 mol/l) among the three groundwaters considered and in the corresponding evolved
near-field solutions. The solubility of this solid is almost three orders of magnitude greater
at 80°C than at 15°C, however. The hydrolysis species, U(OH)4°, makes up more than 95%
of U concentrations under reducing conditions. Carbonate complexes are important under
oxidising conditions. Dissolution of calcite in bentonite increases dissolved carbonate
concentrations and the solubility of UO3-2H2O is therefore significantly greater in near-field
solutions than in corresponding groundwaters.

123.17 Zirconium
Redox
Conditions

Solubility
Controlling Solid

Solubility Range
(mol/l)

Aqueous Species
(>10%)

Reducing

ZrO2

5.5xl0 10 (Model3)to
l.lxlO-9(Model2)

Zr(OH)4°

Oxidising

ZrO2

5.6xl0 10 (Model6)to
5.9xlO-10(Model7)

Zr(OH)4°

Crystalline ZrO2 is assumed to be solubility-controlling under both reducing and oxidising
conditions. The Zr(OH)4° species comprises 100% of total Zr concentrations in all cases.
Because the solubility-controlling solid and aqueous speciation are the same in all the
models, there is very little scatter among the computed solubilities. The solubility of ZrO2
at 80°C is about twice that at 15°C.

123.18 Nature and Crystallinity of Solid Phases
As noted earlier, conceptual uncertainty with regard to the nature and crystallinity of
solubility-controlling solids is considered in two complementary models (Models 8 and 9,
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Table 12.2.1) to those discussed above. A comparison of solubilities calculated for the case
of the Zero Variant groundwater under reducing conditions when sulphide, selenide or
silicate phases are assumed to be solubility-controlling rather than the oxide, hydrous oxide,
or other conservatively selected solids, is given below:
Radionuclide

Solubility-controlling
Solid

Solubility
(mol/l)

Ni

NiOH 2 0(am)
NiS2

5.8xlO'3
3.5xlO 13

Se

Se°
FeSej

5.5xlO 8
8.1xlO l °

U

UO 2 (am)
USiO 4

l.lxlO" 5
1.3xlO"9

Both vaesite (NiS2) and ferroselite (FeSe2) are isostructural with respect to pyrite. They
could, therefore, precipitate either as discrete pure minerals or as components of a pyritic
solid solution, in which case resultant solubilities would be less than shown above (if
mixing were ideal). Coffinite (USiO4) is included because it is representative of a large
number of U(IV) silicates that could also precipitate, but for which thermodynamic data are
presently lacking. These results suggest that the amorphous hydrous oxides (and Se°)
chosen for consideration in Models 1-7 are, indeed, conservative choices compared to
alternative solids that may be more realistic.
A comparison of solubilities calculated for the case of the Zero Variant groundwater, under
reducing conditions, when crystalline oxides of the actinide elements and Ni are assumed
to be solubility-controlling, rather than the corresponding amorphous hydrous oxides, is
given below:
Radionuclide

Solubility~controlling
Solid

Solubility
(mol/l)

Ni

NiOH 2 0(am)
NiO

5.8xlO"3
3.1xlO"3

Np

NpO 2 -2H 2 O(am)
NpO 2

1.8xlO'9
3.1xlO 18

Pu

PuO 2 -2H 2 O(am)
PuO 2

7.2xlO 9
4.2xlO 17

Th

ThO 2 -2H 2 O(am)
ThO 2

4.2x10-*
4.6xlO 14

U

UO 2 -2H 2 O(am)
UO 2

1.2xlO"5
4.0xl0 1 0

These results indicate that the amorphous hydrous oxides chosen for the actinide elements
in Models 1- 7 are highly conservative choices compared to their crystalline counterparts.
For Ni, however, there is very little difference in solubility between the amorphous and
crystalline solids. The influence of crystallinity on radionuclide solubilities therefore
appears to be non-trivial in many instances and should, therefore, be taken into account
when evaluating the source term in Performance Assessments.

Table 12.3.1 Near-field solution chemistry and radionuclide solubilities according to Model 1 (defined in Section 12.2.3).

pH
Eh(V)
Na + ***

K+
Mg 2+
Ca2+
SiO 2 (aq) i
Al3+
]TFe

cr***
HCO,

YS
Br
F
HPO 4 2
Am3+
Ni2+

ENp
EPU
Ra2+

£Se
Sn2+
Sr2+

ETc
Th4+

TV

Zr(OH)22*

**
***

Host Rock
Concentration*
Equilibrium
(mol/I)
Phase(s)
8.1
-0.25
9.1xlO 2
2.1xl0 4
1.7x303
4.7xlO 2
l.SxlQ-4

j

3.7xl0 7
4.4x10 6
1.9x10'
1.6x10^
5.8xlO 3
5.0x10^
7.9x10'
1.6x!0"7
1.2x10'
5.8xl0 3
1.8xlO"9
7.2xlO 9
8.2x10'
5.5x10'
1.8x10'
1.9x10^
3.3x10'
4.2x10 6
1.2x10'
5.8x10'°

1

L

AmOHCO,
Ni(OH)2
Np(OH),
Pu(OH)4
RaSO4
Se
SnO2
SrCO3
Tc02^H 2 O(am)
Th(OH)4
U0 2 (am)
ZrO2

Bentonlte
Concentration*
Equilibrium
(mol/1)
Phase(s)
8.3
!
-0.25
2.0x10'
5.6xl0 5
4.2x10'
3.6xlO3
7.3x10'
2.2x10'
1.8x10'
2.0x10'
1.7x3O-3
6.7xl0"3
5.0x10^
8.7x10"'
1.7xl0"9
6.5xl0"9
AmOHCO,
Ni(OH)2
1.9xl0"3
Np(OH)4
1.8xl0"9
1.9xlO9
Pu(OH)4
5.3x10'
RaSO4
Se
4.1x10'
1.8xl0-8
SnO,
9.5X10"6
SrCO,
TcO,-2H2O(am)
3.3x10'
4.2X10"6
Th(OH)4
UO,(am)
1.2x10'
5.8x10'°
ZrO2

Canister
Concentration*
Equilibrium
(mol/1)
Phase(s)
8.3
|
-0.24
2.0x10'
5.6x10'
4.2x30'
1.6xl0 3
7.2x10'
3.3xl0' 7
9.2xl0"7
2.0x10'
1.7xl0"3
6.7x10"3
5.0X10"4
8.7x10'
1.7xlO"9
6.6x10 9
AmOHCO,
2.0x10 3
Ni(OH)2
Np(OH)4
1.8xlO"9
Pu(OH)4
1.6xlO9
5.3x30"'
RaSO4
Se
1.5x10'
1.8x10"'
SnO2
9.9x10 6
SrCO,
TcO2-2H2O(am)
3.3x10'
4.2x10"6
Th(OH)4
U0 2 (am)
1.2x10'
5.8x10'°
ZrO2

Spent Fuel**
Concentration*
Equilibrium
(mol/1)
Phase(s)*
8.2
0.75
2.5x10'
6.8x10'
5.3x10'
1.9xlO"3
1.4x10'°
4.0xl0 17
6.1xlO12
2.4x10'
8.5xlO 3
8.1xlO"3
6.1x10^
1.0x10^
2.2xlO 7
8.6x109
AmOHCO,
is.
t
7.2xlO 6
NaNpO7COv3.5H,O
l.lxlO"4
Pu(OH)4
—
RaS04
—
l.s
1.8xlO"8
SnO2
3.2x10'
SrCO,
—
is.
—
Th(0H)4
3
2.5xlO
Schoepite + Soddyite
5.8x10'°
ZrO 2

Total concentration among aqueous species of the indicated basis species, £ indicates total concentration among all oxidation states and aqueous species of the
element; "—" concentration is unconstrained by solubility equilibrium; t indicates the element is not present in spent fuel.
p
68
co2(g) = -3.55 bar.
Log P02(g)
g =-°g
Concentration may have been adjustedd for charge balance.
Phases for which equilibrium was assumed, but not attained, in italics; l.s. refers to the least soluble phase.

Table 12.3.2 Radionuclide solubilities selected for radionuclide transport calculations (described in Chapters 13-16). Values for the waste-form
are the lowest of either fuel or canister data (the CALIBRE code does not distinguish between the real waste form (spent fuel) and the interior
of the canister, see Chapter 13 for further explanation). Oxidising conditions are according to Model 6, see Section 12.2.3 and Table 12.2.1.
Solubility limit (mo!^litre)

Element
Waste-form

C, Cl, Cs, I
Ni
Sr

reducing
(Zero
Variant)

oxidising

soluble

soluble
2

2xlO'3

7xlO"

IxlO 5

2x10^

10

10

Bentonite
increased
temp
(80°C)

reducing
(Zero
Variant)

oxidising

soluble

soluble

soluble

2x10^
3xlO5
9

Zr
Nb

6xlO

1x10*

1x10*

ixlO
-

Tc

3x10*

soluble

3x10*

Pd

IxlO-6

ixlO6

Sn

2x10*

2x10*

Se

2x10*

soluble

6xlO

2xlO

3

9xlO 6
6xlO

10

7xlO

2

2xlO"4
6xlO

10

Rock

increased
temp
(80°C)

reducing
(Zero

soluble

soluble

4

oxidising

increased
temp
(80°C)

soluble

soluble

Variant)
3

2X10-

6xlO

3xlO"5

2x!0' 4
10

3

5xlO 6

2X10"4

1x10^

6xlO

10

ixlO' 9
_

1x10'
-

6xlO"

1x10*

1x10*

3x10*

soluble

ixlO"6

IxlO6

4xlO"6
_

6xlO

1x10*

1x10*

3x10*

soluble

IxlO 6

IxlO 6

3x10*
-

MO"7

2x10*

2x10*

!xlO' 7

2x10*

2x10*

lxlO"7

lxlO"6

4x10*

soluble

2xlO"6

5x10*

9x10*

7

7

5x10*

4x10'

9xlO"

8x10*

soluble
8x10*

2xlO"6

Ra

5x10*

4x10"'

9xlO

Th

4xlO"6

4xlO 6

4XI0-4

4xlO 6

4xlO 6

3xlO 3

4xlO"6

4xlO"6

3xlO"3

Pa
U

2x10*

2x10*

2x10*

2x10*

2x10*

2x10*

2x10*

2x10*

2x10*

5

3

3

5

3

3

5

5

8xlO"3

Np

2x10'

6xlO"6

5x10"'

2x10'

6x10 6

5x10'

2x10'

IxlO-4

5x10"'

Pu

2x10'

ixlO

9

5x10*

2x10'

1x10"'

5x10*

7x10'

1x10'

5x10*

Am, Cm

7x10'

3x10*

5x10*

6x10'

3x10*

5x10"*

1x10"*

1x10*

2x10*

ixlO

IxlO

ixlO

IxlO

IxlO

8xlO

ixlO"

3xlO"
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12.3.19 Conclusions Regarding Solubilities and Speciation
In terms of the main objectives of SITE-94, it is concluded that chemical models of
near-field evolution combined with thermodynamic models of radionuclide
speciation-solubility behaviour can assist efforts to assimilate site characterisation data into
the Performance Assessment process and to deal with uncertainties that are inherent in both
site properties and in concepts of near-field chemistry. It is essential, however, that expert
judgement should be exercised, such that model results are conservative with respect to
acknowledged (and documented) uncertainties. Most importantly, it must be recognised that
it is not possible to specify radionuclide solubilities precisely given the complex chemical
environments and long timescales involved in the disposal of radioactive wastes. For
Performance Assessment, however, only bounding values are needed. Technical peer
review and cross-comparisons of solubility databases adopted in other Performance
Assessments might provide a basis for building confidence in the results of such
assessments (McKinley and Savage, 1996).
Models of near-field evolution and radionuclide speciation-solubility behaviour could
provide an important link between Performance Assessment and site characterisation. The
above results suggest, for example, that understanding the redox buffering behaviour of
near-field materials could simplify efforts to assess repository performance in relation to
site characterisation data. The aqueous speciation and solubility behaviour of the actinides
and many fission products are primarily Eh-pH dependent. Although complexes involving
ligands such as CO32* and SO42" do contribute to the aqueous speciation of some
radionuclides under some conditions, model results suggest they are often of secondary
importance compared to hydrolysis species. Consequently, it would appear most important
to characterise the Eh and pH of site groundwaters and to focus attention on reactions that
could effectively buffer Eh-pH conditions in the near-field.
The relation between Performance Assessment and site characterisation should be iterative
in nature. The need for more realistic models of solubility-controlling solids (alternatives
to Ni(OH)2, for example, and for most actinides) may be indicated by initial results of
Performance Assessment calculations. Refined models, perhaps based on a more realistic
solid-solution approach (e.g., NiS2 in pyritic solid solution), may then make it necessary to
characterise certain groundwater parameters in more detail (e.g., concentration ranges of
dissolved Fe and S). Similarly, integration of Performance Assessment models with
chemical models of near-field evolution and radionuclide speciation-solubility behaviour
could be useful in prioritising phenomena needing additional laboratory study. A possible
example from the results discussed above would be to clarify the factors which control the
crystalline/amorphous nature of the phases limiting actinide solubilities.

12.4

SORPTION OF RADIONUCLIDES

Sorption is the collective term for processes whereby solutes or particles attach to the
surfaces of solids. Sorption onto mineral surfaces might depend on a variety of processes,
often difficult to distinguish from each other (physical adsorption, electrostatic adsorption,
chemisorption and chemical substitution). In fact, the same element might well be sorbed
by more than one mechanism under the same conditions. A more detailed description of
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sorption phenomenon is found in the Project-90 report (SKI, 1991) and a review by Serne
and Muller (1987). SITE-94 contains no new work on conceptual models of sorption
mechanisms and simply selects relevant literature data for the performance assessment
calculations.
Sorption on mineral surfaces is a dominant retardation mechanism in the transport of most
radionuclides through the EBS and the geosphere. Sorption is element specific and depends
both on radionuclide speciation, the solid phase composition and surface characteristics.
To obtain a parameter suitable for describing sorption in mathematical modelling of the
transport of radionuclides, a distribution coefficient (K,,) has been defined, as the
distribution of an element between aqueous and mineral phases at equilibrium.

K

d

-EL

c.

where Cs is the concentration of the element on the solid phase (mol/kg) and Ca is the
concentration of the element in solution (mol/m3). The coefficient describes an observed
distribution of an element between the two phases under certain physico-chemical
conditions. Sorption can also be modelled with surface-complexation models which
describe sorption more mechanistically, where chemical reactions, speciation, etc. are
included in the model. The latter approach has limitations owing to the availability of
measured data and may be used as a complement to the use of distribution coefficients in
Performance Assessment.
Distribution coefficients for use in the SITE-94 radionuclide transport calculations are
selected from literature review for rocks relevant to the hypothetical repository at Aspo, as
well as for the bentonite buffer (Andersson, 1996). The review covers three main sources
of information:
•
•
•

journal articles and technical reports published after 1989,
the OECD/NEA 'ISIRS' sorption database, which contains some 11 000 data fields,
previous safety assessment studies, including KBS-3 (SKBF/KBS, 1983), Project-90
(SKI, 1991), Gewahr (Nagra, 1985), SKB 91 (SKB, 1992) and TVO-92 (TVO,
1992).

The site contains a number of different rock types, including granite, aplite and diorite. For
the selection of sorption data, representative rocks have been chosen from among the
granite-granodiorite suite. The data are valid for a non-saline groundwater that can be
oxidising or reducing, defined by either being in contact with air or having an Eh of
-0.25 V. The distribution coefficients selected for use in the radionuclide transport
calculations are presented in Table 12.4.1.
In future assessments it may be useful to consider potential variations in far-field sorption
properties in circumstances where specific water types can be correlated with specific bulk
or fracture mineralogies in different regions of the rock. Apart from providing the bulk rock
and bentonite sorption data, Andersson (1996) also proposed a range of sorption values for
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fracture minerals; a 'highly-sorbing' type containing clay minerals, chlorite and other ironbearing minerals, an intermediate-sorbing type with iron oxyhydroxides and calcite and a
poorly sorbing type consisting largely of calcite. Since SITE-94 only considers far-field
retardation by matrix diffusion and sorption in the bulk rock, these data and the level of
analysis suggested above are not applied in the present evaluation.
Section 8.3.3 discussed some of the current issues in the interpretation of sorption and
diffusion data for bentonites, noting in particular the possibility that batch Kd-values may
differ significantly from those measured on intact samples. Whilst the uncertainties that
these issues might give rise to are recognised in STTE-94, given the present state of
knowledge, the potential impacts of such effects have not been incorporated into the
assessment calculations. Clearly, this may need to be returned to in future exercises.

Table 12.4.1 Sorption data for rock and bentonite used as input data for radionuclide
transport calculations described in Chapters 13-16.
Element

Sorption coefficient Kd (m3/kg)
Wasteform

Bentonite

Near-field and Far-field rock

C

0

reducing
(Zero Variant)
0.01

0.01

reducing
(Zero Variant)
0.001

0.001

Cl

0

0

0

0

0

Ni

0

1

1

0.5

0.5

Cs

0

0.1

0

0.01
0.02

0.1

Sr

0.01
0.02

0.005

0.005

Zr

0

1

1

4

4

Nb

0

0.5

0.5

2

2

Tc

0

0.05

0

0.01

0

Pd

0

0.1

0.1

0.1

0.1

Sn

0

0.2

0.2

0.1

0.1

I

0

Se

0

0.001
0.01

0.001
0.002

0.0005
0.01

0.001
0.002

Ra

0

0.1

0.1

0.5

0.5

Th

0

1

1

1

1

Pa

0

1

1

0.5

0.5

U

0

5

0.1

5

0.1

Np

0

1

0.1

1

0.005

Pu

0

5

1

5

1

Am

0

2

2

5

5

Cm

0

2

2

5

5

oxidising

oxidising
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The empirical Kd approach has been criticised because data are only valid under the
experimental conditions at which they were measured and extrapolation to other conditions
is not scientifically defensible. This may be an especially important limitation for models
simulating radionuclide transport in repository systems where the geochemical environment
may vary significantly in both space and time. A methodology for adapting mechanistic
sorption models for use in Performance Assessments, using a surface-film concept for
sorption of neptunium, is tested for the SITE-94 study (Arthur, 1994). Surface acidity
parameters in a generalised two-layer surface complexation model are combined with
surface complexation constants for Np(V) sorption on hydrous ferric oxide to derive an
analytical model enabling calculation of corresponding intrinsic distribution coefficients
as a function of pH and calcium, chloride and bicarbonate concentrations. The surface film
concept is then used to calculate a whole-rock distribution for Np(V) sorption from
oxidised groundwater. The limited amount of measured input data restricts the conditions
for which the calculations can be performed, but it is concluded, from this parallel study,
that the Kd-value selected by Andersson (1996) for oxidising conditions is reasonably
realistic. The results also show that sorption capacity is very dependent on the pH.

12.5

CONCLUSIONS AND IMPLICATIONS FOR OTHER
PARTS OF THE ASSESSMENT

As discussed in Chapter 11, the chemical evolution of the near-field is approximated using
a sequential interaction modelling approach, in which site groundwater (Section 11.23.4)
is assumed to equilibrate first with bentonite (Section 11.3.3.2) and then with corrosion
products of the canister (Section 11.5.4). Irreversible reactions involving solutions evolved
from the canister and spent fuel are also modelled (Section 11.8). Initial groundwater
compositions and near-field conditions are defined in accordance with the Reference Case
and Central scenarios (Sections 9.2 and 9.3, respectively). Radionuclide solubilities are
calculated for the initial groundwaters and for near-field solutions resulting from
bentonite - water, canister - water and spent fuel - water interactions.
To deal with uncertainties in radionuclide speciation-solubility behaviour, model results are
compared to published experimental data appropriate for the reducing and moderately
alkaline solutions expected in the near-field. The purpose of the comparisons is to establish
confidence that model results are in reasonable agreement with the available data, or, where
there are discrepancies, to evaluate whether the calculated solubilities are conservative with
respect to experimental results. Good, or conservative, agreement between calculated and
experimental solubilities is determined for Am, Np, Pu, Tc, Th and U (Arthur and Apted,
1996a).
In cases where such experimental data are lacking (Ni, Se, Sn, Sr, Zr and Ra),
speciation-solubility models are constrained by the observed geochemical behaviour of
stable isotopes of these elements in natural systems. Solubility-controlling solids are chosen
such that calculated solubilities are greater than the average analysed concentrations of
these elements in natural waters, according to published reviews such as Hem (1970). In
some cases (Sn and Zr), limited thermodynamic data on solid phases are available and the
most soluble solid among these is assumed to be solubility-controlling.
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Solubility limits for a range of pure mineral phases for each radionuclide in solutions
generated by reactions in each subregion of the near-field are calculated using the evaluated
speciation-solubility models (Arthur and Apted, 1996a). The solubility of the most soluble
phase among these possibilities is assumed to represent a conservative upper bound on
near-field radionuclide concentrations. Solubilities are calculated for U, Pu, Np, Th, Am,
Tc, Ni, Se, Sn, Sr, Zr and Ra (Section 12.3). In cases where appropriate thermodynamic or
geochemical data are unavailable (Pd and lanthanide elements, such as Ce and Sm),
radionuclide concentrations are estimated based on a review of the literature (Section 12.3).
Near-field Cs and I concentrations are assumed to be unlimited by solubility constraints.
Available thermodynamic data for Cs solubility-control by a zeolite (clinoptilolite) solid
solution are not considered in order to maintain conservatism in the calculations.
The results of the calculations are evaluated for the purposes of selecting radionuclide
solubilities for the SITE-94 consequence analyses. The results are summarised in
Section 16.2.
SITE-94 uses conventional Kd-values to describe sorption of radionuclides onto the
bentonite and the rock. A sorption database is compiled from the available literature,
relevant to non-saline, oxidising or reducing groundwaters. A surface-film model for Np
sorption is also tested and concludes that the conventional Kd-value selected for oxidising
conditions is reasonably realistic.

xi
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13 MODELLING RADIONUCLIDE RELEASE
AND TRANSPORT
This chapter describes the mechanisms involved in release and transport of the radionuclides and how these processes are modelled in SITE-94. In some instances, the chapter
also discusses which parameters most affect the transport by drawing upon the results of
calculations for some idealised cases. In Chapter 15, the calculation cases for near-field
release and transport, far-field transport and potential biosphere release are formulated,
while the results are presented in Chapter 16. The biosphere factors used in the radionuclide
transport calculations are described in Chapter 14.

13.1

INTRODUCTION

13.1.1 Transport Processes
When a canister fails and its contents are exposed to water, the spent fuel degrades and its
inventory of radionuclides starts to be released into the water. Once released, the
radionuclides may be partitioned between the water and other phases through processes
such as precipitation/dissolution and sorption. They may be transported by processes such
as diffusion and advection through the various repository barriers and eventually end up in
the biosphere. These processes, in turn, are influenced by the water chemistry, water flow
and physical properties such as porosity. The state and evolution of these conditions depend
on the state and evolution of the near-field and far-field, as described in previous chapters.
These general mechanisms are also displayed in the Process Influence Diagram covering
the different barriers in the repository; see Figures 7.1.1 (far-field rock), 7.1.2 (near-field
rock) and 8.1.1 (canister and buffer).
In SITE-94, as in most other assessments, the radionuclides are usually treated as micro
components, i.e. their presence does not influence the environment. In SITE-94 there are,
however, two exceptions: the formation of oxidants due to radiolysis of water within the
canister and the sharing of solubilities among isotopes of the same element. Otherwise, the
radionuclides are treated as micro components; that is, they are assumed not to influence
the behaviour of the other radionuclides.

13.1.2 Calculations! Tools for Consequence Modelling and
the Assessment Model Flowchart
Quantitative assessment of radionuclide release and transport has been made with two
computer codes: CALIBRE, representing near-field transport, and CRYSTAL, representing
far-field transport. The following sections discuss how these codes model radionuclide
transport. However, the transport analyses also require input from other parts of the
assessment. This information transfer is captured in the Assessment Model Flowchart
(AMF), the function of which is explained in Chapter 2. The AMF is shown in Figure 2.4.5.
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The CALIBRE code (version 2, Worgan and Robinson, 1995a, b) models the release from
the fuel and transport of radionuclides in the near-field. It was originally developed for
Project-90 (SKI, 1991) and has been improved for S1TE-94, (by making the code
computationally more robust and faster, and by including some new features, e.g. pinhole
release model and an option for release to the tunnel). The CALIBRE code is twodimensional, with radial and axial symmetry. The equations are solved by finite difference
space discretisation and a time-stepping scheme. The domains in the code consist of a
'waste-form' (including fuel and cladding as well as the canister, with filling and degraded
walls), bentonite and fractured rock (Figure 13.1.1). Radioactive decay and ingrowth (chain
decay) is included. linear equilibrium sorption and solubility limits under reducing as well
as oxidising conditions are handled for each element. The migration of a redox front
(originating from oxidants produced within the canister) is included. Section 13.3 describes
the actual model setup in the waste-form, the buffer and the near-field rock, respectively.
One necessary input to CALIBRE is the release of radionuclides from spent fuel. These
mechanisms, depicted in the lower left corner of the AMF, are described in Section 13.2.
As displayed in the AMF, CALIBRE also requires input from geochemistry (solubilities,
sorption coefficients, etc.), hydrogeology (Darcy flux, flow-wetted surface, etc.) and

WATER FLOW
THROUGH
FRACTURES

CLAY
BACKFILL

COPPER
CANISTER

SPENT

FUEL
MATRIX

CRYSTALLINE
ROCK

Figure 13,1.1 The conceptual model of the near-field radionuclide transport code
CALIBRE (from Worgan and Robinson, 1995b).
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canister analysis (canister failure time and mode of failure). Dimensions (height, radius,
etc.) are derived from the system description in Chapter 5.
The far-field transport is modelled with the CRYSTAL code (Worgan, 1995; Worgan and
Robinson 1995c), which is one-dimensional with advection and diffusion in a fracture.
Diffusion into the rock matrix is perpendicular to the fracture. Longitudinal dispersion in
the fracture is included. Linear equilibrium sorption is treated for the rock matrix, or as
surface sorption (or both). Radioactive decay and ingrowth (chain decay) are included.
Apart from simple source terms, CRYSTAL can also handle a source term produced by
CALIBRE, in terms of the near-field release rate as a function of time.

13.1.3 Scoping Calculations
Chapter 15 will describe the formulation of calculation cases for CALIBRE and
CRYSTAL. The calculation cases are based on the evaluation of the barriers discussed in
previous chapters.
In advance of the evaluation of the calculation cases, a sensitivity analysis, with a simplified
source term, was performed. The knowledge of sensitivity derived is later used in order to
economise the number of calculation cases analysed. The results of these scoping
calculations are presented in Section 13.5.

13.2

RELEASE FROM THE FUEL

13.2.1 Overview
The following fuel release concepts have been incorporated into the near-field code
CALIBRE (Worgan and Robinson, 1995a, b):
•

Gap release: release of those radionuclides that are present in soluble form between
the cladding and fuel pellets and, to some extent, in fissures (cracks) within the
pellets.

•

Grain boundary release: release of radionuclides present in solid phases between
the UO2 (matrix) grains in spent fuel.

•

Matrix release: release of radionuclides incorporated within the grains of fuel.

•

In addition, the release of activation products by corrosion of metal parts has been
modelled in a similar way to grain boundary release.

A lucid review of the subject has been presented by Grambow (1990). An outline of the fuel
release processes is shown in Figure 13.2.1.
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Figure 13.2.1 Fuel release processes assumed for SITE-94 (and Project-90). The figure
is not drawn to scale; the real dimensions of fuel grains, gaps and cracks are shown in
Figure 3.4.1.

13.2.2 Gap Release
Some mobile fission products with a small tendency to form solid solutions with the
uranium dioxide matrix accumulate at the grain boundaries. A fraction of these (e.g. Cs, I,
Tc and C) also occurs in the fuel-cladding gap and some C is also present in the crud on the
surfaces of the fuel assembly. This fraction is accessible for release immediately upon
contact with the aqueous phase, provided that the nuclides are present in a highly soluble
form. This effect is well established from experimental studies of fuel leaching. The gap
release fraction varies with the thermal history of the fuel. Most values recorded are well
below 10% for Cs and I. Data for the other elements are less abundant.
The chemical form of the elements present in the gap is not very well defined (see
Section 3.4.1). There are reasons to believe that the gap fractions of Cs and I are present as
Csl (Kleykamp, 1985; see also Section 3.4.1).
The other elements supposed to be released from the fuel-cladding gap, Tc and C, have also
been assumed to be present in a highly soluble form. For Tc, this is quite reasonable, owing
to the high solubility of pertechnetate that will form under oxidising conditions. Little is
known about the chemical form of carbon in spent fuel. Here it is assumed to be present as
carbonate. This is possibly a non-conservative assumption, since carbon in the form of
methane will be transported more readily towards the biosphere than carbonate. Methane
may form when carbon is present as carbides, e.g. in the metal parts of fuel.
In the SITE-94 consequence calculations, it is assumed that 10% of Cs, I and C, and 1% of
Tc, are available for gap release.
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13.2.3 Grain Boundary Release
Observed leach rates of Sr and Tc (and of Cs for longer times) have earlier been ascribed
to release from grain boundaries, i.e. as an explanation why the leach rates were higher for
these elements than for the observed leach rate of uranium. This assumption may be
doubtful according to more recent studies (TVO, 1992). Technetium and some of the noble
metals form metallic inclusions together with Mo. Parts of these accumulations of Tc may
well be subject to oxidative dissolution along grain boundaries. No separate study of how
to model these phenomena has been done for SITE-94. Therefore, the same assumptions
and model is used here as in Project-90 (SKI, 1991).
An uncertainty related to grain boundary release is the possibility for an increase with time
of the corroding surface of oxide grains. This is an intricate question which has bearing on
matters such as oxidant production and the relative rates of grain boundary release and
matrix release.
In the SITE-94 consequence calculations it is assumed that 100% of Sr, 90% of Cs, I and
C, and 10% of Tc, are available for grain boundary release. The release rate chosen is 10"7
per day (3.65xl0'5 per year), based on experimental leaching data for Sr (i.e. disregarding
the present belief that Sr is dissolved in the fuel). Modelling of this release is very uncertain
for the long-term, due to insufficient knowledge about the structural degradation of spent
fuel.

13.2.4 Matrix Release
Radionuclides present in the uranium dioxide matrix (i.e. within the fuel grains) are
assumed to be released at the rate of oxidative conversion of the matrix (congruent release;
see Section 11.8). After release, they are transported away at the same rate or they
accumulate within the canister due to limited solubility (cf. Section 12.3). In the latter case,
the transport rate is governed by the solubility limit as an inner boundary condition.

13.2.5 Release From Metal Parts
Activation products in the Zircaloy cladding of the fuel rods and the structural parts of the
fuel assembly are released due to corrosion. The release of radionuclides from the metal
parts in SITE-94 is based on the assumptions made for the Finnish safety analysis, TVO-92
(TVO, 1992).
The corrosion of the Zircaloy is relatively slow, less than 0.01 urn/year, and the corrosion
of the Zircaloy then takes more than 100 000 years (TVO, 1992). In S1TE-94, the activation
products in the Zircaloy are assumed to be evenly released over 10 000 years, which is the
same approach as the one used in TVO-92.
The other structural parts are of stainless steel and Inconel. The corrosion rates of these
materials are higher than for Zircaloy. The modelling assumption in TVO-92 is that the
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activity in these materials is released at an even rate over 1000 years (TVO, 1992), and the
same approach is used in SITE-94.

13.2.6 Solubility Limitations
The radionuclides which might reach their solubility limit within the canister are primarily
isotopes of Th, U and Pu. When comparisons are made against a solubility limit all isotopes
(including stable isotopes) of the element in question are considered. The resulting
compositions of the solid and aqueous phases are based on an assumption of complete
isotopic exchange. This principle is applied for all calculations for all radionuclides.

13.2.7 Mathematical Model and Solution Using the CALIBRE Code
The release of radionuclides from the spent fuel and metal parts in a failed canister is
calculated within the CALIBRE code. The starting point for fuel dissolution is the time of
canister failure, although decay and ingrowth during the containment phase are included.
When the canister fails, it is conservatively assumed that water is immediately in contact
with the fuel and the process of oxidant production by radiolysis and fuel dissolution
begins.
In the CALIBRE code, release from the fuel and metal parts means that the radionuclides
become available in the 'waste-form' (the logical unit in CALIBRE representing fuel,
cladding, filler and canister material) for transport by diffusion, for sorption and for
consideration of solubility constraints.
Gap release
The inventories in the gaps between the fuel and cladding are released to the 'waste-form'
in a single time-step of the CALIBRE calculations. This release mechanism is applied to
1% of "Tc, and 10% of 1291,135Cs, 137Cs and 14C.
Grain boundary release
Elements present at the grain boundaries are released at a fraction that remains constant at
10'7 per day, meaning that grain boundary release continues at an even rate until 27 400
years after canister failure. This release mechanism is applied to 100% of ^Sr, 90% of 14C,
135
Cs, 137Cs and 129I, and 10% of "Tc.
For early canister failure times (canister failure at 103 years and less), the fuel matrix
dissolution is faster than would be accounted for using this model of grain boundary release
(cf. Table 11.8.1). To avoid the radionuclides assigned to grain boundary release being
released more slowly than the fuel matrix is actually dissolving, they are in these cases
assigned to be released at the same rate as the fuel matrix release.
Fuel matrix release
The remaining fuel inventory (not released by gap or grain boundary release) is released
congruently with the fuel matrix dissolution, as described in Section 11.8.1. As the release
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is assumed to occur linearly with time, the input to CALIBRE is simply the starting time
for dissolution and the time when the full matrix is dissolved. The duration of fuel dissolution as a function of canister failure time is shown in Table 11.8.1.
Release from metal parts
The activation products in cladding (Zircaloy) and in structural parts (stainless steel and
Inconel) are released at an even rate over 10 000 and 1000 years, respectively. The
modelling approach in the code is the same as for grain boundary release.
Solubility limitations
In the CALIBRE code, the total concentration of an isotope released from the solid waste
(fuel or metal parts) is partitioned into the amount dissolved in the porewater, the amount
sorbed on solid material and the amount precipitated. In SITE-94, sorption on the canister
or other solid materials inside the canister is not accounted for (see also Section 15.2.2.3).
If the solubility limit for an element is exceeded inside the canister, the dissolved
concentration of each isotope is proportional to the ratio of the total isotope concentration
to the total element concentration, including stable isotopes (see Equation 13.3.4.)
For the dissolution of precipitate, the CALIBRE code uses the same equation for the
partitioning between precipitated, sorbed and dissolved, while the time dependency gets a
less straightforward treatment, as the timescale of dissolution of precipitate is related to the
movement of the redox front (although in reality it might be subject to more subtle control).
Further, it can be noted that the code treats daughter radionuclides that arise in precipitates
as being immediately available in the water—this can be justified as being conservative but,
again, the real situation is much more complicated.

13.3

NEAR-FIELD TRANSPORT

13.3.1 Transport in the Failed Canister
In SITE-94, transport within the canister is assumed to take place by diffusion.
Dissolution/precipitation is considered, while no sorption onto the waste-form is taken
account of. In reality, the canister, cladding and other metal materials (as well as any filling
material) could affect the release and transport of radionuclides, as these could act as
physical barriers and also affect the chemistry by buffering or otherwise changing the
chemical environment. Referring to the PBD (Figure 8.1.1), all influences affecting transport
in the canister are considered either by including them or by making conservative
assumptions that allow the influence to be neglected.
The water chemistry will primarily affect speciation and solubilities. In preparation for the
release and transport calculations, the water chemistry and the solubilities are calculated by
equilibrating the specified far-field groundwater with bentonite, corrosion products (from
the steel canister) and fuel, one after the other (see Section 11.3.3.2.) In addition, the effect
of a moving redox front resulting from the formation of oxidants is considered when
applicable.
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The other PID influences, which basically act to reduce transport through the waste-form
and out of the canister, are handled by the generally conservative assumptions of no
sorption and full contact between the waste-form and the buffer (apart from the possibility
of analysing diffusion through a pinhole in the canister). The approach is considered
generally conservative, in that any physical hindrance is neglected. However, this may not
be true in all cases as the assumption of full contact results in an effective dilution of
releases in the bentonite, through sorption. If there were to be preferential pathways through
the buffer, this assumption would clearly underestimate releases from the bentonite.

13.3.2 Transport in the Bentonite
The dominating transport mechanism in highly compacted bentonite is diffusion. Advective
transport can be neglected due to the low hydraulic conductivity (about 10"13 m/s for pure
water and 10"12 m/s for saline water, according to SKI, 1991; possibly even down to
1016 m/s according to OECD/NEA, 1993). Precipitation/dissolution and sorption in the
bentonite are both considered. They are functions of the groundwater chemistry and the
mineral compositions, including the redox state of the system. The bentonite properties and
their expected evolution for the Reference Case and the Central Scenario are discussed in
Sections 8.3 and 11.3.

13.3.3 Transport in the Near-field Rock
In SITE-94, the near-field rock is modelled as a fractured medium, with transport by
advection and diffusion in fractures, and diffusion in the rock matrix (matrix diffusion).
Sorption and precipitation/dissolution (see the bottom of the PID, Figure 7.1.2) are also
considered. These latter processes depend on the geochemistry, including the redox state.
Although it is generally recognised that these are the main processes that govern transport
in the near-field rock, there is another uncertainty introduced by the unknown and spatially
varying structure of the rock itself. For example, matrix diffusion depends on both the
porous structure of the rock mass and the effective contact between the rock matrix and the
flowing groundwater. Furthermore, the fractures intersecting the deposition hole have
spatially varying properties and may be coated with fracture minerals with varying chemical
properties.

13.3.4 Redox Front
The redox state affects both solubilities and sorption coefficients. The potential formation
and migration of a redox front owing to the migration of oxidants produced from radiolysis
in the fuel is described in Section 11.7.
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13.3.5 Mathematical Model and Solution Using the CALIBRE Code
This section describes the principles of the CALIBRE code, giving the governing equations
for the different logical units of the model (waste-form, bentonite, rock and fracture) and
equations for the most important features. For further details, including the boundary
conditions between the different logical units, the reader is referred to Worgan and
Robinson, 1995b.

13.3.5.1 Transport in the Waste-form
In the CALIBRE code, the fuel, cladding, filler and canister materials are combined in a
logical unit denoted the 'waste-form'. At canister failure time, the canister is normally
regarded as completely failed in the physical sense (the exception is the use of the
alternative pin-hole release model). The release of radionuclides from the fuel to the
porewater of the canister begins and will take place according to one or more release
mechanisms (see Section 13.2). Solubility limits and sorption are considered and both are
affected by the redox state.
Completely failed canister
Once the radionuclides are released from the fuel to the canister porewater they are assumed
to diffuse radially into the bentonite and axially within the waste-form region. The general
form of the governing equation is shown in Equation 13.3.1. As the waste-form in
CALIBRE only consists of one column of cells (see Figure 13.3.1), these also act as
interface cells between the canister and bentonite. The flux at the interface is calculated by
assigning an interface-effective diffusivity that is weighed according to the adjoining cell
volumes in the canister and bentonite.

aA>(r,z,t)
at

I.JL
r dr

aCy(r,z,t)

ar

+D

ca

2

C>(r,z,t)

az:
(Eq. 13.3.1)

where AyC is the total concentration (dissolved in porewater, sorbed and precipitated) of
isotope i of element j in the canister. AuC is the total concentration of the parent
radionuclide D. C^ is the concentration dissolved in the porewater in the canister. DCB and
D e c are the effective diffusivity in the bentonite and canister respectively. kl} and Xu are the
decay constants for isotope i of element j and its parent radionuclide IJ. The letters r, z and
t denote the spatial coordinates (radially and axially) and time, respectively.
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Figure 13.3.1 The conceptual model geometry for the CALIBRE code, employing radial
and axial symmetry (from Worgan and Robinson, 1995a).

The total concentration Af is partitioned into the amount dissolved in the porewater, the
amount sorbed on solid material and the amount precipitated:

A>(t)=e c C i f(t) +P c K j c C>

(Eq. 13.3.2)

When the precipitate PyC is zero, the dissolved concentration becomes:

Ajfrt)
"of

(Eq. 13.3.3)

where ajC= e c +p c Kj C is the capacity factor. e c is the porosity of the bentonite , p c is the
density of the waste-form and KjC the element-specific sorption coefficient.
If the solubility limit is exceeded, the dissolved concentration C ^ t ) for isotope i of element
j is proportional to the ratio of the total isotope concentration (i.e. dissolved, sorbed and
precipitated) to the total element concentration (dissolved, sorbed and precipitated; see
Equation 13.3.4). The summation for the total element concentration includes stable
isotopes. CjC(sol) is the solubility limit for element j . The physical effect of any precipitates
(clogging, forming of colloids, etc.) is not taken into account.
si(0
ii CO

(Eq. 13.3.4)
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Pin-hole release
The treatment of pin-hole release in the CALIBRE code assumes that release from the pinhole is controlled by diffusion through the bentonite away from the hole. Thus, it is
assumed that diffusion within the canister is sufficient to maintain a uniform concentration
across the opening of the hole and that this varies only slowly with time.
The release rate is determined by solving a diffusion problem for a fixed concentration in
the canister and for a precisely circular hole. The curvature of the canister is neglected
(since it is on a much larger scale than the diameter of the pin-hole).
In this approximate geometry, the steady-state release can be calculated analytically and the
transient behaviour can be calculated for large times. In this context, large times are defined
as large compared to the time to diffuse through the pin-hole and are, in fact, small in
assessment terms. Because it is assumed that the concentration within the canister varies
slowly compared to these diffusive times, the result for a time-varying concentration is
simply obtained by using this in place of the constant value. Chambre et al. (1986) give a
general analysis of release from pin-holes, including the specific case treated here.
At steady state, the mass flux of isotope i of element j , F^ entering the bentonite through the
pin-hole is given by:
F a (t)=4D e B C a c (z,t)r

(Eq. 13.3.5)

where DCB is the effective diffusivity in the bentonite, rp is the pin-hole radius and
concentration of isotope i of element j in the canister.

is the

13.3.5.2 Transport in the Bentonite
Transport in the bentonite is modelled as diffusion in a porous medium. No advection or
dispersion is considered.
The governing equation is:

6A:: (r,Z,t)
u

LJL
r dv

dC°(T,z,t)

d2C::B(r,z,t)

dv

dz
(Eq. 13.3.6)

where Ai3B is the total concentration (dissolved in porewater, sorbed and precipitated) of
isotope i of element j in the bentonite. ADB is the total concentration of the parent
radionuclide IJ. C* is the concentration dissolved in the porewater in the bentonite. DCB is
the effective diffusivity in the bentonite. X^ and Xu are the decay constants for isotope i of
element j and its parent radionuclide IJ. The letters r, z and t denote the spatial coordinates
(radially and axially) and time, respectively.
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The total concentration A^8 is partitioned into the mass dissolved in the porewater, the mass
sorbed on solid material and the mass precipitated, in the same way as in the canister (see
Equation 13.3.2). When the precipitate is zero, the dissolved concentration becomes:

(Eq. 13.3.7)

where otjB= eB+pBKjB is the capacity factor. eB is the porosity of the bentonite , pB is the
density of the bentonite and KjB the element specific sorption coefficient.
Solubility limits are taken into account, including the effect of isotopic dilution by stable
isotopes, in the same way as in the waste-form (see Section 13.3.5.1 and Equation 13.3.4).
The element specific solubilities are discussed in Section 12.3.
As for the canister/bentonite interface, the fluxes across the bentonite/rock interface and
bentonite/fracture interface are calculated by assigning an interface diffusion coefficient
which is a weighted average of the two media diffusion coefficients (weighted according
to the volumes of adjoining cells at the interface). The interface between the bentonite and
the fracture and rock does not have any special features except the weighted interface
diffusion coefficients and a narrower grid discretisation near the interface.

13.3.5.3 Transport in the Near-field Rock
In CALIBRE, the near-field rock is modelled as a porous rock mass with uniformly spaced
plane-parallel fractures perpendicular to the length of the canister (see Figure 13.1.1). The
rock mass is modelled as a porous medium, taking only diffusion into account. The fracture
is an open fracture and advection and diffusion are considered (but not dispersion, due to
the short distance modelled). This fracture model is clearly a simplification of the flow field
in real fractures intersecting a deposition hole.
The outer boundary condition is that of zero concentration. The grid length is thus a model
parameter and it is made long enough to ensure that the boundary condition can be
motivated and short enough to motivate the simple geometry chosen. For low Darcy
velocities, too short a grid length would overestimate the driving force and the radionuclide
release. The actual grid length used in S1TE-94 is 4 m (see Chapter 15) and, with the single
canister analysis made in SITE-94, the choice can be justified. For a multiple canister
analysis, the distance between the canisters (as described in Section 5.5.4 and 7.2.7) needs
to be considered more thoroughly in the near-field radionuclide transport calculations.
In CALIBRE, only half the distance between two fractures is modelled (Figure 13.3.1),
employing axial symmetry. No canister end effects are considered, thus the upper and lower
boundaries for the modelled part are set as zero flux boundary conditions. The inventory
input for one canister is scaled down to the modelled length and the release results are
scaled up to a full canister length at the end of the calculations.
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The governing equation for transport in the rock matrix corresponds to the one for the
bentonite:

De

at

LJL
dz

r dr

(Eq. 13.3.8)
where AyR is the total concentration (dissolved in porewater, sorbed and precipitated) of
isotope i of element j in the rock. AUR is the total concentration of the parent radionuclide
IJ. CijR is the concentration dissolved in the porewater in the rock. DeR is the effective
diffusivity in the rock. X-^ and Xu are the decay constants for isotope i of element j and its
parent radionuclide IJ. The letters r, z and t denote the spatial coordinates (radially and
axially) and time, respectively.
The total concentration A ^ is partitioned into the mass dissolved in the porewater, the mass
sorbed on solid material and the mass precipitated, in the same way as in the canister (see
Equation 13.3.2). When the precipitate is zero, the dissolved concentration becomes:

C

(Eq. 13.3.9)

R

where 0^*= €R+pRKjR is the capacity factor. eR is the porosity of the rock, pR the density of
the rock and KjR the element specific sorption coefficient.
Solubility limits are taken into account including stable isotopes, in the same way as in the
canister (see Section 13.3.5.1 and Equation 13.3.4). The element specific solubilities are
discussed in Section 12.3.
Transport in the fracture
The governing equation for transport in the fracture is given by:

~L

w

I
r6rl

dr

az

2

r2

)

_
(Eq. 13.3.10)

where Ay is the total concentration of isotope i of element j in the fracture (dissolved in
water, sorbed and precipitated). AD is the total concentration of the parent radionuclide. Cy
is the concentration dissolved in the water. D w is the diffusivity in water. Xi} and A-u are the
decay constants for isotope i of element j and its parent radionuclide IJ. i>r and u^ are the
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radial and tangential components of the flow velocity. The letters r, z, (|> and t denote the
spatial coordinates (radially, axially and angularly) and time, respectively.
The total concentration A^ is partitioned into mass dissolved in the water in the fracture,
sorbed and precipitated. When the precipitate is zero the dissolved concentration becomes

(Eq. 13.3.11)

a}
The capacity factor for the fracture (with porosity ~1 in the fracture) is given by:
Oj-l^KjVe*^

(Eq. 13.3.12)

where pR is the density of the rock, KjR sorption coefficient, eR porosity of the rock, 0
fractured rock porosity, 6 is the effective depth of surface sorption on the fracture walls and
a is the channelling parameter, or specific flow-wetted area (per unit volume of fractured
rock)1. The fractured rock porosity (i.e. flow porosity; in CALIBRE defined as fracture
aperture divided by fracture spacing) is given as a direct input, as well as being implied in
the grid discretisation (fracture aperture and spacing). In SITE-94, 6 is set to zero as no
surface sorption is considered and the capacity factor thus becomes equal to 1.
At the interface of the fracture and rock, the flux is computed using the rock diffusion
coefficient. Account is also taken of the possibility of channelling in the fracture, where
only a fraction, Fs, of the fracture surface area is available for diffusion. The boundary
condition at the interface (z=b) is:
-D e R F s -^-(r,z,t)| z , b = -D e R F s -^-(r,z,t)| 2 , b

(Eq. 13.3.13)

where DeR is the effective diffusivity in the rock, and C^and CijFare the concentrations
dissolved in porewater in the rock and in the water in the fracture, respectively.
The fraction of the surface area available for diffusion, Fs, could be expressed as:
F =^
s
6

(Eq. 13.3.14)

where a is specific flow-wetted area (per unit volume of rock), b is half the fracture
aperture, and 8 is the fractured rock porosity.
1

This parameter is denoted a r in the deliveries of data from the Hydrogeological parameters Clearing
House.
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In Project-90 (SKI, 1991) the radionuclide transport calculations indicated that using the
same value of specific flow-wetted area in the near-field code (CALIBRE) and the far-field
code (CRYSTAL) produced more effective matrix diffusion in the near-field. The reason
was that the matrix diffusion occurs in two dimensions in CALIBRE while only in one in
CRYSTAL.
In an attempt to overcome this and to reflect more accurately the concept of channelling
within the fracture, a parameter called channel connection length (CCL-parameter) is now
introduced in the CALIBRE code. The basis for this concept is that a few large channels
in the fracture will have a greater separation distance than many small channels, even if the
total surface areas are equal. The opportunity for matrix diffusion is less the bigger the
separation distance.
In the CALIBRE code, the grid discretisation distance between the fracture cell and the
adjacent rock cell is generally small (on the same order as the fracture aperture) and does
not represent the channelling situation very well. In practice, the average diffusion distance
from the channels to the rock adjacent to the fracture plane is controlled by the distance
between channels so, in the CALIBRE code, the value of CCL-parameter is used instead
of the grid discretisation distance when calculating the diffusive transfer rate. Thus, matrix
diffusion becomes more restricted the larger the channel connection length that is chosen.
However, it must be remembered that the treatment of transport in the fracture in the
CALIBRE code is approximate (in terms of orientation, dimensionality, etc., as well as in
the interface between rock matrix and fracture) and the model of the fracture in CALIBRE
is thus best regarded as a way to get better boundary conditions than would be obtained
with a more simplistic mixing tank with zero-concentration.
The influence of the CCL-parameter is evaluated in the simple scoping calculations
presented in Section 13.5.1.
For flow around a cylinder, the radial and tangential components of the flow velocity, ur and
i^, could be written:

= UCOS(J)

(Eq. 13.3.15)

= -usincj) 1+-

(Eq. 13.3.16)

where r2 is the radius of the interface of the bentonite and rock, and u is the flow velocity
in the fracture far from the cylinder. The flow velocity is derived from the Darcy velocity
q (input parameter to CALIBRE) and the fractured rock porosity 0 by:
(Eq. 13.3.17)

6
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The flow around the canister and the bentonite destroys the cylindrical symmetry of the
system, resulting in the three-dimensional mass transfer equation. Approximations are made
to reduce the problem to two dimensions. It is assumed that there is no vertical variation
in the dissolved concentration in the fractures (very thin fractures justify this
simplification). The average concentration C(r) is obtained by averaging C(r,(j)) over the
angular (():

C(r)=-LjC(r,<t»dci>

(Eq-

13 318

-

)

To simplify the angular dependence of the dissolved concentration a weighting function,
is used:
C(r,<t>)=C(r)f(<J>)

(Eq. 13.3.19)

The choice of weighting function is f((j>)=7i:cos <|) for downstream ($: it/2 to 3it/2) and
f((j))= 0 for upstream (4>: -ft/2 to %/2), for details see Worgan and Robinson (1995b).
The solubilities in the rock and fracture are treated in the same way as the in the bentonite.
The sorption in the rock is treated as in the bentonite. The sorption in the fracture is zero,
as no surface sorption is considered in SITE-94.

13.3.5.4 Redox Front
CALIBRE can handle two redox states, i.e. each cell in the discretisation grid can be either
reducing or oxidising. As default, all cells are reducing, but a redox front (moving or
immobile) can be included, which switches cells to oxidising conditions at specified times.
The redox model in CALIBRE consists of two parts. The first uses oxidant production rate
(in the canister) and reducing capacities in the different regions of CALIBRE (waste-form,
bentonite and rock) as input, models the transport of oxidants in a finite-difference grid and
gives the times when each cell becomes oxidising. The second part calculates radionuclide
transport, with the solubility and sorption properties in any cell being determined by its
current redox state. The first step can be omitted and a set of switch times can be directly
specified to CALIBRE, e.g. for modelling an immobile front at a certain position. The
oxidant production rate has to be calculated externally and given as a time series input to
CALIBRE.
The reaction between the oxidant and reductant is assumed to be instantaneous and a redox
front is therefore formed, its rate of movement controlled by diffusion of oxidant to the
front and/or by oxidant production rate in the canister. The fracture is assumed to stay
reducing, i.e. the flowing water in the fracture has a high enough redox capacity to reduce
the oxidants that reach the fracture (see Section 11.7.) The fracture could be forced to be
oxidising, if the position of the front (as cell switch times) is given directly to CALIBRE
without using the built-in calculation of the movement of the front.
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With the stepwise (cellwise) movements of the front in CALIBRE, the changes of solubility
limits and sorption properties may be very abrupt. In the case of a moving front, the
properties of a cell are allowed to start changing as soon as any of the nearest cells become
fully oxidised. Thus, the properties may change from reducing to oxidising linearly over a
number of time steps, depending on how quickly the front moves.

13.4

TRANSPORT IN THE FAR-FIELD ROCK

13.4.1 General Description
Radionuclide migration and retardation in the far-field rock are assumed to take place by
advection/dispersion of the radionuclides dissolved in the flowing groundwater, matrix
diffusion into the rock mass and sorption. Precipitation/dissolution is, conservatively,
neglected as the concentrations are assumed to be very low. Colloids could constitute an
alternative transport mechanism, but their impacts are not analysed within SITE-94. All
these processes are also displayed at the bottom of the PID (see Figure 7.1.1.)
For a continuous Darcy velocity field the transport mechanisms above could be described
by the advection-dispersion Equation 13.4.1 coupled to the diffusion equation inside the
rock matrix (Equation 13.4.2). Equation 13.4.1 takes into account radionuclide transport
by groundwater flow in a fracture, but subject to instantaneous linear sorption on the
fracture surface, diffusion out of the fracture into the matrix porosity, and radioactive decay.
The three terms on the left hand side of the equation describe impacts on radionuclide
concentration in the water of retardation by fracture surface sorption, of flow rate and of
dispersion, respectively. The first two terms on the right hand side of the equation take
account of radioactive decay (including chain decay) whilst the final term defines the
impact on concentration of radionuclides in the matrix pore waters as a result of diffusion
out from the wetted fracture surface area (in the w direction assumed to be orthogonal to
the fracture) into the rock matrix.
Equation 13.4.2 accounts for diffusion in one direction orthogonal to the fracture and for
sorption of radionuclides inside the rock matrix, again taking account of chain decay.
Finally, Equations 13.4.3 and 13.4.4 describe how the two retardation factors (surface and
matrix) used in the transport equations are derived from the relationship between sorption
coefficient and fracture or matrix porosity, respectively. The surface sorption equation
(13.4.3) includes a term to account for the size of the wetted surface area of the fracture and
the amount ('depth') of rock available for immediate surface sorption. Note that this is
distinct from the penetration depth for diffusion and sorption in the matrix which is defined
as the maximum distance in the w direction where there is connected pore space.
The velocity field and the specific flow-wetted area are subject both to spatial variability
and to uncertainty, as discussed in Chapter 10. The appropriateness of Equation 13.4.2
could be questioned, particularly the assumption of spatially invariant properties and the
geometrical simplifications. The uncertainties in the treatment of sorption are discussed in
Section 12.4.
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0

concentration of radionuclide i in the fracture water [moles/m3]
concentration of radionuclide i in the matrix water [moles/m3]
distance into matrix orthogonal to fracture surface [m]
groundwater flow (Darcy velocity) [m3/m2/s]
dispersion [m2/s]
specific flow-wetted area of fractures (per volume of rock mass) [m 1 ]
sorption coefficient for radionuclide i for fracture surfaces [m3/kg]
sorption coefficient for radionuclide i inside rock matrix [m 3 /kg]
'depth' of surface sorption [m]
matrix diffusivity [m 2 /s]
rock mass ('flowing') porosity
matrix porosity
decay constant for radionuclide i [s 1 ]
bulk density of rock matrix [kg/m 3 ]
retardation for radionuclide i due to surface sorption
retardation for radionuclide i due to sorption in rock matrix

13.4.2 Mathematical Model and Solution Using the CRYSTAL Code
Far-field transport in SITE-94 is evaluated using a computer code, CRYSTAL version 2.1,
developed by Worgan and Robinson (1995c). The code implements a one-dimensional form
of Equation 13.4.2. This is a considerable simplification of the true velocity field discussed
in Sections 10.3.9 and 15.2.1.6. The following physical and chemical processes are
included:
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•

Advection of radionuclides occurs in the groundwater, which is assumed to have a
laminar flow at constant velocity through a set of parallel fractures. The shape of the
matrix blocks are either planar, cylindrical or combinations of both. Figure 13.4.1
outlines the planar shape of the matrix blocks. This is the shape used in all the
calculations in SITE-94.

•

Longitudinal dispersion spreads dissolved radionuclides along the direction of flow.
Transverse dispersion is not considered, since the required results are total fluxes
integrated in the transverse direction. It is assumed that molecular diffusion
equalises the concentration across the aperture. Note that the fracture aperture shown
in Figure 13.4.1 is not used as a direct variable in CRYSTAL, which instead uses the
surrogate value of flow porosity, from which aperture can be back-calculated if
required.

•

Diffusion in the rock matrix occurs perpendicular to the fracture walls and can occur
up to a symmetry boundary of specified penetration distance. The 'fracture spacing'
shown in Figure 13.4.1 defines a 'slab thickness' in CRYSTAL which clearly
defines the upper limit of diffusion into the rock matrix. This parameter is not
determined in the SITE-94 hydrogeological analysis and is not used as a variable in
CRYSTAL in the current analysis. This is because it is set at a single, sufficiently
large value in CRYSTAL (1 m) that it exceeds twice the maximum diffusion
penetration distance variant (0.25 m).

•

The contact area between the rock and fracture is controlled by the specific flowwetted area parameter1. This restricts the amount of rock into which diffusion can
occur. Figure 13.4.2 illustrates diffusion into the planar type of matrix blocks used
by CRYSTAL.

•

Linear equilibrium sorption on fracture surfaces and in the bulk matrix retards the
movement of radionuclides. In the application for SITE-94, only the matrix sorption
was used. Linear equilibrium sorption in the matrix or on the fracture walls or
combinations of both are possible in the code.

•

Radioactive decay and ingrowth occur throughout.

Note that the geometrical simplifications are made on the assumption that the overall
behaviour of the system depends largely on averaged properties of the detailed geometry.
For example, the specific surface area of contact between flowing and non-flowing water
is sufficient to model the system without knowledge of the real, highly complex structures.
Thus, it is not implied that a real system has such a simple geometry, only that its behaviour
can be well enough reproduced by working with the simple geometry.

This parameter is denoted a r in the deliveries of data from the Hydrogeological parameters Clearing
House.
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Figure 13.4.1 Description of parallel slab geometry with open fractures for the CRYSTAL
code.

Diffusive transport in matrix
blocks

Figure 13.4.2 Description of planar case diffusion into linear section of rock in the
CRYSTAL code.
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Different boundary conditions are possible. The following conditions are used in SITE-94
for the CRYSTAL model:
•
•
•

The inlet boundary is a general flux input boundary condition.
The downstream boundary is a zero concentration condition.
The distance to the outlet boundary is set to the radionuclide transport distance.

The interface of the geosphere model with the near-field model is handled using the
convolution theory. The output from the geosphere is calculated as a response function to
a delta function input of unit strength. The release from the geosphere, calculated by
CRYSTAL, is obtained by convolution of the time series output from the near-field model
(in SITE-94, the CALIBRE code) and the geosphere response functions.

13.5

SCOPING CALCULATIONS WITH THE
CONSEQUENCE CODES

13.5.1 Near-field Results
Simple scoping calculations are used as a sensitivity analysis, performed in advance of the
calculation cases defined in Chapter 15. The source term for the near-field is usually
1 mole/canister of a hypothetical, stable radionuclide, instantaneously released from the
fuel. Hydrogeological and geochemical parameter values are varied, but within the same
ranges as used later in the SITE-94 consequence calculations. Canister failure time is set
to W4 years (failure at 10"3 years is used for the Reference Case, Zero Variant case in the
later calculations). The objective of the sensitivity analysis is to understand in general terms
the influence of different parameters and indicate how to select parameter combinations to
evaluate in the full consequence radionuclide transport calculations.

13.5.1.1 Sensitivity to Some Parameters
A suite of calculations uses variations of the values of Darcy velocity, specific flow-wetted
area (a-parameter) and channel connection length (CCL-parameter). The CCL-parameter
is an attempt to reflect the channelling in fractures and to restrict the matrix diffusion in the
case of larger channels (increasing CCL), see Section 13.3.5.3.
The results from the calculations show that the release rate is insensitive to parameter
values above or below certain levels. The most obvious example is the Darcy velocity,
which is illustrated in Figure 13.5.1. For high Darcy velocities (here above 10'3 to
10"2 m/year), release from the near-field will be controlled by diffusion through the
bentonite buffer. Hence, a further increase in Darcy velocity will not increase the release
rate. Also, for small Darcy velocities, the release rate is less sensitive to changes in velocity,
although care must be taken for very low Darcy velocities, as the limits of the code are
reached and as the outer boundary condition of zero concentration would exaggerate the
diffusion.
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For high Darcy velocities, changes in neither the a-parameter nor the CCL-parameter have
any effects on the release rate, which is consistent with diffusion in the bentonite buffer
being the controlling process.
For medium and low Darcy velocities, the release rate decreases with increasing
a-parameter (increasing wet surface area available for sorption; see Figure 13.5.2). The
a-parameter has no effect if it is too small, however, and the magnitude at which it ceases
to have any effect depends on the Darcy velocity: the smaller the Darcy velocity, the lower
this value. For example, with a Darcy velocity of 10*4 m/year the a-parameter limits the
release if it is equal to or larger than 0.01 m"1, while at a Darcy velocity of 10"6 m/year it
limits the release if it is 10"4 m'1 or larger (see Figures 13.5.2 and 13.5.3.)
The channel connection length parameter shows similar behaviour. For small Darcy
velocities (10^ m/year or less), the CCL-parameter limits the release if it is small enough
(meaning small channels and more effective matrix diffusion). How small the CCLparameter needs to be in order to limit the release depends on the Darcy velocity. For
example, with a Darcy velocity of 10^ m/year the CCL-parameter limits the release if it is
10'3 m or less, while at a Darcy velocity of 10"6 m/year it limits the release if it is 10'2 m or
less. In reality, the channels are further apart than 10"2 m; at least, it would be very hard to
prove that they are more closely spaced. This means that it is conservative (as it restricts
matrix diffusion), but not unrealistic, to set the CCL-parameter to be larger than 0.01 m.
Increasing the sorption by increasing the sorption coefficient (Kd-value) decreases the
release rate, but does not change the limits at which the a-parameter influences the release
rate (at a certain Darcy velocity; see Figure 13.5.4).
The results above are used directly when formulating near-field calculation cases, as
discussed further in Chapter 15. Only one value of the CCL-parameter is used (0.1 m), and
the rather regular influence of Darcy velocity, a-parameter and sorption coefficients also
suggests that only a limited set of calculation cases with different values of the other
parameters need be explored. It should be noted, however, that the choice of a conservative
value of the CCL-parameter (in the near-field calculation cases) could diminish the effects
of variations in the a-parameter.
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Figure 13.5.1 Release rate from the near-field (in mole/year, canister) for different Darcy
velocities (q, m/year), using a simple source term of 1 mole.
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Figure 13.5.2 Release rate from the near-field (in mole/year, canister) for a Darcy velocity
oflO4 m/year and different values of the specific flow-wetted area (a-parameter, m1), using
a simple source term of 1 mole.
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Figure 13.5.3 Release rate from the near-field (in mole/year, canister) for a Darcy velocity
oflCt6 m/year and different values of the specific flow-wetted area (a-parameter, m'1), using
a simple source term of 1 mole.
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Figure 13.5.4 Release rate from the near-field (in mole/year, canister) for different values
of the specific flow-wetted area (a-parameter, m'1) and different sorption coefficients
(Kd-values, m3/kg), using a simple source term of 1 mole.
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13.5.1.2 Direct Release to a Tunnel
CALIBRE has an option to calculate releases to a tunnel above the canister, as shown in
Figure 13.5.5. The boundary condition in the tunnel is zero concentration, which implies
that advection in the tunnel is sufficient to maintain a low concentration.
In a set of scoping calculations it is found that the release rate to the tunnel is independent
of the Darcy velocity in the fracture. Except for high Darcy velocities (and then only at
early times) the release rate to the tunnel is larger than the release rate radially (from the
rock and fracture). The Kd-values is varied, but not other transport parameters as e.g.
diffusivity. However, a scoping calculation indicates that the groundwater flow needed in
the disturbed zone in order to come close to a zero concentration boundary condition has
to be several orders of magnitude larger than the Darcy flux in the fracture. Analysing the
effect of a disturbed zone (see Geier, 1996) does not indicate such large flow differences.
Consequently, given the available models for radionuclide transport, it was decided to
disregard direct release to the tunnel in the consequence calculations. It is recognised that
this description of transport of radionuclides to the tunnel contains large uncertainties, and
that a more thorough treatment of the geometry is required in near-field transport models.

13.5.1.3 Pin-hole Release
The transport resistance through the canister walls is not taken account of in the normal
mode of CALIBRE, but could be considered by using 'pin-hole release mode'. The impact
of the position of the pin-hole is investigated with scoping calculations. The pin-hole was
placed either at the level of the fracture or half-way between two fractures. Sorption
coefficients (Kd-values) were set at 0, 0.1 and 1 mVkg.

zero
concentration
boundary
conditions
zero
flux
boundary
condition
Fracture

Figure 13.5.5 Conceptual model geometry for the CALIBRE code, including a tunnel
feature (from Worgan and Robinson, 1995a).
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The position of the pin-hole influences the release rate, giving a lower rate when the pinhole is half-way between fractures but the effect is small, less than one order of magnitude.
There is no effect during the first 104 years and, as this early period is the most important
period in respect of release through pin-holes, only one case with pin-hole release is
evaluated in the consequence analysis.

13.5.2 Far-field Results
The idea behind the simple geosphere calculations is to investigate if variations of grouped
parameters in the far-field transport code CRYSTAL could describe variations in the farfield transport properties. S1TE-94 concentrates on evaluating the effects of variations only
in hydrogeological (rather than, say, geochemical) transport parameters. Two parameter
combinations (groups) are used for this, the F-ratio and the Peclet number. The concept of
the F-ratio is derived from the solution to the advection-dispersion matrix diffusion
equation (see Moreno and Neretnieks, 1993, and Tang et al. 1981) and is a measure of the
capacity for retardation by sorption and matrix diffusion in the rock fractures. The Peclet
number expresses the ratio between advective and dispersive transport.
The F-ratio and the Peclet number are defined by:

F-ratio = —

Peclet number = - S t 0D,

(Eq. 13.5.1)

(Eq. 13.5.2)

where, a is the specific flow-wetted area, L is the transport distance, q is the Darcy velocity,
0 is the flow porosity and DL is the longitudinal porewater dispersion.
Moreno and Neretnieks (1993) identified the importance of a term similar to the F-ratio
within their equation for transport in a parallel plate fracture. Their term (zW/Q, where z
is equivalent to the transport distance identified above, W is the flowing channel width and
Q the channel flowrate) corresponds to half the F-ratio used here.
If the two parameter groups could characterise transport, then calculations where the
individual parameters are varied while the F-ratio and Peclet number are held constant
would give the same, or nearly the same, release curves. Therefore, six different batches of
calculations are specified, where the individual parameters specific flow-wetted area, Darcy
velocity and longitudinal porewater dispersion are varied, while the F-ratio and Peclet
number are held constant within each batch. The input parameters to the 18 cases are
compiled in Table 13.5.1. The F-ratio varies between 7.1xlO2 and l.OxlO6 year/m, and the
Peclet number between 0.2 and 100.
The rest of the input parameters to CRYSTAL remain constant during all calculations. The
input parameters are close to the Project-90 VGO case. The parameters are listed in
Table 13.5.2.
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Table 13.5.1 Varied input parameters and the resulting F-ratio and Peclet number, for the
18 calculation cases in the far-field scoping calculations.
Input parameter

Calculated parameter

Case

Specific
flow-wetted
area,a
(m1)

Darcy
velocity, q
(m/year)

Longitudinal
porewater
dispersion, DL
(mVyear)

F-ratio
(year/m)

lal
Ia2
Ia3

1.0x10"'
1.0x10'
1.0x10'

1.4x10"*
1.4xlO3
1.4x10'

1.4
1.4x10'
1.4x10'

7.1x10'
7.1x10'
7.1x10'

lbl
Ib2
Ib3

1.0x10'
1.0x10'
1.0x10'

8.3xlO5
8.3x10"*
8.3x10'

2.8x10'
2.8x10'
2.8x10'

1.2x10'
1.2x10'
1.2x10'

2al
2a2
2a3

1.0x10'
1.0x10"'
l.OxlO-1

l.OxlO'5
1.0x10"*
l.OxlO-3

0.1
1.0
10.0

1.0x10'
1.0x10'
1.0x10'

100
100
100

2bl
2b2
2b3

1.0x10'
1.0x10"'
1.0x10'

l.OxlO"5
1.0x10"*
1.0x10'

5.0
50.0
500.0

1.0x10'
1.0x10'
1.0x10'

2
2
2

3al
3a2
3a3

1.0x10'
l.OxlO"1
1.0

l.OxlO-6
l.OxlO"5
l.OxlO"4

0.1
1.0
10.0

l.OxlO6
l.OxlO6
l.OxlO6

10
10
10

3bl
3b2
3b3

1.0x10-'
1.0x10'
1.0

l.OxlO-6
l.OxlO"5
1.0x10"*

5.0
50.0
500.0

l.OxlO6
l.OxlO6
l.OxlO6

Peclet
number

100
100
100
0.3
0.3
0.3

0.2
0.2
0.2

Table 13.5.2 Fixed input parameters for the far-field scoping calculations.
Parameter

Value

Unit

Fracture spacing, S
Penetration depth into matrix, P ^
Rock matrix porosity, 6m
Flow porosity, 0
Diffusion coefficient in porewater of the rock matrix, Dm
Sorption coefficient, Kd
Migration distance, L

1.0
0.1
1.0x10'
l.OxlO-4
1.6x10"'
1.0
100

m
m
m'/year
m'/kg
m

In the CRYSTAL scoping calculations, a delta function is used as source term (i.e. the input
from the near-field to CRYSTAL). A hypothetical stable radionuclide is used (the half-life
is set to a very large value, 1038 years). The geometry used is infinite parallel plane fissures
between slabs of rock, and diffusion of the radionuclides into the rock matrix is considered.
In Figures 13.5.6 to 13.5.8, the results of the far-field scoping calculations are shown as
release rates in moles/year.
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Figure 13.5.6 Release rate curves for batch la and batch lbfrom the scoping far-field
calculations.
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Figure 13.5.7 Release rate curves for batch 2a and batch 2b from the scoping far-field
calculations.
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Figure 13.5.8 Release rate curves for batch 3 a and batch 3b from the scoping far-field
calculations.

Within each batch, all release curves show good or very good overlap for all cases,
especially for the peak release and the time for the peak. The release curves in cases lbl,
Ib2 and Ib3 seem not to overlap with each other, but the peak releases agree within a factor
of two and time of occurrence within just five years (note: the diagrams use a log-scale).
These results demonstrate that the F-ratio and Peclet number can characterise far-field
radionuclide transport and that variations of the individual parameters do not have any
influence (at least for the range of parameters tested) as long as the F-ratio and Peclet
number are held constant. The far-field peak release can thus be described as a function of
the F-ratio and Peclet number, as shown in Figure 13.5.9, where a surface is fitted to the
XYZ calculation data (the circles) according to a distance-weighted least squares smoothing
procedure.
The F-ratio is the most influential parameter with respect to the peak release rate. As can
be seen from Figure 13.5.9, a low F-ratio (low specific flow-wetted area and high Darcy
velocity) implies little retardation and a potential for high far-field releases. The overall
impact of the Peclet number on far-field releases is much smaller. A low Peclet number
implies high dispersion, but the precise impact on far-field releases depends on the shape
of the input pulse from the near-field as well as on the F-ratio and on the chemical properties of the nuclide (e.g. Kj-values). The effect of dispersion on the peak release is especially
pronounced if the source term is a delta function, as in these example calculations.
However, as shown in Section 16.3.2.2 the Peclet number only has a limited impact on far-
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field releases for the Zero Variant near-field source term. In the calculations illustrated in
Figure 13.5.9, which use a K^-value of 1 mVkg, far-field releases increase with dispersion.
For a non-sorbing or weakly sorbing nuclide the effect of the Peclet number on a delta
function would be the opposite.
The conclusion from these scoping calculations, i.e. that F-ratio and Peclet number can be
used to characterise the hydrogeological controls of far-field transport, are used in the
process of selecting calculation cases for the radionuclide transport calculations, as
discussed further in Chapter 15.

Log peak release rate (Moles/year.canister)
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Figure 13.5.9 Peak release rate versus F-ratio and Peclet number, from the scoping farfield calculations. The source term is a delta function and Kd equals 1 m3/kg.
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14 BIOSPHERE MODELLING AND RADIATION
EXPOSURE
This chapter describes the model used for calculations of the biosphere factors, later used
in the radionuclide transport calculations (formulated in Chapter 15 and presented in
Chapter 16). The models for release and transport of radionuclides in the near-field and farfield are described in Chapter 13.

14.1

INTRODUCTION

The simple biosphere model used in SITE-94 was developed specifically for the project by
the Swedish Radiation Protection Institute (SSI) in co-operation with the SKI (Barrdahl,
1996). SITE-94 is concerned with safety aspects of a hypothetical repository, and employs
more conservative assumptions and estimates than are sometimes used in radiation
protection. A biosphere model is needed to provide estimates of the radiological impacts
resulting from the flux of any repository-derived radionuclides which enter the biosphere
from the geosphere. The biosphere model can calculate both annual individual and
collective (50 year integrated) radiation doses to people, and doses to fish. In this chapter
consideration will be restricted to radiation doses to people.
Calculations are generally undertaken for a unit input flux to the biosphere of 1 Bq/year for
each radionuclide; the biosphere model calculations can then be scaled by the calculated
radionuclide fluxes from the geosphere in order to provide estimates of radiological
impacts. It should be stressed that radiation doses calculated using the biosphere model are
entirely hypothetical and illustrative. Pessimistic parameter values are often chosen in order
not to underestimate the resulting radiation exposures.
In the biosphere model calculations dose factors for ingestion and inhalation are taken from
the current SSI regulation (SSI, 1989), and for external exposure from Kocher (1983). Critical
group consumption rates and exposure times are taken from Sundblad et al. (1983a; 1983b).

14.2

BIOSPHERE MODEL

14.2.1 General
The model includes a non-evolving ('stationary') biosphere for the Reference Case, and a
time dependent climate evolution biosphere for the Central Scenario. Both the stationary
and the time dependent biospheres contain, as primary biosphere receptors, a well and the
bay of Borholmsfjarden, the waters surrounding the island of Aspo. In addition, the time
dependent biosphere incorporates the Baltic Sea as a biosphere receptor in the remote future.
Transport of radionuclides within the model system is assumed to be essentially
instantaneous, except in the case of sediments subject to land rise. Apart from that pathway,
radioactive decay and ingrowth is not included in the model, and corrections have to be
made outside the biosphere model. For the land rise pathway, activity in the sediments is
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modelled to allow for radioactive decay from the time at which the sediment no longer
constitutes the sea bottom until the desired time for dose calculations.
The use of a constant flux of 1 Bq/year of each radionuclide considered into the various
biosphere receptors can be justified on the following grounds:
•

The time scale for variations of radionuclide flux from the geosphere is much longer
than one year; variations in the biosphere model on shorter time scales will have
negligible influence on the results.

•

Turnover rates in the biosphere receptors are usually much higher than once per
year, with the exception of the Baltic Sea.

The modelling of radionuclides entering the Baltic Sea is undertaken on a different basis
from that for the other biosphere receptors, as described in Section 14.2.3.

14.2.2 Reference Case
The Reference Case assumes stationary (non-evolving) present-day conditions. The
following biosphere receptors are considered:
•

A well on Aspo island: The well provides potentially contaminated drinking water
for people and is also used for irrigation of agricultural land, leading to external
exposure, inhalation of contaminated dust and ingestion of contaminated vegetables
and soil. The well is assumed to have an extraction rate of 10 000 m3 per year,
generally considered sufficient water to support about 100 people. This well is about
a factor of 2 larger than the one considered in Project-90 (SKI, 1991).

•

The bay of Borholmsfjarden, i.e. the brackish waters surrounding the Aspo island:
Some fraction of the radionuclides in the bay sorbs on sediment and will not be
accessed by pathways considered here. Fish in the bay accumulate radionuclides and
are consumed by people.

The exposure pathways in the Reference Case are illustrated in Figure 14.2.1. The
equations describing the transfer between the compartments in the biosphere model and the
model parameter values employed are given in Barrdahl (1996).

14.2.3 Central Scenario
A simplification of the climate evolution in the Central Scenario was adopted for the
biosphere analysis. In short, it was assumed that the climate will gradually become colder
and, in parallel, the sea-level will first start to fall locally. Between 50 000 and 100 000
years in the future the climate will be glacial and too cold for people. Aspo island will be
located below sea-level during the last part of this period. After 100 000 years in the future,
climate and sea-level will be restored to present values, except that the Baltic Sea is
modelled as having no outlet.
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Figure 14.2.1 Exposure pathways in the Reference Case (adapted from Barrdahl, 1996).

The following biosphere receptors are considered:
•

A well on Aspd island: The well (with the same abstraction rates as for the Reference
Case) provides contaminated drinking water for people and is also used for irrigation
of agricultural land, leading to external exposure, inhalation of contaminated dust
and ingestion of contaminated vegetables and soil. After 50 000 years in the future
the exposure pathway will disappear.

•

The bay of Borholmsfjarden, i.e. the brackish waters surrounding Aspd island: Due
to land rise the depth of the bay will decrease until it becomes a lake. Contaminated
fish in the bay are consumed by people. Some fraction of the radionuclides in the
bay sorbs on sediment and will be accessed for agricultural purposes after sufficient
land rise has taken place, but before the climate has become too cold, leading to
external exposure, inhalation of contaminated dust and ingestion of contaminated
vegetables and soil. After 50 000 years in the future the exposure pathway will
disappear.

•

The Baltic Sea after 100 000 years in the future is taken to contain 1 Bq of each
radionuclide; all radionuclides from the repository are assumed to collect in it and
its sediment. The Baltic Sea is modelled as having its present volume, but no
outflow. Contaminated fish in the Baltic Sea are consumed by people.
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The model includes population densities of man and biota variables (or rather switches:
low, as present, high) for future conditions affecting population radiation dose levels. At
the low level, the population densities are lower than at present and, at the high level, they
are greater.
The exposure pathways in the Central Scenario are illustrated in Figure 14.2.2.
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Figure 14.2.2 Exposure pathways in the Central Scenario (adapted from Barrdahl, 1996).
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In the land rise sediment calculations, a correction for radioactive decay (but not daughter
ingrowth) is made in an approximate manner, taking into account the delay from the time
of land rise until the time of calculated doses. For this pathway it is important to note that
the radionuclide flux scaling factor is evaluated at a time representative of the build-up of
contamination in the sediment (about 1000 years) and not at the time of dose evaluation,
unless that time is earlier than 1000 years.
For the Baltic Sea pathway, the complete inventory of radionuclides, corrected for decay
and daughter ingrowth, is multiplied by the calculated dose impact in order to yield a
pessimistic upper bound for the scaled dose impact. This pathway is only considered in the
remote future.

14.3

RESULTS

Calculated doses for unit 1 Bq/year fluxes from the geosphere for the Reference Case are
given in Table 14.3.1. For the time dependent Central Scenario, corresponding calculations
are shown for 25 000 years in the future in Table 14.3.2. A full account of dose impacts at
0, 5000, 25 000 and 125 000 years in the future is given in Barrdahl (1996).
For the Central Scenario doses from the fish pathway asymptotically reaches a constant
value after about 3200 years. With the exception of the land rise sediment pathway, all
other pathways provide constant doses up to 50 000 years in the future, after which they
disappear. After the glaciation period, 100 000 years in the future, the only remaining
pathway is consumption of fish from the Baltic.
For the majority of radionuclides, the drinking-water pathway produces the highest
individual doses in both scenarios, and the calculated individual doses for the well receptor
pathway are used throughout in the radionuclide transport calculations in SITE-94. The
conservative nature of this choice is discussed in Section 15.2.4. It should be borne in mind
that there are significant uncertainties associated with these biosphere dose calculations, but
they do provide indicative values that can be compared with calculations from other
biosphere models.

Table 14.3.1 Resulting Dose Impact per Bq/yearfor the Reference Case.
Nuclide

C-14
Cl-36
Ni-59
Se-79
Sr-90
Zr-93
Nb-94
Tc-99
Pd-107
Sn-126
I-129
Cs-135
Cs-137
Sm-151
Ra-226
Th-229
Th-230
Th-232
Pa-231
U-233
U-234
U-235
U-236
U-238
Np-237
Pu-238
Pu-239
Pu-240
Pu-242
Am-24!
Am-243
Cm-245
Cm-246
Cm-248

Drinking water
Population
Individual
(manSv/y)
(Sv/y)
3.3xl0 12
2.8xlO14
14
5.0xl0 12
4.2xlO
3.3xl0 13
2.8xlO 15
13
1.5x10"
1.3xlO
3.0x10'°
2.5xlO12
6.0xl0 12
5.0xl0 14
7.5xl0 12
6.3xlO14
3.OxlO12
2.5xI0 14
15
3.OxlO13
2.5xlO
13
3.0x10"
2.5xlO
1.5xlO9
1.3x10"
14
1.0x10"
8.3xlO
7.5x10"
6.3xl0 13
6.0xl0 13
5.0xl0 15
4.3xlO 9
3.6x10"
1.5xlO8
1.3x10'°
3.0x10"9
2.5x10"
l.OxlO8
8.3x10"
4.3xlO 8
3.6xl0 10
12
7.5x10'°
6.3xl0
6.3xl0 12
7.5x10'°
5.0xl0 12
6.0x10'°
6.0x10'°
5.0xl0 12
12
6.0x10'°
5.0xl0
1.5xlO8
1.3x10'°
8.3x10"
1.0x108
l.OxlO8
8.3x10"
l.OxlO"8
8.3x10"
8.3x10"
l.OxlO8
8.3x10"
1.0x!0"8
l.OxlO-8
8.3x10"
l.OxlO-8
8.3x10"
l.OxlO-8
8.3x10"
4.3xlO"8
3.6x10'°

Irrigation - Individual
Inhalation
Oral
(Sv/y)
(Sv/y)
l.lxlO' 7
4.1xlO15
LlxlO 1 6
7.9xlO15
6.2xlO15
1.4xlO17
4.5xlO 16
4.1xlO16
17
4.9xlO
1.9xlO'4
15
15
UxJO
7.1xlO
3.1xlO13
15
4.9xlO
7.4xlO' 5
12
15
1.5xlO
1.6xlO
9.3xlO15
19
17
6.1xlO
4.9xlO
3.7xlO' 5
17
9.8xlO
3.7x3O16
16
14
4.9xlO
6.0xl0
3.7xlO14
14
15
2.2xlO
3.3xlO
I.9xlO 12
17
2.5xlO
1.2xlO14
L2xlO 16
7.8xlO14
4.4xlO 13
18
16
4.7xlO
2.2xlO
6.9xlO16
14
15
4.9xlO
5.3xlO12
7.3xlO
13
1.1x10"
LOxlO
1.8x10"
9.2xlO16
4.9xlO12
3.7xlO12
6.9xlO16
2.5x10"
1.2x10"
3.5xlO14
1.6x10"
5.3x10"
5.0xl0 16
9.3xlO' 3
9.8xlO13
16
13
8.4xlO
9.8xlO
9.3xlO13
13
13
L7xlO
4.9xlO
7.4xlO13
16
13
7.6xlO
7.4xlO13
9.8xlO
16
13
6.7x!0
4.9xlO
7.4xlO13
3.2x10' 4
4.9xlO12
1.9x10"
16
8.0xl0
1.2x10"
2.9xlO12
3.9xlO16
1.2x10"
4.9xlO12
8.6xlO16
3.2x10"
4.9xlO12
16
12
7.1xlO
1.2x10"
4.9xlO
2.9xlO14
1.2x10"
4.8xlO12
6.4xlO14
1.2x10"
4.9xlO12
3.2xlO14
4.9xlO' 2 _^ 1.2x10"
1.2x30"
4.9xlO12
5.3x10"
1.6x10"
External
(Sv/y)

Irri gation -Population
External
Inhalation
Oral
(manSv/y)
(manSv/y)
| (manSv/y)
1.3xlO15
4.9xlO 13
9.5xlO13
1.3xlO14
! 7.4xlO' 3
5.4xlO14
1.7xlO15
4.9xlO' 4
15
5.9xlO
2.2xlO' 2
3
13
1.3xlO'
8.5xlO
3.7x10"
5.9xlO13
8.9xlO' 3
13
1.9x10'°
2.0x10
l.lxlO' 2
17
15
7.3xlO
5.9xlO
4.4xlO 13
14
1.2xlO
4.4xlO 14
12
14
7.2xlO
5.9xlO
4.4xlO 12
12
13
2.6xlO
3.9xlO
2.2x10'°
15
2.9xlO
1.5xI012
5.3x10"
1.4xlO14
9.3xlO 12
16
14
5.7xlO
2.6xlO
8.3xlO14
13
12
8.8xlO
5.8xlO
6.3x10'°
1.2x10"
1.3xlO9
2.2x10 9
13
l.lxlO
5.9x10'°
4.4x10'°
14
9
8.2xlO
2.9x10"
1.5x!0"9
4.2xlO12
2.0x10"9
6.3x10 9
14
6.1xlO
1.2x10'°
1.1x10'°
LOxlO13
1.2x10'°
1.1x10'°
2.0x10"
5.9x10"
8.9x10"
9.1xlO' 4
1.2x10'°
8.9x10"
14
8.1xlO
5.9x10"
8.9x10"
3.8xlO12
5.9x10'°
2.2x10 9
9.6xlO14
3.5x10'°
1.4xlO-9
14
4.7xlO
5.9x10'°
1.5xlO9
3
1.0x10'
5.9x10'°
1.5xlO"9
14
5.9x10'°
8.5xlO
1.5x!0 9
3.4xlO12
5.8x10'°
1.5xlO"9
12
7.7xlO
5.9x10'°
1.5xlO9
12
3.8xlO
5.9x10'°
1.5xlO"9
5.9x10'°
1.5xlO"9
2.0x10"9
6.3x10 9

Individual
(Sv/y)
5.1xlO19
1.4xlO17
5.6xlO21
4.0xl0 17
4.0xl0 18
3.2xlO19
5.0xl0 19
3.0xl0-2°
I.OxlO'20
3.0xl0 17
9.8xlO17
4.5xlO"20
3.3xlO19
l.OxlO-24
2.9xlO17
3.0xl0 18
6.0xl0 19
2.0xl0 18
2.9xlO17
2.5xlO19
2.5xiO19
2.0x1019
2.0x1019
2.0xl0 19
2.0xl0 18
5.4xlO"21
5.4xlO-21
i 5.4xlO21
5.4xlO"21
1.7xlO2°
IJxlO"20
5.4xlO"2'
5.4xlO2'
2.3xlO-20

Fish
Population
(manSv/y)
5.1xlO16
1.4xlO14
5.6xlO18
4.0xl0 14
4.0xl0 15
1.2xlO16
5.0xl0 16
3.0xl0 17
l.OxlO17
3.0xl0 14
9.8xlO14
4.5xlO' 7
3.3xlO16
1.0x1021
2.9xlO14
3.0xl0 15
6.0xl0 16
2.0xl0 15
2.9xlO14
2.5xlO 16
2.5xlO16
2.0x10' 6
2.0xl0' 6
2.0xl0 16
2.0x!0 15
5.4xlO' 8
5.4xlO18
5.4xlO18
5.4xlO18
L7xlO' 7
IJxlO 1 7
5.4xlO18
5.4xlO18
2.3xlO17

Table 14.3.2 Resulting Dose Impact per Bq/yearfor the Central Scenario at 25 000 years. * indicates value belon' 10 •".
Nuclide

C-14
Cl-36
Ni-59
Se-79
Sr-90
Zr-93
Nb-94
Tc-99
Pd-107
Sn-126
1-129
Cs-135
Cs-137
Sm-151
Ra-226
Th-229
Th-230
Th-232
Pa-231
U-233
U-234
U-235
U-236
U-238
_Np-237
Pu-238
Pu-239
Pu-240
Pu-242
Am-241
Am-243
Cm-245
Cm-246
Cm-248

Drinking water
Population
Individual
(manSv/y)
(Sv/y)
14
3.3xlO12
2.8xlO
5.0xl0' 2
4.2xlO14
3.3xl0 13
2.8x10"
13
1.5x10"
1.3xlO3.0x10'°
2.5xlO12
6.0xl0 12
5.0xl0 M
7.5xl0 12
6.3xlO14
14
3.OxlO12
2.5xlO
3.OxlO13
2.5x10"
13
3.0x10"
2.5xlO
1.5xlO9
1.3x10"
1.0x!0"
8.3xlO14
7.5x10"
i 6.3xlO13
6.0x10' 3
! 5.0x10"
4.3xlO"9
3.6x10"
1.5xlO8
1.3x10'°
3.0xl0 9
2.5x10"
l.OxlO8
8.3x10"
4.3xlO 8
3.6x10-'°
12
7.5x10'°
6.3xlO
7.5x10'°
6.3xl0 12
12
6.0x10'°
5.0xl0
12
6.0x10'°
5.0xl0
6.0x10'°
5.0xl0 12
1.5xlO"8
1.3x10'°
l.OxlO8
8.3x10"
1.0x108
8.3x10"
I.OxlO"8
8.3x10"
l.OxlO8
8.3x10"
l.OxlO8
8.3x10"
3.0xl0"8
8.3x10"
l.OxlO-8
8.3x10"
l.OxlO8
8.3x10"
4.3xlO"8
3.6x10'°

Irrij ;ation - Individual
Inhalation
Oral
(Sv/y)
(Sv/y)
15
17
7.7xlO
2.7xlO
1.2xlO14
1.9xlO14
2.7xlO16
17
15
7.7xlO16
3.4xlO
l.lxlO'
16
1.2x!0
3.5xlO14
4
1.7x10"
l.lxlO'
I 3.9xlO13
14
1.2xlO
1.4xlO14
4.0xl0 15
1.7x3O14
3.8xlO12
16
6.9xlO15
1.2xlO
1.5x10-"
16
2.4xlO
6.9xlO16
15
13
1.2xlO
6.9xlO14
1.5xlO
14
15
3.5xlO12
5.3xlO
8.OxlO
17
2.3x3O14
6.0xl0
6.8xlO13
1.8xlO16
l.OxlO-13
18
16
9.5xlO
4.4xlO
l.lxlO 1 5
13
14
1.2xlO
9.7xlO12
1.8xlO
13
2.7x10"
3.4x10"
2.5xlO
1.2x10"
6.9xlO12
2.3xlO 15
6.0x10"
2.3x10"
1.7xlO15
4.0x10"
9.9x10"
8.6xlO14
1.2xlO15
2.4xlO12
, 1.7xlO12
2.4xlO12
1.7xlO12
2.0xl0 15
12
13
1.2xlO
4.1xlO
I.4xlO 12
12
2.4xlO
1.9xlO15
1.4xlO12
12
15
1.2xlO
1.4xlO12
1.6xlO
4
1.2x10"
3.5x10"
7.8xlO'
5.9xlO12
1.8x10"
1.6xlO15
.2x10"
9.6xlO16
2.3x10"
1.2x10"
2.3x10"
2.1xlO 15
1.2x10"
2.3x10"
1.7xlO15
1.1x10"
2.2x10"
6.7xlO14
1.6xlO13
1.2x10"
2.3x10"
14
1.2x10"
2.3x10"
7.8xlO
1.2x10"
2.3x10"
4.0x10"
9.9x10"

External
(Sv/y)

j
!
!

i
j

Irrigation -Population
External
Inhalation
Oral
(manSv/y)
(manSv/y)
(manSv/y)
15
3.2xlO
9.2xlO13
2.3xlO12
3.2xlO14
1.4x3O12
13
15
1.3x!O
4.1xlO
9.2xlO14
14
1.4xlO
4.1xlO12
3
12
2.0x10'
! 1.3xlO
4.7x10"
12
1.4xlO
1.7xlO12
4.5x10'°
4.8xlO 13
2.1xlO12
16
14
1.8xlO
1.4xlO
8.3xlO' 3
14
2.9xlO
8.3xlO14
13
1.8x10"
1.4xlO
8.3xlO' 2
12
13
6.3xlO
9.6xlO
4.2x10'°
15
7.2xlO
2.8xlO12
8.2x10"
2.2x3O14
1.2x10"
15
5.3xlO14
l.lxlO"
1.3xlO13
12
2.1xlO
1.4x10"
1.2x3O9
9
3.0x10"
3.2x10
4.1xlO"9
13
9
2.7xlO
1.4xlO
8.3x10'°
13
2.0xl0
7.2xlO 9
2.8x10"9
1.0x10"
4.8xlO"9
1.2xlO-8
13
2.9x10'°
1.5xlO"
2.1x10'°
2.5xlO13
2.9x10'°
2.1x10'°
4.9x10"
1.4x10'°
1.7x10'°
13
2.2xlO
2.9x10'°
1.7x10'°
2.0xl0 13
1.4x10'°
1.7x10'°
9.3xlO' 2
1.4xlO9
4.2x10"9
7.1x10'°
2.2xlO 9
1.9x10-"
13
9
l.lxlO
1.4xlO
2.8xlO 9
13
9
2.5xlO
1.4xlO
2.8xlO9
13
9
2.1xlO
1.4xlO
2.8xlO"9
12
9
8.1xlO
1.3xlO
2.6x10 9
9
1.9x10"
1.4xlO"
2.8xlO 9
2
9
9.4xlO'
1.4xlO"
2.8xlO 9
1.4xlO9
2.8xlO"9
9
4.8xlO
1.2x108

Fish
Individual
Population
(manSv/y)
(Sv/y)
16
5.1xlO
5.1xlO 13
| 3.4xlO14
1.4x10"
5.6xlO' 8
5.6x10"
4.0xl0 14
4.0x10"
4.0xl0 15
4.0xl0 12
16
1.2xlO
1.2xlO13
6
5.0x10'
5.0xl0 13
17
3.0xl0
3.0xl0 14
17
l.OxlOl.OxlO'14
14
3.0xl0
3.0x10"
9.8xlO14
9.8x10"
4.5xlO17
4.5xlO 14
3.3xlO16
3.3xlO 13
2
l.OxlO- '
l.OxlO'18
14
2.9xlO
2.9x10"
3.0xl0 15
1 3.0xl0 12
6.0x1016
! 6.0xl0 13
15
2.0xl0
| 2.0xl0 12
14
2.9xlO
2.9x10"
2.5xlO16
2.5xlO 13
16
2.5xlO
| 2.5xlO 13
16
2.0xl0
2.0xl0 13
2.0xl0 16
2.0xl0 13
6
2.0x10'
2.0xl0 13
2.0x10"
2.0xl0 12
18
5.4xlO
5.4x10"
18
5.4xlO
5.4x10"
5.4xlO18
5.4x10"
5.4xlO18
5.4x10"
1.7xlO17
1.7xlO14
17
3.7xlO
1.7xlO14
18
5.4xlO
5.4x10"
5.4x3O'8
5.4x10"
2.3xlO17
2.3xlO 14

Table 14.3.2 ctd.
Landrise sediment - Individual
Inhalation
Oral
External
(Sv/y)
(Sv/y)
(Sv/y)
1.3xlO17
7.7xlO16

Nuclide

C-14
CI-36
Ni-59
Se-79
Sr-90
Zr-93
Nb-94
Tc-99
Pd-107
Sn-126
1-129
Cs-135
Cs-137
Sm-151
Ra-226
Th-229
Th-230
Th-232
Pa-231
U-233
U-234
U-235
U-236
U-238
Np-237
Pu-238
Pu-239
Pu-240
Pu-242
Am-241
Am-243
Cm-245
Cm-246
Cm-248

8.OxlO15
*
3.5x10"
1.3xl017
l.lxlO 12
4.7xlO13

*
4.9xlO18
2.4xlO13
I.7xlO14
1.5x10l4
4.7xlO13
l.OxlO'4
1.8xlO14
3.7xlO12
1.7x!014
1.5xlO14
7.1xlO13
*
4.4xlO15
1.5xlO15
1.5xlO14
1.2x30"
1.5xlO13
l.OxlO13
!

2.5xlO16
8.4x1016
*
LlxlO 13
1.6x10 l4
1.0x10"
2.2x30 "
9.3x10"
7.0xl0 14
5.5x3O16
*
*
3.2xlO17
2.5x10"
8.9x10"
5.5xlO10
2.2x10'°
2.0x10"
! 2.1x10"
1.1x10"
2.2x10"
1.1x10"
1.1x10'°
*
5.5x10"
8.7x3O12
l.lxlO 10
2.0x1027
l.lxlO"11
1.5x10"
3.3xlO12
3.5x10'°

Landrise sediment -Po pulation
Inhalation
External
Oral
(manSv/y) ! (manSv/y)
(manSv/y)
1.6xlO15
9.3xlO14

l.lxlO' 15
4.9xlO14
*
2.5xSO14
I 4xS014
1.2*10t4
I.3-I0"
1.1x10"
6.1xlO12
4.2xlO14
*

9.6xlO13

5.4xiO16
6.6xI0 12
3.0x10"
4.3x10"
l.lxlO 10
2.9xlO12
3.OxlO12
2.6xlO12
2.6xI0 12
2.6xlO12
6.3x10"

5.9xlO16
2.8x10"
2.0xl0 12
1.8xlO12
5.7x10"
1.2xlO12
2.1xlO12
4.5x10'°
| 2.0xI0 12
1.8xlO12
1 8.5x10"
*
5.3xlO13
1.8xlO13
1.8xlO12
1.5xlO27
1.8x10"
1.2x10"

2.1x10"
3.4xlO12
4.1x10"
7.9xlO28
4.4xlO12
6.0x3012
1.3xlO'2
1.7x10'°

*
1.8x10"
1.5x10"
3.4x10 l0
5.6x10"
*

3.0xl0 14
I.OxlO13
*
1.3x10"
1.9xlO12
1.2xlO13
2.6xlO13
l.lxlO 12
8.5xlO12
6.6xlO14
*
*
3.9xlO15
3.0x109
l.lxlO 8
6.6x10"
2.6x108
2.4x109
2.5xlO9
1.3xlO 9

2.6xlO"9
1.3xlO9
UxlO8
*
6.6x10"9
l.OxlO9
1.3xlO8
2.4x1025
1.4xlO9
1.9xI09
3.9x10'°
4.2xlO8

1.4xlO13
5.9xlO12
*
3.OxlO12
1.7xlO12
1.4xlO12
1.5x!O13
1.3x10"
7.4x30'°
5.1xlO12
*
*
6.4xlO14
7.9x10'°
1.2xlO9
5.1xlO-9
1.3xlO"8
3.5x10'°
3.6x10'°
I 3.1x10'°
3.1x10'°
3.1x10'°
7.6xlO9
2.6xlO"9
4.0x10'°
4.9x10"9
9.5xlO"26
5.3x10'°

7.2x10'°
1.5x10'°
2.1xlO"8
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15 FORMULATION OF RELEASE AND
TRANSPORT CALCULATION CASES
15.1

INTRODUCTION

The preceding chapters in this report have explored the state and evolution of processes and
conditions that may directly affect radionuclide release and transport in the repository, both
for the Reference Case and for the Central Scenario. Both uncertainties and spatial
variability have been discussed and quantified. The purpose of this chapter is to compile
this information into a suite of calculation cases for near-field release and transport, farfield transport and potential biosphere release. The SITE-94 approach to the formulation
of calculation cases was described in Chapter 2.
The Assessment Model Flowchart (AMF) shown in Figure 2.4.5 illustrates the principle
information transfers to the SITE-94 near-field and far-field consequence analysis
calculation tools (the codes CALIBRE and CRYSTAL: see Chapter 13). Figure 2.4.5 shows
that most of this input is delivered by different Clearing Houses, which are listed in
Table 15.1.1 together with the sections of the SITE-94 report where their input is discussed.
Table 15.1.1 Clearing Houses that deliver parameters to CALIBRE/CRYSTAL and sections
in SITE-94 report where the delivery is discussed.
Clearing House

Report sections

Geochemical Parameters to RN-transport

10.4,11.2.3,11.4,11.7,12

Hydrogeological Parameters to RN-transport

10.3,11.2.2

Biosphere Analysis

14

Fuel degradation and RN-release

11.6,11.8,13.2

Inventory

3

Canister Analysis

11.5

As discussed in the sections dealing with each Clearing House, uncertainty and variability
generally make it impossible to describe repository conditions adequately with unique
parameter values. However, it is feasible to select a set of parameter values which
represents a reasonably defensible starting point for exploring the impacts of uncertainty
and variability by carrying out parameter variations. This initial set of parameter values is
termed the Zero Variant for each Clearing House and departures from it (as parameter
variations) are simply termed variants. A single variant from a Clearing House is one set-up
of parameter values which the Clearing House delivers to the consequence analysis codes.
The full suite of variants then represents a parameterisation of scenario uncertainty,
conceptual model uncertainty, parameter uncertainty and variability, and the information
on the origin of the uncertainty (or variability) is directly tied to the variant.
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However, the consequence analysis codes require input from many Clearing Houses. This
input is obtained by combining variants from different Clearing Houses. Each single
combination analysed is called a calculation case.
As discussed in Chapter 2, there are two conflicting objectives in selecting the suite of
variants in a Clearing House as well as selecting the combination of variants that should
form calculation cases. Clearly, the suite of variants as well as the calculation cases should
reflect the uncertainty and variability of the system, while making proper inferences on the
correlation between parameters. Simultaneously, it is necessary to restrict the number of
variants and cases to a manageable number, without losing the information on the origin
of this uncertainty. On the Clearing House level, the SITE-94 approach to these problems
is to:
•

Define a Zero Variant for that Clearing House where the parameter values represent
a reasonable and credible starting point for other parameter variants.

•

Develop a suite of variants for the Reference Case which evaluates fully conceptual
model uncertainty, parameter uncertainty and variability.

•

Develop a suite of variants for the Central Scenario. In order to reduce the number
of variants, evaluations of conceptual model uncertainty, parameter uncertainty and
variability are usually not applied to the Central Scenario.

•

Explore ranges and establish potential correlations for the consequence codes input
parameters.

•

Use knowledge of sensitivity of the consequence codes in order to judge if an input
parameter change would at all affect the resulting output.

•

Use knowledge of sensitivity of the consequence codes to combinations of input
parameters.

•

Identify any overlap between parameter values in different variants, thus avoiding
potential duplication of variants.

The techniques used for selecting combinations of Clearing House variants into calculation
cases are to:
•

Select only those combinations which are physically possible (i.e. make use of the
knowledge of correlation between Clearing Houses).

•

Restrict evaluations of conceptual model uncertainty, parameter uncertainty and
variability largely to cases within the Reference Case, whereas the added complexity
of time-varying conditions in the Central Scenario is basically made for Zero Variant
conditions.

•

Combine the variants from one Clearing House only with the Zero Variant
parameter values from the other Clearing Houses (with some exceptions).
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•

Select only those combinations which will produce different output when there is
direct or indirect overlap between parameter values in logically different variants
(for example, two different hydraulic conceptual models may in fact produce
transport parameters that give very similar far-field retardation and there would then
be little point in keeping both variants).

•

Select manually a few 'illustrative' combinations such as the most pessimistic and
the most optimistic parameter combinations.

These techniques make it possible to reduce the number of combinations considerably, but
there are a number of drawbacks. First, there is always a risk that an important combination
is overlooked, but this can be overcome if the selection is made carefully. Second, and more
important, is that the set of calculation cases may provide a skewed picture of the
uncertainties in the system as some cases may contain many pooled variants, whereas other
cases represent much more extreme situations or assumptions. Consequently, in this type
of non-probabilistic analysis, it is not possible to draw inferences on the likelihood of a
certain output based on the number of calculation cases that produce this or similar outputs.
In order to draw such inferences, or to track the origin of the uncertainty that motivates the
case, it is necessary to go back to the Clearing House level.

15.2

VARIANTS IN THE REFERENCE CASE

15.2.1 Hydrogeological Variants
15.2.1.1 Introduction
This section describes the selection of hydrogeological parameter variants for the Reference
Case radionuclide release and transport (consequence) calculations, based on the
predictions of site hydrogeology described in Sections 10.3 and 11.2.2. This task was
formally assigned to the Clearing House Hydrogeological parameters to RN-transport in
the AMF (Figure 2.4.5).
The ambition is to propagate all conceptual and other uncertainties that could not be
resolved by the site characterisation data and to evaluate their impact on repository safety.
However, there is not a direct connection for information to pass between the
hydrogeological site evaluation and the consequence calculations. The important
intermediate step, represented by this chapter, is to compile and organise results of the site
evaluation in such a way that different sources of uncertainty can be evaluated. This
involves book-keeping of uncertainties and spatial variability, and a systematic approach
to defining parameter variants for the consequence calculations. Another important aspect
is to ensure consistency between parameters, taking correlations into account. The
radionuclide release and transport calculations (Chapter 16) was also used to provide
feedback regarding the importance of different hydrogeological uncertainties for the
performance of the site.
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The key hydrogeological parameters for the near-field delivered by the Hydrogeological
parameters Clearing House are:
•
•
•
•

Darcy velocity, q^,
fracture spacing, Snf,
fracture aperture, b^,
flow-wetted surface area, a^,

and for the far-field:
•
•
•
•
•

Darcy velocity, qff,
dispersion coefficient, DUf,
effective porosity, <j>f,
flow-wetted surface area, a^,
transport distance, L.

As discussed in Section 10.3, the far-field parameters are usually inter-correlated such that
they are better described by the F-ratio and Pe-number.
In common with all the Clearing Houses, some parameters were not varied and these
include, in the near-field, the CCL-parameter and in the far-field, the penetration depth, the
fracture spacing and the path length.
The need to analyse many variants
The hydrogeological site evaluation, presented in Sections 10.3 and 11.2.2, concludes that
a single set-up of the hydrogeological parameters values will not adequately represent the
site hydrogeology. Apart from the temporal changes during the Central Scenario, which will
be further discussed in Section 15.3, the hydrogeology at a canister position and along a
potential transport pathway:
•

can be described with alternative conceptual models and different conceptual
variants of these models,

•

is uncertain due to uncertainty in boundary conditions and parameter (or property)
values within any given conceptual model,

•

exhibits spatial variability.

The hydrogeological parameter variants for the consequence calculations are selected in
such a way that the impact of all types of uncertainty as well as spatial variability can be
quantified. Because the hydrogeological site evaluation comprises a large number of model
variants for each uncertainty category, the number of possible parameter variants becomes
very large. Further, additional variants are needed to evaluate the correlated ranges of
parameter values reflecting spatial variability for each model realisation. Therefore, a
strategy for selecting a manageable number of parameter variants is needed.
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Iteration with the consequence analysis models
The problem of selecting a limited number of representative parameter variants for the
consequence analysis models is addressed by iteration between them and the
hydrogeological evaluation. Simple sensitivity analyses with the CALIBRE near-field
release and transport code show that the release rates are insensitive to the hydrogeological
parameter values above or below certain values (Section 13.5.1). For example, for high
Darcy velocities (above 10"3 - 102 m/year) the release from the near-field is controlled by
diffusion through the bentonite buffer, hence a further increase in Darcy velocity will not
affect the release rate. These type of sensitivity analyses make it possible to sort out
hydrogeological parameter variants that give similar results, thus reducing the number of
near-field parameter variants that need to be combined with the far-field variants.
As discussed in Section 10.3, the results of both mathematical analysis and simple
sensitivity analyses with the CRYSTAL radionuclide transport code (Section 13.5.2) show
that variation of the individual hydrogeological far-field parameter values does not affect
(reactive) transport, as long as the parameter groups F-ratio (a^ x L/qff) and Peclet number
(Uff x L/Dyf) are held constant. Thus, for the far-field, it is sufficient to explore the F-ratio Peclet number parameter space predicted by each hydrogeological model and model variant
(see Figures 10.3.8 and 10.3.13).
It is possible to get a rough estimate of the impact of the different hydrogeological
conceptual model variants using simple scoping calculations with the CRYSTAL code
(Section 13.5.2). Figure 13.5.9 contains a simple illustration of the sensitivity of far-field
radionuclide transport (response surface for the peak release rate) as a function of the
hydrogeological parameter groups. The ranges of F-ratio and Pe-number in the figure
correspond to the total uncertainty and spatial variability evaluated with the hydrogeological
site models (see Figures 10.3.22 and 10.3.23). The exact shape of the response surface
varies for different radionuclides and for different source terms (in this simple example a
delta function) but the general behaviour is the same, i.e. high release rates for low F-ratios
and low Pe-numbers. The plots of F-ratio versus Pe-number in Figures 10.3.8 and 10.3.13
provide a link between the original conceptual model or parameter uncertainty and the
results of the consequence calculations.
Treatment of correlation between near-field and far-field hydrogeology
Near-field and far-field transport are calculated separately by the CALIBRE and CRYSTAL
codes (Chapter 13), thus the release from the near-field constitutes the source term for farfield transport. When combining near-field and far-field parameter variants it is thus
essential that any correlation is taken into account.
In the hydrogeological site models the near-field parameters are evaluated as an integrated
part of the far-field (Section 10.3). The only observed correlation between the near-field
and far-field is through near-field and far-field Darcy velocity or near-field Darcy velocity
and far-field F-ratio (using data only for the Discrete Feature hydrogeology model).
Canister positions with low Darcy velocity tend to be associated with high retardation
capacity in the far-field rock, but the correlation is, in general, weak or non-existent.
Therefore, near-field and far-field parameter variants are developed separately. However,
when combining near-field and far-field parameter variants a check needs to be made that
each parameter variant is consistent with the conceptual model variant it represents.
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15.2.1.2 The Hydrogeology Zero Variant
In order to facilitate discussion of the impact of different types of hydrogeological
conceptual and parameter uncertainties, a reference variant, denoted the Zero Variant
(Section 15.1) is defined. The requirements of the Zero Variant are:
1.

that it should reflect a credible, but not necessarily the best, hydrogeology model
variant and,

2.

that it should be representative of the result of as many hydrogeological model
variants as possible in terms of near-field parameter values and far-field Peclet
number and F-ratio.

Given these requirements, the Base Case variant of the Discrete Feature hydrogeological
site model (SKI0/NF0/BC0/LO, see Table 10.3.2) proved to be a good Zero Variant.
Specifically, the median values of each of the estimated distributions of near-field and farfield transport parameters were adopted for the Zero Variant (Table 15.2.1). The specific
flow-wetted surface area for the near-field (a^ equal to 0.1 m"1) that was not part of the
output from the Discrete Feature model, was taken from the detailed discrete-fracture
network analyses presented in Section 10.3.6.

Table 15.2.1 Parameter values for the Hydrogeological Zero Variant (based on the
Base Case model variant of the Discrete Feature site model).
Parameter

Symbol

Darcy velocity

Near-Field

Value

(m/yr)

1.5xl0"3

Fracture spacing

s nf

(m)

2.5

Fracture aperture

bnf

(m)

6.5X10"4

Specific flow-wetted
area

«nrf

(m2/m3)

0.1

Darcy velocity

qff

(m/yr)

1.2X10"4

Diif

(rnVyr)

1.4xlO3

4>ff

(-)

5x10"*

Srff

(m2/m3)

1.6xlO2

Path length

L

(m)

500

Peclet number

Pe

(-)

9

F-ratio

F

(s/m)

2.1xlO12

Longitudinal
dispersion coefficient
Porosity

Far-Field

Units

Specific flow-wetted
area
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15.2.1.3 Near-field Variants
Table 15.2.2 contains a compilation of 25 selected hydrogeological parameter variants for
the near-field release and transport calculations. Each of the selected variants represents the
parameters determined at an actual canister position, in a specific realisation in one of the
hydrogeological site models. This ensures that the range of possible correlations are taken
into account. However, as noted above, the results for the different hydrogeology models
often overlap which means that many of the parameter combinations in Table 15.2.2 could
represent several model variants.
The general idea is to vary one or two parameters at a time and to use the Zero Variant
values for the remaining near-field parameters. However, in some cases the remaining
parameters have to be adjusted to comply with the observed correlations (see Section 10.3).
For example, in the Discrete Feature site model, it is not possible to find a canister position
with both very high Darcy velocity and the Zero Variant values of fracture spacing and
fracture aperture, which is why the low value of fracture spacing and high value of fracture
aperture are used in variant 5.
Flux variants
The first 11 variants reflect uncertainty and spatial variability of the near-field Darcy
velocity. These Darcy velocity variants are selected from Figure 10.3.20, as follows. For
each of the two main hydrogeological site models, the Discrete Feature and the Stochastic
Continuum models, five parameter variants are selected, variants 1-5 and 6-10, respectively.
Three of these represent the spatial variability of the Base Case variants in respective
hydrogeology site models. The other two represent the lower end (10th percentile Darcy
velocity) of the hydrogeology variant that produces the lowest median Darcy velocity and
the upper end (90th percentile Darcy velocity) of the hydrogeology variant that produces
the highest median Darcy velocity. In addition, a variant based on the Simple Evaluation
is included to cover a highly pessimistic estimate of Darcy velocity derived for a case with
a direct connection between a canister and the biosphere via a major fracture zone.
Together, these variants cover the full range of estimated Darcy velocities for the near-field.
The density of intermediate Darcy velocity variants within this range is sufficient to allow
discussion of the impact of the other hydrogeological variants, through interpolation.
Fracture property variants
The second group of variants, 12-17, which are based on the Discrete Feature site model,
are set up to explore the impact of the other near-field parameters, namely flow-wetted
surface area, fracture aperture and fracture spacing. The median values and spatial
variability of the latter two parameters are similar for most of the analysed variants of the
Discrete Feature site model. Therefore, three values of each parameter (10th, 50th and 90th
percentiles), reflecting the spatial variability for most variants, are evaluated. Similarly,
three values of flow-wetted surface area, artf= 0.01, 0.1 and 1.0 m"1, are evaluated. These
values reflect uncertainty (regarding data and conceptual model for estimation) and there
is no information on correlation with the other near-field parameters. Each parameter is
varied one at the time about the Zero Variant. All parameter combinations are consistent
with the Base Case variant of the Discrete Feature hydrogeology model.
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Table 15.2.2 Hydro geological near-field parameter variants for the Reference Case. Shaded
parameter values are equal to the values specified for the Zero Variant, in Table 15.2.1. The
following abbreviations are used: DF = Discrete Feature hydrology model; SC = Stochastic
Continuum hydrology model; SE = Simple Evaluation; pctl. = percentile.
Near-Field Variant:
ID Description
0 Zero Variant:

Corresponding
Parameter Values
hydrogeological
<lnf
s nf Kt arnf
model variant (m/year) (m)
(m) (1/m)
DF: SKIO/NFO/BCO

1.5xiO*3

2.5

6.5X10"4

0.1

DF: SKNO/NFO/BCO
DF: SKIO/NFO/BCO

6.0X10"6
8.0xl0" 5

6.5X10"4
6.5x10" 4

DF: SKIO/NFO/BCO
DF: SKIO/NFO/BCO

1.5x10?

8.0
2.5
2.5
Z5
0.8

0.1
0.1
0.1
0.1
0.1

6.5X10*4
6.5X10"4
6.5x10^
6.5X10"4

0.1
0.1
0.1
0.1
0.1

Flux variants (DF-based):
1
2
3
4

Lowest-q nf DF variant (1 Oth pctl. qnf)
DF Base Case (10th pctl. qnf)
DF Base Case (median qnf)
DF Base Case (90th pctl. qnf)

5 Highest-q nf DF case (90th pctl. qnf)

4.0x10" 2
1

DF: SKIO/NFOB/BCO

1.2X10'

SC: NEW-DIP80

3.0xl0" 6

6.5x10" 4
6.5X10"4
l.OxlO" 3

Flux variants (SC-based):

SC: REF-DIP80
SC: REF-DIP80

1.8xlO"
l.lxlO" 4
l.OxlO"3

SC: LNG-DIP80

4.0x10' 3

2.5
2.5
2.5
2.5
2.5

SE: Case 3a

1.05x10°

2.5

6.5x10" 4

0.1

12 Zero Variant + Iowa,. nf

DF: SKIO/NFO/BCO

0.01

DF: SKIO/NFO/BCO

2.5
2.5

6.5X10"4

13 Zero Variant + high a ^

t.5xlO* 3
L5xlG" 3

6.5x10"*

1

DF: SKIO/NFO/BCO

1.5xlO' 3

DF: SKIO/NFO/BCO

I.5xlO*

2.5
2.5

4.0x10^

3

0.1
0.1

16 Zero Variant + low S nf

DF: SKIO/NFO/BCO

I.5xlO" 3

17 Zero Variant + high S nf

DF: SKIO/NFO/BCO

1.5x10*

0.8
8.0

6.5X10"4
6.5XHGT4

0.1
0.1

0.8
0.8
2.5
2.5

l.OxlO" 3
l.OxlO" 3

0.01

4

0.01

6 L o w e s t ^ SC case (10th pctl. qnf)
7 SC Base Case (1 Oth pctl. qnf)
8 SC Base Case (median qnf)
9 SC Base Case (90th pctl. qnf)
10 Highest-q nf SC case with (90th pctl. qnf)

SC: REF-DIP80

5

6.5X10"4

Flux variants (SE-based):
11 Highest-q nf SE Case (low gradient)

Flow-wetted surface variants:

Fracture aperture variants:
14 Zero Variant + low b nf
15 Zero Variant + high b nf

l.OxlO"

3

Fracture spacing variants:

High-flux variants:
18 Highest-q nf DF case (90th pctl. q nf ); low a ^ DF: SKIO/NFOB/BCO
19 Highest-q^ D F case (90th pctl. q nf ); high a^f DF: SKIO/NFOB/BCO
20 DF Base Case (90th pctl. q nf ); low a ^
DF: SKIO/NFO/BCO

1.2X10"1
1.2X10"1
4.0x10' 2

21 DF Base Case (90th pctl. q nf ); high a,.nf

4.0x10" 2

DF: SKIO/NFO/BCO

6.5X10"

1

6.5X10"4

1

6:5x10"*

0.01

6.5X10"4

1

Low-flux variants:
22 Lowest-flux D F case (10th pctl. q nf ); low a,.nf DF: SKNO/NFO/BCO

6.0xl0" 6

23 Lowest-flux DF case (10th pctl. q nf ); high a ^ DF: SKNO/NFO/BCO

6.0X10"6

24 DF Base Case (10th pctl. qnf) and low a,.nf
25 DF Base Case (10th pctl. qnf) and high a,,,.

DF: SKIO/NFO/BCO
DF: SKIO/NFO/BCO

5

8.OxlO"
8.0x10"5

8.0
8.0
2.5
2.5

4

6.5X106.5X10"4

0.01
1
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Extreme combinations ofDarcy velocity and flow-wetted surface
Finally, variants 18-25 are defined to evaluate some extreme combinations of Darcy
velocity (estimated with the Discrete Feature site model) and specific flow-wetted surface.
In variants 18-21, high flux is combined with the high and low value of flow-wetted surface
area. The first two use the 90th percentile Darcy velocity of the hydrogeology variant that
produces the highest median Darcy velocity and the last two use the 90th percentile Darcy
velocity of the Base Case variant. Similarly, in variants 22-25, low Darcy velocities are
combined with the low and high values of flow-wetted surface area. These parameter
variants thus reflect both extremes of uncertainty as well as spatial variability of Darcy
velocity for the Base Case variant of the Discrete Feature model. However, it is important
to recall that the flow-wetted surface area (for the near-field) is estimated independently
with the VAPFRAC discrete-fracture network model (see Section 10.3.6). Thus, potential
correlation between the flow-wetted surface area and the other near-field parameters is
disregarded.

15.2.1.4 Far-field Variants
As outlined above, the far-field performance is evaluated by defining radionuclide transport
parameter variants that cover the F-ratio - Pe-number parameter space estimated with the
hydrogeology site models. In the context of the far-field radionuclide transport model,
Figures 10.3.22 and 10.3.23 constitute a complete parameterisation of the hydrogeological
evaluation performed with the Discrete Feature site model and the Stochastic Continuum
site model, respectively. All that remains is to select a sufficient number of data points (or
transport parameter variants) so that different types of uncertainties and spatial variability
can be evaluated, either directly or through interpolation.
The density of points (hence parameter variants) should ideally be higher in regions of the
F-ratio - Pe-number parameter space where transport is more sensitive to perturbations of
the F-ratio and Pe-number. However, different radionuclides may be more or less sensitive
in different areas, which makes it difficult to realise such an approach. A more simplistic
approach is to cover the most extreme points, as well as some regularly spaced intermediate
points in the F-ratio - Pe-number space.
Figure 15.2.1 illustrates a subset of 44 far-field parameter variants selected for evaluation
of the Discrete Feature model results (Figure 10.3.22). The selected parameter variants
(data points) in Figure 15.2.1 are based on the Base Case variant (filled circles) and some
additional model variants to cover the extremes of the F-ratio - Pe-number parameter space
predicted by the Discrete Feature hydrogeology model variants. Table 15.2.3 lists the
complete set of far-field transport parameters corresponding to the variants depicted in
Figure 15.2.1. However, the exact origin of each data point is not an issue, as radionuclide
transport is insensitive to parameter variations for a given set of values of the F-ratio and
the Pe-number. Different hydrogeological model variants may produce the same value of
the F-ratio and Pe-number through different combinations of the individual far-field
parameters (%, Dyj, cj)ff, a^ and L). The Zero Variant is indicated with a large filled box in
the central portion of Figure 15.2.1.
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Figure 15.2.1 Illustration of far-field parameter variants, based on the results of the
Discrete Feature site model, that were selectedfor the radionuclide transport calculations.
The full set of parameter values corresponding to the data points in the figure appear in
Table 15.2.3.
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Table 15.2.3 Hydrogeological parameter variants based on the Discrete Feature site
model. Transport distance L is set equal to 500 m in all parameter variants. Variant ID
numbers correspond to specific results as shown in Figure 15.2.1.
Parameter Groups
ID Discrete Feature (DF)
Model Variant
(origin of parameters)

F
x10

Parameters from DF Model

Pe
12

D

Lff

xlO 3
xlO' 3
(m/year) (mVyear)

(s/m)

(-)

Zero Variant

2.10

9.00

0.120

1.40

37
32
27
17
12
7
2

SKI0/NF0/BC0/LO

0.200
0.200
0.200
0.200
0.200
0.200
0.200

0.500
1.00
2.08
10.4
20.8
50.0
100

0.500
0.500
0.500
0.500
0.500
0.500
0.500

250
125
60.0
12.0
6.00
2.50
1.25

33
28
18
13
8
3

SKI0/NF0/BC0/LO

2.00
2.00
2.00
2.00
2.00
2.00

1.00
2.08
10.4
20.8
50.0
100

0.100
0.100
0.100
0.100
0.100
0.100

34
29
19
14
9
4

SKI0/NF0/BC0/LO

1.00
2.00
10.0
20.0
50.0
100

0.0100
0.0400
0.0400
0.0400
0.0400
0.0400

0.500
1.00
2.00
5.00
10.0
20.0
50.0
100

0.0100
0.0100
0.0100
0.0100
0.0100
0.0100
0.0100
0.0100

40 SKI0/NF0/BC0/LO*
*(variant with high
35
resolution of
30
small
fractures and low
25
transmissivities)
20
15
10
5
43
38
44
39

SKI0D/NF0/BC0/LO

36
26
42

SKI0D/NF0/BC0/HI

20.0
20.0
20.0
20.0
20.0
20.0
100
100
100
100
200
200
200
200
2.00
2.00
20.0
20.0
0.0571
0.0476
0.200

0.200
0.500
0.200
0.500
0.678
2.00
0.200

1.35
1.00
0.620
0.100
28.2
47.1
40.5

12.5
6.00
1.20
0.600
0.250
0.125

3rff

xlO 3
(mVm3)
16.0
6.34
6.34
6.34
6.34
6.34
6.34
6.34

<i>

xlO6
(-)
5.00
2.00
2.00
2.00
2.00
2.00
2.00
2.00

12.7
12.7
12.7
12.7
12.7
12.7

4.00
4.00
4.00
4.00
4.00
4.00

1.25
0.500
0.100
0.0500
0.0200
0.0100

12.7
50.7
50.7
50.7
50.7
50.7

4.00
20.0
20.0
20.0
20.0
20.0

0.500
0.250
0.125
0.0500
0.0100
0.00500
0.00200
0.00100

63.4
63.4
63.4
63.4
127
127
127
127

20.0
20.0
20.0
20.0
50.0
50.0
50.0
50.0

56.2
25.0
7.74
2.50

171
127
786
127

13.5
5.52
14.5

102
142
514

60.0
40.0
200
40.0
1540
2130
7000

520

Table 15.2.3, ctd.
Parameter Groups

Parameters from DF Model

YD Discrete Feature (DF)
Model Variant
(origin of parameters)

F
x 1012
(s/m)

Pe

0.0365
0.0230
0.0230
0.0230
0.0230

5.00
10.0
20.0
50.0
100

(-)

21
16
11
6
1

SKI0A/NF0/BC0/HI

22
23
24

SKI0/NF0B/BC0/LO

31

SKI0/NF0/BC2/HI

0.0552

1.02

41

SKB0/NF0/BC0

0.0377

0.297

0.200
2.00
20.0

5.00
5.00
5.00

qff

D

3

Lfr

x 10
x 103
(m/year) (mVyear)
28.7
20.0
20.0
20.0
20.0
3.00
0.300
0.0500
68.9
9.95

arff

x 10 3
(m2/m3)

2.88
2.50
1.25
0.500
0.250

66.4
29.2
29.2
29.2
29.2

15.0
1.50
0.125

38.1
38.1
63.4

9.40
47.0

241
23.8

<|>

x 10 6
(-)
997
400
400
400
400
20.0
20.0
40.0
3610
356

For the Stochastic Continuum model, a selection of far-field parameter variants have
already been presented in Figure 10.3.23. The complete set of far-field parameters
corresponding to the data points in this figure is listed in Table 15.2.4. The parameter
variants are constructed as follows. For each conceptual model variant, three values (a low
value, the median and a high value) of the predicted Darcy velocity distribution are
selected. Next, each of these Darcy velocities is combined with a low, median and a high
value of the dispersion coefficient. The dispersion coefficients are, in each case, taken from
scatter-plots of Darcy velocity versus dispersion coefficient to ensure that correlation is
taken into account. Finally, each combination of Darcy velocity and dispersion coefficient
is combined with the three values of the flow-wetted surface area parameter presented in
Section 10.3.6.
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Table 15.2.4 Hydrogeological parameter variants based on the Stochastic Continuum (SC)
site model. Transport distance L - 500 m and porosity (p- 5-KKX4 in all cases. Each group
of parameter variants (1-45, 46-90 and 91-135) comprises an identical set of parameter
combinations, except that values of a^ equal to 0.01, 0.1 and 1.0 m2/m3 have been used,
respectively, for the three groups.
ID

Variant Description
Darcy
DisperSC model
velocity
variant
sion

Parameter Groups

F
x 10-

Parameters from SC Model

Pe
12

(s/m)
(-)
Low specific-flow-wetted-area variants (a^ = 0.01 mVrri 3 )
1
2
3
4

REF DIP-80

low

REF DIP-80

median

5
6
7 REF DIP-80
8
9
NEW-ISO
10
11
12
13
NEW-ISO
14
15
16
NEW-ISO
17
18
19
REF-ISO
20
21
22
REF-ISO
23
24
25
REF-ISO
26
27
28 NEW DIP-80
29
30
31 NEW DIP-80
32
33
34 NEW DIP-80
35
36

high

low

median

high

low

median

high

low

median

high

low
normal
high
low
normal
high
low
normal
high
low
normal
high
low
normal
high
low
normal
high
low
normal
high
low
normal
high
low
normal
high
low
normal
high
low
normal
high
low
normal
high

1.05
1.05
1.05
0.404
0.404
0.404
0.158
0.158
0.158
4.51
4.51
4.51
1.21
1.21
1.21
0.493
0.493
0.493
1.05
1.05
1.05
0.526
0.526
0.526
0.315
0.315
0.315
5.26
5.26
5.26
0.788
0.788
0.788
0.197
0.197
0.197

300
18.8
1.0
97.5
13.0
0.65
100
6.67
1.67
35.0
7.0
0.875
65.0
10.0
0.186
45.7
6.4
1.07
300
7.5
1.67
300
15.0
2.0
62.5
12.5
2.5
50.0
5.0
0.3
66.7
10.0
0.667
114
8.0
0.267

Qff

xlO 3
(m/year)
0.15
0.15
0.15
0.39
0.39
0.39
1.00
1.00
1.00
0.035
0.035
0.035
0.13
0.13
0.13
0.32
0.32
0.32
0.15
0.15
0.15
0.30
0.30
0.30
0.50
0.50
0.50
0.03
0.03
0.03
0.20
0.20
0.20
0.80
0.80
0.80

Diif

xlO3

^rnVyear)
0.0005
0.008
0.150
0.004
0.030
0.600
0.010
0.150
0.600
0.001
0.005
0.040
0.002
0.013
0.700
0.007
0.050
0.300
0.0005
0.020

0.090
0.001
0.020
0.150
0.008
0.040
0.200
0.0006
0.006
0.100
0.003
0.020
0.300
0.007
0.100
3.00
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Table 15.2.4, cta\
ID

37
38
39
40
41
42
43
44
45

Variant Description
Darcy DisperSC model
sion
variant
velocity
LNG DIP-80

low

LNG DIP-80

median

LNG DIP-80

high

low
normal
high
low
normal
high
low
normal
high

Parameter Groups
F
Pe
x 1012
(s/m)
(-)
5.26
5.26
5.26
0.394
0.394
0.394
0.0526
0.0526
0.0526

100
10.0
0.6
133
10.0
0.133
100
5.0
0.15

Parameters from SC Model
Qff

xlO 3
(m/year)
0.03
0.03
0.03
0.40
0.40
0.40
3.00
3.00
3.00

E>Lff

xlO"3
(mVyear)
0.0003
0.003
0.050
0.003
0.040
3.00
0.030
0.600
20.0

Intermediate specific-flow-wetted-area variants (a^ = 0.1 m2/m3)
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

REF DIP-80

low

REF DIP-80

median

REF DIP-80

high

NEW-ISO

low

NEW-ISO

median

NEW-ISO

high

REF-ISO

low

low
normal
high
low
normal
high
low
normal
high
low
normal
high
low
normal
high
low
normal
high
low

normal
REF-ISO

median

REF-ISO

high

high
low
normal
high
low
normal
high

10.5
10.5
10.5
4.04
4.04
4.04
1.58
1.58
1.58
45.1
45.1
45.1
12.1
12.1
12.1
4.93
4.93
4.93
10.5
10.5
10.5
5.26
5.26
5.26
3.15
3.15
3.15

300
18.8
1.0
97.5
13.0
0.65
100
6.67
1.67
35.0
7.0
0.875
65.0
10.0
0.186
45.7
6.4
1.07
300
7.5
1.67
300
15.0
2.0
62.5
12.5
2.5

0.15
0.15
0.15
0.39
0.39
0.39
1.00
1.00
1.00
0.035
0.035
0.035
0.13
0.13
0.13
0.32
0.32
0.32
0.15
0.15
0.15
0.30
0.30
0.30
0.50
0.50
0.50

0.0005
0.008
0.150
0.004
0.030
0.600
0.010
0.150
0.600
0.001
0.005
0.040
0.002
0.013
0.700
0.007
0.050
0.300
0.0005
0.020
0.090
0.001
0.020
0.150
0.008
0.040
0.200
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Table 15.2.4, ctd.
ID

Variant Description

SC model
variant
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

Darcy
velocity

Dispersion

NEW DIP-80

low

NEW DIP-80

median

NEW DIP-80

high

LNG DIP-80

low

LNG DIP-80

median

LNG DIP-80

high

low
normal
high
low
normal
high
low
normal
high
low
normal
high
low
normal
high
low
normal
high

Parameter Groups

F
x 10 12
(s/m)
52.6
52.6
52.6
7.88
7.88
7.88
1.97
1.97
1.97
52.6
52.6
52.6
3.94
3.94
3.94
0.526
0.526
0.526

Parameters from SC Model

Pe
(-)
50.0
5.0
0.3
66.7
10.0
0.667
114
8.0
0.267
100
10.0
0.6
133
10.0
0.133
100
5.0
0.15

Diif

xlO 3
(m/year)

xlO" 3
(mVyear)

0.03
0.03
0.03
0.20
0.20
0.20
0.80
0.80
0.80
0.03
0.03
0.03
0.40
0.40
0.40
3.00
3.00
3.00

0.0006
0.006
0.100
0.003
0.020
0.300
0.007
0.100
3.00
0.0003
0.003
0.050
0.003
0.040
3.00
0.030
0.600
20.0

0.15
0.15
0.15
0.39
0.39
0.39
1.00
1.00
1.00
0.035
0.035
0.035
0.13
0.13
0.13
0.32
0.32
0.32

0.0005
0.008
0.150
0.004
0.030
0.600
0.010
0.150
0.600
0.001
0.005
0.040
0.002
0.013
0.700
0.007
0.050
0.300

High specific-flow-wetted-area variants (a^ = 1.0m2/m3 )
91

REF DIP-80

low

92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108

REF DIP-80

median

REF DIP-80

high

NEW-ISO

low

NEW-ISO

median

NEW-ISO

high

low
normal
high
low
normal
high
low
normal
high
low
normal
high
low
normal
high
low
normal
high

105
105
105
40.4
40.4
40.4
15.8
15.8
15.8
451
451
451
121
121
121
49.3
49.3
49.3

300
18.8
1.0
97.5
13.0
0.65
100
6.67
1.67
35.0
7.0
0.875
65.0
10.0
0.186
45.7

6.4
1.07
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Table 15.2.4, ctd.
ID

Variant Description

SC model
variant

Darcy
velocity

Dispersion

Parameter Groups

F
x 10 12

(s/m)
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135

REF-ISO

low

REF-ISO

median

REF-ISO

high

NEW DIP-80

low

NEW DIP-80

median

NEW DIP-80

high

LNG DIP-80

low

LNG DIP-80

median

LNG DIP-80

high

low
normal
high
low
normal
high
low
normal
high
low
normal
high
low
normal
high
low
normal
high
low
normal
high
low
normal
high
low
normal
high

Pe

105
105
105
52.6
52.6
52.6
31.5
31.5
31.5
526
526
526
78.8
78.8
78.8
19.7
19.7
19.7
526
526
526
39.4
39.4
39.4
5.26
5.26
5.26

(")
300
7.5
1.67
300
15.0
2.0
62.5
12.5
2.5
50.0
5.0
0.3
66.7
10.0
0.667
114
8.0
0.267
100
10.0
0.6
133
10.0
0.133
100
5.0
0.15

Parameters from SC Mode!
Off

xlO 3
(m/year)

xlO" 3
(mVyear)

0.15
0.15
0.15
0.30
0.30
0.30
0.50
0.50
0.50
0.03
0.03
0.03
0.20
0.20
0.20
0.80
0.80
0.80
0.03
0.03
0.03
0.40
0.40
0.40
3.00
3.00
3.00

0.0005
0.020
0.090
0.001
0.020
0.150
0.008
0.040
0.200
0.0006
0.006
0.100
0.003
0.020
0.300
0.007
0.100
3.00
0.0003
0.003
0.050
0.003
0.040
3.00
0.030
0.600
20.0

The selected far-field parameter variants represent the results for a limited number of the
conceptual hydrogeology model variants analysed. However, the impact of any of the other
conceptual model variants can easily be assessed by interpolation between the analysed
parameter variants. The fully integrated radionuclide release and transport calculations
(Section 16.3) show that the Peclet number, in most cases, has a limited impact on far-field
releases (Figure 16.3.4). Thus, the outcome of a certain hydrogeological conceptual model
variant can easily be obtained by selecting a few values of the F-ratio representing that
model variant from the plots in Figures 10.3.8 and 10.3.13, and plotting them in diagrams
of the type illustrated in Figure 16.3.4.
As can be seen in Figure 16.3.4, the peak release rate is basically unaffected by changes in
F-ratio and Pe-number in large regions of the F-ratio - Pe-number parameter space. This
knowledge of sensitivities makes it possible to sort out far-field parameter variants that
would give similar results. Furthermore, as can be from the plots in Figures 10.3.8 and
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10.3.13, the predicted ranges of F-ratio and Pe-number often overlap for different hydrogeological model variants. A single parameter variant, hence a data point in Figure 16.3.4,
can thus be used for evaluating the impact of several hydrogeological model variants.

15.2.1.5 Combined Near-field and Far-field Variants
The final step in defining hydrogeological variants for the consequence calculations is to
combine the near-field and far-field variants. Table 15.2.5 contains a set of 59 combined
parameter variants constructed by combining near-field and far-field variants from the
above tables. The combined variants are selected to cover conceptual uncertainties and
spatial variability for the two main hydrogeology site models and some additional variants
to cover the highest Darcy velocities estimated in the Simple Evaluation. Although the
correlation between near-field and far-field hydrogeology is, in general, weak, each combination is checked against scatter plots of near-field Darcy velocity versus far-field F-ratio
to ensure that the selected combinations are consistent with the hydrogeology model
variants they represent.

Table 15.2.5 Description of combined variants for the Reference Case. Zero variants for
the near-field and far-field are defined in Table 15.2.1. All near-field variants are defined
in Table 15.2.2. Far-field variants are defined in Tables 15.2.3 and 15.2.4, as noted below.
Combined Variant Description
Near-field Hydrogeology Zero Variant
combined with far-field variants reflecting
spatial variability of the Discrete Feature
model (Base Case variant).

Near-field Hydrogeology Zero Variant
combined with additional far-field variants
that cover extremes of the F-Pe parameter
space, predicted by the Discrete Feature
model variants.

ID

Near-field
Variant

Far-field Variant

1

Hydrogeology
Zero Variant

FF37 (2)

2

FF32 (2)

3

FF33 (2)

4

FF34 (2)

5

FF17(2)

6

Zero Variant

7

FF19 (2)

8
9

FF2 (2)
FF3(2)

10

FF4(2)

11
12

Hydrogeology
Zero Variant

FF6 (2)
FF21 (2)

13

FF36 (2)

14

FF38 (2)

15

FF40 (2)

16

FF15 (2)

17

FF41 (2)
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Table 15.2.5, ctd.
Combined Variant Description

ID

Near-field
Variant

Far-field Variant

Low Darcy velocity near-field combined
with poor and favourable far-field variants,
within the ranges of spatial variability of the
Discrete Feature model (Base Case
variant).

18 ( 1 )

NF2

FF37 (2)

High Darcy velocity near-field combined
with poor and favourable far-field variants
within the ranges of spatial variability of the
Discrete Feature model (Base Case
variant).

Very poor near-field (high Darcy velocity
and low flow-wetted surface) combined
with poor and favourable far-fields, based
on Discrete Feature model variants.
Very good near-field (low Darcy velocity
and high flow-wetted surface) combined
with poor and favourable far-fields, based
on Discrete Feature model variants.
Stochastic Continuum Base Case near-field
(median qnf and a^ = 0.1) combined with
far-field variants reflecting spatial variability
of far-field Darcy velocity.

19(D

FF33 (2)

20
2i(D

FF34 (2)

22 (1)

Zero Variant

23

FF19 (2)

24 (1)

FF37 (2)

25 (1)

FF2<2)

26 (1)

FF3 (2)

27

FF4 (2)

28

FF17 (2)

NF4

FF37 (2)

29

FF33 (2)

30

FF34 (2)

31

FF17 (2)

32

Zero Variant

33

FF19 (2)

34

FF37 (2)

35

FF2 (2)

36

FF3 (2)

37

FF4 (2)

38

NF18

FF41 (2)

39

FF37 (2)

40

Zero Variant

41

FF4 (2)

42 (1)

NF23

43 (1)
44

FF41 (2)
Zero Variant

NF8

FF47 (3)

45

FF50 (3)

46

FF53 (3)
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Table 15.2.5, ctd.
Combined Variant Description

ID

Near-field
Variant

Far-field Variant

A range of near-field variants (with different
Darcy velocity) combined with the most
probable (correlated) far-field parameter
values, based on variants of the Stochastic
Continuum model.

47

NF6

FF74 (3)

48

NF7

FF47 (3)

45

NF8

FF50 (3)

49

NF9

FF53 (3)

50

NF10

FF89 (3)

51

NF8

FF5 (3)

Stochastic Continuum model, Base Case
variant (median values of near-field and farfield parameter values) combined with low
and high far-field flow-wetted surface area.
Stochastic Continuum model variant with
very low near-field Darcy velocity and most
probable (correlated) far-field parameter
values combined with low and high far-field
flow-wetted surface area.

53

Stochastic Continuum model variant with
very high near-field Darcy velocity and most
probable (correlated) far-field parameter
values combined with low and high far-field
flow-wetted surface area.

55

Simple Evaluation high near-field
Darcy velocity combined with different farfield parameter variants which are based on
Discrete Feature model

FF95 (3)

52
NF6

FF119 (3)

54
NF10

FF44 (3)
FF134<3)

56
57

FF29 (3)

NF11

FF37 (2)

58

Zero Variant

59

FF4<2)

Notes:
(1) Variant not supported by model results (lacking far-field parameters for low near-field Darcy
velocities).
(2) Far-field variant defined in Table 15.2.3.
(3) Far-field variant defined in Table 15.2.4.

Because m a n y of the variants in Table 15.2.5 may be very similar in terms of their effect
in the consequence analysis models, some of the selected variants can be sorted out and
removed. T h e decision as to which variants need to be evaluated in the fully integrated
chain of consequence analysis models is based on sensitivity analyses for the consequence
analysis models. For example, it can be shown that if the far-field F-ratio is below a certain
value, the release to the biosphere is controlled by the near-field properties, and hence there
is no point in analysing even less favourable far-field F-ratios. Similarly, in cases where the
near-field properties are very favourable, the additional barrier effect of the far-field can be
neglected (see below and Section 16.3).
Because this is a deterministic rather than a probabilistic analysis and the hydrogeological
parameter variants are selected to cover the full parameter ranges resulting from conceptual
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uncertainties and spatial variability, they do not reflect the likelihood of a certain outcome
in the consequence analysis models. In order to draw such inferences, or to track the origin
of a particular uncertainty, it would be necessary to go back to the hydrogeological model
variant in Section 10.3 from which the parameter variant is derived. The references in the
parameter variant tables in this chapter provide the necessary link for this analysis.

15.2.1.6 Potential Model Simplification Errors
As mentioned in Section 10.3, the procedure for estimation of effective transport parameters for the idealised, near-field radionuclide release and, in particular, far-field transport
codes involves simplifications that may generate uncertainty. For the far-field,
simplification errors arise because the simplistic one-dimensional transport code
(CRYSTAL) is not compatible with the three-dimensional heterogeneous hydrogeology site
models. In the 3D heterogeneous hydrogeology models the local transport properties vary
in a complex fashion, both along a given transport path and between different pathways
between a source canister and the biosphere. The resulting residence time distributions are,
in some cases, characterised by multiple peak structures and non-Gaussian tailing
(Section 10.3), which are poorly represented by an effective Darcy velocity and dispersion
coefficient in the ID CRYSTAL code. The fact that both very high (MOO) and very low
(<1) Peclet numbers are obtained for some of the transport paths in the Discrete Feature
model is a direct indication that the ID advection-dispersion equation (in CRYSTAL) is
a poor model of a three-dimensional, spatially varying flow field.
The potential magnitude of the simplification errors depends on the heterogeneity and flow
field structure in the hydrogeological site models. However, because the coupled radionuclide transport (as modelled in CRYSTAL, Chapter 13) is a non-linear function of the
hydrogeological transport parameters, e.g. Darcy velocity and specific flow-wetted area,
without further research it is difficult to foresee exactly how the simplification errors would
affect the radionuclide transport results.
SITE-94 did not include a detailed analysis of simplification errors. However, in comparison with the large parameter and conceptual uncertainties evaluated in the SITE-94
hydrogeological evaluation, the additional uncertainties introduced by the above model
simplifications are likely to be negligible. As shown in Section 16.3.1, the evaluated
uncertainty in the far-field F-ratio covers the whole range from essentially no retardation
to complete containment in the far-field rock.

15.2.2 Chemical Variants
The key chemical parameters for the radionuclide release and transport calculations which
are delivered by the Geochemical parameters to radionuclideKN-transport Clearing House
are solubility limits and sorption coefficients (Kj-values) for the different elements. These
properties depend on the groundwater chemistry which, in turn, depends on the history of
the groundwater and the properties of the solid phases, as discussed in Sections 7.4 and
10.4. The sorption properties also depend directly upon the properties of the solid phases.
This Clearing House also delivers buffer properties and physical parameters of the
Engineered Barriers and the rock.
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15.2.2.1 Redox Conditions Variants
A number of redox variants can be produced (see Sections 7.4, 10.4 and 11.7):
•

the Geochemistry Zero Variant, which assumes reducing conditions,

•

a variant which assumes oxidising conditions throughout the near-field,

•

a variant which calculates the propagation of a redox front, as described in
Section 11.7,

•

a variant which assumes that a redox front is present a few metres into the rock, with
oxidising conditions inside the front.

The Geochemistry Zero Variant assumption, that there are reducing conditions in all
barriers except at the fuel surface, is justified by the present day geochemistry at Aspo and
the near-field redox conditions, as discussed in Section 11.7.
The variant calculating the propagation of the redox front reflects the uncertainty in the
assumption that a redox front is formed and that it will ever leave the waste form. The
parameters assumed in this calculation are found in Table 11.7.1. One set-up of parameters
is used for the moving redox front variant, supported by a second, extreme variant with the
redox front at the outer boundary of the near-field. The latter variant is intended to capture
the uncertainties in the movement of the front.
The final variant, fully oxidising conditions throughout the system, is considered to be an
extreme assumption for the Reference Case. It is more likely to occur in other scenarios.

15.2.2.2 Solubility Variants
For given redox conditions and temperature in a barrier, the consequence analysis assumes
one set of solubility limits for the elements, as shown in Table 15.2.6. The large uncertainties in solubilities, discussed in Chapter 12, are not reflected by different variants because
the conditions for solubility calculations are chosen conservatively. Lower solubilities (by
several orders of magnitude) would be more realistic for many elements. The Zero Variant
temperature is 15°C. The alternative value, of 80°C, is only combined with fully reducing
conditions and it is, in any case, unrealistic to assume that this elevated temperature would
remain for more than a few thousand years. In summary, the solubility variants are fully
correlated with the redox state in the different barriers.

Table 15.2.6 Solubility limits at 15 °C used in the consequence calculations as a function ofredox state in the different barriers. The 80 °C
temperature values are for reducing conditions. Elements with '-' are not analysed.
Solubility limit (mol/Iitre)
Bentonite

Element
Waste-form

C, CI, Cs, I

reducing
(Zero
Variant)

oxidising

increased
temp
(80°C)

soluble

soluble

soluble

3

2

7xlO"
I 2X10"4
6x10'°

Ni
Sr

2xlO"
ixlO"5

Zr
Nb

6x10'°
1x10'

Tc

3x10'

1x10'
soluble

Pd

1x10'

1x10'

Sn
Se
Ra

2x10'
2x10"'
5x10'

2x10"'
soluble
1 4x10'

4

reducing
(Zero
Variant)
soluble
3

oxidising

soluble
2

Rock

increased
temp
(80°C)
soluble
4

reducing
(Zero
Variant)
soluble
3

oxidising

increased
temp
(80°C)

soluble

soluble
5x10'

3

2X10"
3xl05

2xiO"
9x10'

7xlO
2xlO"4

2x10
3xl05

6xl0
2xlO 4

6xlO
2xlO 4

1x10'

6xlO 1 0
1x10'

6xlO 1 0
ixlO"8

1x10'
-

6xlO 1 0
1x10-'

6xl0 1 0

3x10'

soluble

3x10'

soluble

1x10"'
2x10'

1x10"'

3x10'
_

1x10'

1x10'

2x10'

IxlO

7

2x10'

2x10'

soluble
4x10'

2x10'

5x10"'

7

8x10'

soluble
8x10'

3

4x10'

4x10'

3xlO 3

3x10'
IxlO-

7

1x10'
9xlO

7

4x10'
5x10'

9xlO

4

4x10'

4x10"'

3xlO"

IxlO- 4
1x10'

1x10'
4x10"'
lxl0" 7
9x10'
2x10'

Th
Pa
U

4x10'

4x10'

4xlO"

2x10'
IxlO 5

2x10"'
ixlO"3

2x10'
IxlO 3

2x10'
IxlO 5

2x10'
MO" 3

2x10'
8x10 3

2x10'
IxlO 5

2x10'
3xl0" 5

2x10'
8xlO"3

Np

2x10'

6x10"'

5x10'

2x10"'

6x10'

5x10"'

2x10'

IxlO 4

5x10"'

Pu

2x10"'

1x10'

5x10'

2x10'

1x10'

5x10'

7x10'

1x10'

5x10"'

5x10"'

8

8

2x10'

Am, Cm

7x10'

3x10'

5x10'

6x10'

3x10"'

ixlO

ixlO
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15.2.2.3 Sorption Variants
The sorption coefficients (Kd-values) are also assumed to be correlated only to the redox
state in the different barriers, as shown in Table 15.2.7. However, an additional set of
variants, reflecting the uncertainty in the K^-values themselves, including uncertainties and
variabilities in mineralogy and in measurements, is obtained by reducing all Kd-values by
a factor of 3 (Chapter 12).
The sorption in the waste-form is conservatively set to zero in all variants. As the wasteform in the CALIBRE code is a logical unit combining fuel, cladding, filler and canister
materials, there is no straightforward way to assign Kd-values for it.
Table 15.2.7 Sorption coefficients as a function of redox state and barrier as used in the
consequence calculations. An additional set ofsorption variants has sorption coefficients
lowered by a factor 3 in all barriers.
Sorption coefficient Kd (mVkg)

Element

Waste- form

Bentonite
oxidising
reducing
(Zero Variant)
0.01
0.01

Near-field and Far-field rock
oxidising
reducing
(Zero Variant)
0.001
0.001

C

0

Cl

0

0

0

0

0

Ni

0

1

1

0.5

0.5

Cs

0

0.1

0

0.01
0.02

0.1

Sr

0.01
0.02

0.005

0.005

Zr

0

1

1

4

4

Nb

0

0.5

0.5

2

2

Tc

0

0.05

0

0.01

0

Pd

0

0.1

0.1

0.1

0.1

Sn

0

0.2

0.2

0.1

0.1

I

0

0.001

0

0.001
0.002

0.0005

Se

0.001
0.01

0.01

0.002

Ra

0

0.1

0.1

0.5

0.5

Th

0

1

1

1

1

Pa

0

1

1

0.5

0.5

U

0

5

0.1

5

0.1

Np

0

1

0.1

1

0.005

Pu

0

5

1

5

1

Am

0

2

2

5

5

Cm

0

2

2

5

5
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15.2.2.4 Buffer Variants
An alternative buffer variant is produced by assuming the very unlikely event that the
bentonite loses its plasticity such that cracks form, connecting the canister with the fracture
in the rock. This variant is clearly a 'what-if assumption, but reflects, in an extreme
fashion, the uncertainties in the long-term degradation of the bentonite (Section 11.3). In
practice, this variant is modelled by moving the rock/bentonite interface in CALIBRE very
close to the canister. As the assumption is extreme, it is considered inappropriate to
combine it with anything but the Geochemistry Zero Variant redox conditions.

15.2.2.5 Physical Properties
In the consequence analysis, there is no variation in a number of the physical properties of
the Engineered Barriers and rock (diffusivity, density, porosity, redox capacity). In the
SITE-94 calculations, this is justified by the fact that no information about the variability
in site-specific data is available. In a real Performance Assessment, the effects of all these
variations will have to be considered.
In Tables 15.2.8 and 15.2.9 parameters that have not been varied in the SITE-94 consequence analyses are given for CALIBRE and CRYSTAL, respectively. The canister and
deposition hole dimensions are taken as design parameters (outlined in Chapter 5). The grid
length is a modelling parameter in CALIBRE (see Chapter 13). The diffusivities are taken
from Project-90 (SKI, 1991) for the bentonite, and as for pure water for the fracture and the
waste-form. The rock diffusivity and matrix porosity is discussed in Section 7.4.4.2, while
the rock density is a typical value for granite. The bentonite density and porosity is derived
from KBS-3 data (SKBF/KBS, 1983). Porosity and density of the waste-form is an attempt
to give averages for the logical unit 'waste-form' in CALIBRE, and the values given are
estimations based on design data from e.g. Benedict et. al. (1981), TVO-92 (TVO, 1992)
and SKB 91 (SKB, 1992). The CCL-parameter and the chosen value is discussed in
Section 13.5.1. Parameter values for redox capacity, used in calculating the movement of
a redox front, are found in Table 11.7.1.
The far-field parameter fracture spacing is discussed in Section 13.4.2. The penetration
depth into matrix is given in Section 7.4.2.2. The diffusivity, matrix porosity and density
of the rock are the same as for the near-field, and given in 7.4.2.2. The migration distance
is given in Section 15.2.1 (Table 15.2.1).
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Table 15.2.8 CALIBRE input parameters that have not been varied. 'Waste-form' is the
name of the logical unit in CALIBRE comprising the combination of fuel, cladding, filler
and canister materials.
Parameter

Value

Radionuclide inventory (year 2100)
Stable isotopes

see Table 3.3.1
see Table 3.3.2

Canister, radius

0.4

m

Canister, length

4.5

m

Deposition hole, radius

0.75

m

Grid length for near-field

4m

Unit

m
9

m2/s

Effective diffusivity (DJ, waste-form

2xlO

Effective diffusivity (De), bentonite

4x10"

m2/s

Effective diffusivity (De), near-field rock

3xlO 14

m2/s

Effective diffusivity (Dc), fracture

2xlO"9

Porosity, waste-form

0.12

mVs
-

Porosity, bentonite

0.36

-

Porosity, near-field rock

0.001

3

kg/m3

Density, waste-form

6.2x10

Density, bentonite

2.05xl03

kg/m3

Density, near-field rock

2.7xl0 3

kg/m3

Thickness of rock layer for surface sorption

0

m

Channel-connection-length (CCL)

0.1

m

Duration of release from fuel and metal parts
Matrix release
Grain boundary release
Gap release
Release from cladding
Release from structural parts

see Table 11.8.1
2.7x104
instant
10 000
1000

Dose conversion (biosphere) factors

see Table 14.3.1

years

Table 15.2.9 CRYSTAL input parameters that have not been varied.
Parameter

Value

Fracture spacing

1

Penetration depth into matrix

5.0xl0-

Unit
m
2

m

4

Diffusion coefficient in the pore water
of the rock matrix

9.5X10-

m2/y

Rock matrix porosity

l.OxlO3

-

Density of the rock

2700

kg/m3

Migration distance

500

m

The geometry of the canister and deposition hole are regarded as design features and not
varied in SITE-94 (Chapter 5). The values used can be found in Table 15.2.8.
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15.2.2.6 Combinations of Chemical Variants
The chemical parameters of solubility limit and sorption are both implicitly determined by
which redox variant is chosen (4 variants) and could, in addition, be varied independently
(high temperature solubility variant and low sorption variant). The variants with high
temperature solubility limits and with low sorption are, however, only combined with
reducing conditions (Zero Variant redox conditions), because this is the most pessimistic
combination. As noted above (Section 15.2.2.4), the degraded buffer variant is judged to
be such an extreme condition that it is only considered for fully reducing conditions.
Far-field chemistry variants are reduced to two redox variants (reducing and oxidising) and
two sorption variants (normal and low sorption), as solubility limits and redox fronts are
not considered in the modelling of far-field radionuclide transport. Calculations with the
near-field CALIBRE code (see Section 11.7) which suggest that a redox front would
probably never leave the near-field and that no radionuclides would be precipitated far out
in the rock, indicate why omitting solubility constraints and redox fronts is not a serious
limitation. For the same reason as for the near-field, the low sorption variant is only
combined with reducing redox conditions.
The far-field geochemistry is treated as fully correlated to the near-field geochemistry in the
integrated near-field and far-field analysis, such that the far-field is oxidised only when the
near-field is oxidised throughout (as the front is assumed to originate from oxidant production in the fuel) and low sorption in the far-field is only considered together with a nearfield which has low sorption.

15.2.3 Canister Failure Variants
When analysing a single canister, the relevant input to the consequence analysis is the time
of failure and the mode of failure, i.e. if the canister fails completely or if there is release
through a 'pin-hole' (Section 13.3). For a full repository analysis it would be necessary to
have the probability distribution function for the number of canisters failed as a function
of time. However, as stated in Section 11.5, no attempt is made to estimate canister failure
frequency in SITE-94. The reason for this is the uncertainty in the spread of canister
properties, which makes any prediction of canister failure rates rather speculative. This
means that the parameters in the canister failure variants are restricted to the time and the
mode of failure for one single canister.
As discussed in the canister analysis (Section 11.5) it is very difficult to make estimates of
the canister life time, particularly as design, manufacturing methods and means of quality
control are still under development. Nevertheless, it is concluded that under Reference Case
conditions, even though they do not imply large mechanical or chemical disturbances in the
near-field, a few canisters may still fail during the first 100 000 years and that the first
failure may be as early as 1000 years after disposal, although most canisters may survive
for much longer times. The canister analysis also concludes that, even if early canister
failures probably start as a very localised failure of the copper canister, subsequent
corrosion of the steel vessel may lead to general failure within a time period in the order of
1000 years. Furthermore, it is suggested that, for the Reference Case, there is only a very
weak coupling between failure and geochemical or hydrogeological conditions.
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The canister analysis variants appear in Table 15.2.10. The Canister Failure Zero Variant
assumes complete failure 1000 years after disposal. The other variants imply complete
failures 104 years and 105 years after disposal.
Variant 3 assumes a pin-hole failure starting from day 0 and continuing until 1000 years
after disposal, when it is assumed that the canister fails completely. The motive for this
variant is to see whether the pin-hole release during the first 1000 years is significant
compared to the subsequent release from the totally failed canister. The pin-hole is assumed
to go all the way through copper and steel, and has the constant size of 5 mm2. This is small
enough to simulate credibly the effect of an undetected welding defect that develops quickly
into a hole of dimensions significant for the release of radionuclides.
The canister failure variants are, according to assumptions, not correlated with other parameters and could consequently be combined freely with other variants. The only exception
is that the fuel release rates depend on failure time (Section 11.8).

Table 15.2.10 Canister failure variants, as assumed for the radionuclide transport consequence analysis.
Variant
Zero Variant
Variant 1
Variant 2
Variant 3

Failure Time (years)

Failure Mode

3

Complete failure

4

Complete failure

10
10

5

10

Complete failure
3

0 , 10

Pin-hole from the deposition, complete failure
after 103 years

15.2.4 Biosphere Variants
For the Reference Case, the biosphere evaluation (Chapter 14) considers potential dose
impacts, both to individuals and to the population, from drinking well waters, from
irrigation (external, inhalation and oral) and from consuming fish. Potential doses to fish
are also considered. A given release from the geosphere results in considerably different
dose impacts for these different pathways. However, questions related to uncertainties in
the biosphere lie mainly outside the scope of SITE-94.
Comparison of the results for different pathways shows that, for almost all radionuclides,
the drinking water pathway provides the highest dose estimation. Thus, in the calculation
cases, the dose and intermediate dose potential (IDP) are conservatively based on the
drinking water results. It should be noted that the entire radionuclide flux from the
geosphere is assumed to enter the well; in other words, the well does not simply sample a
contaminated plume of groundwater. This is clearly a conservative assumption. Assuming
a water abstraction rate of 10 000 m3 per year (Chapter 14) implies a certain dilution of
activity entering the well. Higher abstraction rates would increase this dilution but, as the
well would be larger, the dose could be assumed to be spread across a larger critical group.
The abstraction value chosen is considered to be reasonable for a well serving a small
community (about 100 people) and the consequent dilution effect in the well is thus
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considered to be realistic. It should, in any case, be re-emphasised that calculated doses are
indicators only, not accurate predictors of radiological impact.
Using a single set of factors from one biosphere receptor (the well) has the additional
advantage of simplifying inter-comparison of results. The biosphere factors used, therefore,
are those given under the 'Drinking water, Individual' heading in Table 14.3.1. The potential impact of other pathways is discussed in Section 16.4.3.

15.2.5 Inventory, Fuel Degradation and Radionuclide Release from
Fuel
As discussed in Chapter 3 and Sections 11.6 and 13.2, it was decided that SITE-94 would
not analyse any uncertainties or deviations in radionuclide inventory, mechanisms and rates
of fuel degradation or mechanisms and rates of radionuclide release from the fuel. The only
exception is that the oxidant production rate in the canister, and hence the canister release
rate, is dependent on canister failure time. These sections point out that uncertainties do
exist, but an analysis of their impact lies outside the scope of SITE-94. Consequently, there
is only a single variant for these inputs.
The inventory values actually used are found in Tables 3.3.1 (radionuclides) and 3.3.2
(stable nuclides). The transport calculations for all variants are not performed for w Nb and
107
Pd (due to late delivery of data) but, as these radionuclides are not strong contributors to
the total dose, this is not considered to be a serious drawback.
Values for oxidant production rate and duration of matrix release as functions of canister
failure time are found in Table 11.8.1. The duration of other release mechanisms are found
in Table 15.2.8. The allocation of radionuclides from the fuel to gap release, grain boundary
release and matrix release is described in Section 13.2. For modelling purposes, for cases
involving immediate canister failure or a lifetime of only 1000 years, grain boundary release
is set to the same rate as matrix release (to avoid a grain boundary release slower than the
matrix release).

15.2.6 Combination of Variants from Different Clearing Houses to
form Calculation Cases
15.2.6.1 Total Number of Variant Combinations
After internal reduction within each Clearing House, 25 near-field hydrology variants, 17
far-field hydrology variants, 7 geochemical variants and 4 canister variants remain to be
analysed. The remaining Clearing Houses only produce Zero Variant parameter sets. Since
the consequence analysis is performed for 14 individual radionuclides and the 4 actinide
chains, this would involve over 200 000 individual computer runs if all combinations of
variants have to be analysed. For the purposes of the present exercise it was decided to
reduce the number to a more manageable set of combinations.

Table 15.2.11 Combinations of near-field variants that make up the near-field calculation cases.
Calculation
Case
Zero Variant
A3
Hydrology

Hydrogeology
Darcy
velocity
(m/year)

Fracture
spacing
(m)

1.5OxlO-3

2.50

Fracture
aperture
(m)
6.5Ox! 0"4

Geochemistry

Canister

Flow-wetted
surface
(1/m)

Conditions

Solubilities

Krf-values

Time for
failure
(years)

Duration
matrix rel.
(years)

0.10

reducing

Tab. 15.2.6

Tab. 35.2.7

1000

15 000

reducing

Tab. 15.2.6

Tab. 15.2.7

1000

15 000

reducing

Tab. 35.2.6

Tab. 15.2.7

1000

35 000

reducing

Tab. 15.2.6

Tab. 15.2.7

1000

35 000

reducing

Tab. 15.2.6

Tab. 15.2.7

1000

15 000

reducing

Tab. 15.2.6

Tab. 15.2.7

1000

35 000

reducing

Tab. 15.2.6

Tab. 15.2.7

1000

15 000

reducing

Tab. 15.2.6

Tab. 15.2.7

1000

15 000

Spatial variability from Discrete Feature hydrology model
0.10
6.50* I0"4
8.00
6.00x106
AI
2.50
0.10
8.00x10'5
6.50x10^*
A2
2.50
6.50x10"4
0.10
4.00x10'2
A4
0.10
1.20x10''
0.80
l.OOxlO'3
A5
Spatial variability from Stochastic Continuum hydrology model
3.00x10'°
2.50
6.50x10"^
0.10
A6
4
5
2.50
6.50x10"
0.10
1.8OxlO"
A7
4
4
6.50X10*
0.10
1.07X10"
2.50
A8
4
3
6.50X10"
0.10
l.OOxlO"
2.50
A9
3
4
0.10
4.00xl0"
2.50
6.50XI0"
A10
Simple Evaluation of hydrology
A
All
2.50
6.50XI0"4
0.10
.IQ5
Flow-wetted surface
2.50
6.50x10"4
3.5Ox!O"J
0.01
A12
3
2.50
6.50X10"4
1.50xl0"
1.00
A13
Fracture aperture
2.50
4.00X10-4
0.10
1.50xl0"3
A14
3
0.10
l.OOxlO"3
2.50
1.5OxlO"
A15
Fracture spacing
0.80
6.50X10"4
0.10
1.50xl0'3
A16
3
0.10
6.50X10"4
1.5OxlO'
8.00
A17
High flux
1.20xl0'!
0.80
l.OOxlO"3
0.01
A18
3
l.OOxlO"
1.20x10"'
0.80
1.00
A19
4
2
6.50x10"
0.01
4.00x10*
2.50
A20
1.00
2.50
6.50x10"4
4.00x10'2
A21

Betntonite
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Inspection of potential correlation between Clearing Houses does not reveal any further
possibilities for reduction of combinations. A more promising rationale for omitting combinations is knowledge of the functional behaviour of the consequence analysis codes. In part,
this knowledge is based on the results of the scoping calculations presented in Section 13.5,
but further insights are obtained during the actual evaluation work. This means that the final
selection of calculation cases is made iteratively and that the logic of selecting some combinations and omitting others is sometimes only provided in Chapter 16, which contains the
results of the consequence analysis.

15.2.6.2 Calculation Cases Selected for the Near-field Analyses
Table 15.2.11 shows how the hydrogeology, geochemistry and canister variants are combined to form a set of near-field calculation cases.
The first case in the table is the near-field Zero Variant case. This case is the combination
of the Zero Variant parameter values from the different Clearing Houses. The case reflects
a defensible and reasonably realistic future condition of the repository system.
The primary method used when constructing additional cases is to combine the variants
from one Clearing House with the Zero Variant conditions for the other Clearing Houses,
whilst checking whether such a combination makes sense. Accordingly, the next group of
cases in the Table 15.2.11 (A1-A25) is the combination of different near-field hydraulic
variants with the Geochemistry Zero Variant (i.e. reducing conditions with 'normal Kdvalues') and Canister Failure Zero Variant (canister failure after 1000 years). In a similar
way, cases (E1-E4 and Fl) are constructed by combining the Hydrogeology Zero Variant
near-field conditions with the different geochemical variants (i.e. oxidising conditions,
moving redox front, redox front at near-field border, increased temperature and low
sorption near-field) and the Canister Failure Zero Variant (canister failure after 1000 years).
Cases (B1-B3) are constructed similarly, by combining the different canister life times and
conditions with the near-field Hydrogeology and Geochemistry Zero Variants. Finally, there
are two degraded bentonite cases: one where the degraded bentonite is combined with the
Hydrogeology and Geochemistry Zero Variants, and one where the degraded buffer is
combined with a high Darcy velocity near-field.
The fact that there is only one combination of the more extreme variants is certainly
debatable. The rationale for omitting combinations is not primarily that they are judged to
be unlikely but is more due to resource limitations. Nevertheless, based on the information
from the simple calculations and the results of the cases actually analysed, it is believed that
it should be possible to draw some inferences about the results of other combinations as
well. This is discussed further in Section 16.4.
In addition, as discussed previously, a number of near-field parameters are not varied in any
of the calculation cases. These are shown in Table 15.2.8.

Table 15.2.11, ctd.
Calculation
Case

Hydi •ogeoSogy
Flow-wetted
surface
(1/m)

Conditions

6.50X10"4
6.50x10"4
6.50X10"4
6.50X10"4

0.01
1.00
0.01
1.00

reducing

Tab. 15.2.6

Tab. 15.2.7

1000

15 000

1.5OxlO'
1.5OxlO'3

2.50
2.50
2.50

6.50x10"*
6.50XI0"4
6.50XI0"4

0.10
0.10
0.10

Tab. 15.2.6
Tab. 15.2.6
Tab. 35.2.6

Tab. 15.2.7
Tab. 15.2.7
Tab. 15.2.7

1000
1000
1000

15 000
15 000
15 000

1.5OxlO"3
1.5OxlO"3
1.50x10'
1.20x10'

2.50
2.50
2.50
0.80

6.50x10"4
6.50X10"4
6.50x10^
1.00x10'

0.10
0.10
0.10
0.10

oxidising
moving front
Incr. temp,
reducing
front at NF border
low sorp, reducing
reducing

Tab. 15.2.6
Tab. 15.2.6
Tab. 15.2.6

Tab. 15.2.7
i)
Tab. 15.2.7

1000
1000
1000
1000

15 000
15 000
15 000
15 000

1.50x10'
1.50x10'
1.50x10'

2.50
2.50
2.50

6.50X10"4
6.50x10^
6.50x10-4

0.10
0.10
0.10

reducing

Tab. 15.2.6

Tab. 15.2.7

Darcy
velocity
(m/year)

Fracture
spacing
(m)

Low flux
A22
A23
A24
A25

6.00x10'6
6.00x10"6
8.00x10"5
8.OOxlO'5

8.00
8.00
2.50
2.50

Geochemistry
El

1.50x10'3

E2
E3

3

E4
Ft
Dl
D2

Canister
Bl
B2
B3
1)
2)
3)

Canister

Geochemistry

Fracture
aperture
(m)

Factor 3 lower than in Zero Variant case.
Pinhole, 5 mm2 0-1000 years, thereafter canister failure.
Highly degraded bentonite with the same properties as the rock.
Underlined area indicates input values different from the Zero Variant case.

Solubilities

Kd-va!ues

Time for
failure
(years)

10 000
100 000
pinhole 2)

Bentoitite

Duration
matrix rel.
(years)

37 000
360 000
7 500

21
21
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15.2.6.3 Calculation Cases Selected for Integrated Near-field and Far-field
Transport
Table 15.2.12 shows the combinations of near-field calculation cases and far-field variants
selected for the Reference Case integrated calculation cases. The integrated cases are
divided into groups depending on which of the input parameters that are varied.
The first case in the table is the overall near-field Zero Variant Case (A3), which is the
combination of the near-field Zero Variant case and Zero Variant far-field parameter values
from the different Clearing Houses. Again, it is emphasised that this case should not be
viewed as the most likely state of the repository system, but merely a sensible starting point
for exploring the variants.
An important component of the strategy to follow when constructing the integrated cases
is to make use of the fact that far-field transport, as it is formulated, could only act to reduce
the releases from the near-field (the near-field intermediate dose potential, or IDP; see
Section 16.1). This means that there is no point in combining far-field variants with nearfield conditions that are more favourable than the Zero Variant near-field case, as the nearfield release is already quite small for the Zero Variant near-field (Section 16.2.2.1). The
special case of a sudden release of sorbed material in the far-field which could exceed the
near-field IDP is discussed in connection with the Central Scenario in the next section.
With the exception of sorption, the other far-field parameters originate from the hydrogeological analysis. The impact of uncertainty and variability in the far-field hydrogeology
is generally explored by combining the near-field Zero Variant case with a suite of far-field
hydrogeological variants. From this suite of analyses, it is possible to draw rather qualified
inferences on the result of combing these far-field variants with other near-field cases.
The remaining suite of far-field cases are all designed to explore the extent to which the farfield could reduce the release from a 'poor' near-field by combining a poor near-field with
a 'good' far-field as well as with a far-field with properties fully correlated to the assumed
near-field. The following cases are analysed:
•

Two 'worst hydrogeology' cases are constructed by combining very poor near-field
hydraulic conditions with poor far-field hydraulic conditions. The extent to which
favourable far-field conditions may reduce the release from a poor near-field is also
explored.

•

The analyses of the impacts of uncertainty in the geochemical parameters are
restricted to the effect of oxidising conditions and of lowered sorption. The nearfield case with oxidising conditions is combined with an oxidising far-field with
different hydraulic conditions (varying from poor to favourable). The near-field case
with lowered sorption is combined with a low sorption far-field with different
hydraulic conditions (varying from poor to favourable).

Using the results of the cases listed in Tables 15.2.11 and 15.2.12, it is possible to make
rather good estimates of other, unanalysed combinations. However, it must be reemphasised strongly that this suite of cases does not directly reflect the likelihood of certain
outcomes. Many potentially possible combinations are not analysed at all and some of the
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analysed combinations are probably much more likely than others. In order to say anything
about likelihood it would be necessary to go back to the origin of the variants.
As discussed previously, a number of far-field parameters are not varied in any of the
calculation cases; these are listed in Table 15.2.9.

Table 15.2.12 Combinations of near-field calculation cases and far-field variants that make up the far-field calculation cases.
Near-field
Source Term

Far-fieSd Hydrogeology
ID

Darcy vel.
(m/year)

Far-field Geochemistry
Dispersion
length
(m'/year)

Zero Variant
1.40x10'
FFO (ZeroVar.) 1.20X10"4
A3 (Zero Var.)
Spatial variability in Discrete Feature hydrology model
2.5OxlO5
5.00x10^
FF37
A3
1.25xlO5
5.00X10-4
FF32
A3
1.25xlO4
FF33
1.00x10^
A3
LOOxlO"5
1.25x10'
FF34
A3
1.20xl04
5.00x10^
FF17
A3
1.00x10'
4.00x10"5
FF19
A3
5.00x10^
1.25x10'
FF2
A3
4
l.OOxlO1.25x10'
FF3
A3
4.00x10 5
1.00x10'
FF4
A3
Extremes in Peclet and F-ratio
2.00x10'
5.00x10'
FF6
A3
2.87x10'
2.88x10'
FF21
A3
2.82x10"'
1.35x10"
FF36
A3
1.00x10'
2.50x10 4
FF38
A3
5
l.OOxlO
5.00x10'
FF40
A3
5
l.OOxlO"
5.00
FF15
A3
9.95x10'
4.70x10"
FF41
A3
Poor near-field combined with poor and favourable far-field
9.95x10'
FF41
4.70x10"
A18
5.00x10^
2.50x10 5
FF37
A18
1.40x10'
FFO (ZeroVar.) 1.20X10"4
A18
5
4.00x10
FF4
1.00x10'
A18

Wet surface
area
(1/m)

Porosity

(-)

Peclet
number
(-)

F-ratio
(s/m)

Conditions

Kj-values

1.60x10'

5.00xl0 6

9.00

2.10x10"

reducing

Tab. 15.2.7

6.34x10'

2.00x10 6

1.27x10-'
1.27x10'

4.00xl06

6.34x10'

2.00x10 6
2.00x10 5

2.00x10"
2.00x10"
2.00x10"
2.00x10"
2.00x10"
2.00x10"
2.00x10"
2.00x10"
2.00x10"

Tab. 15.2.7

2.00x10 6

5.00x10"'
1.00
1.00
1.00
1.04x10'
1.00x10'
1.00x10'
l.OOxlO2
1.00x10'

reducing

6.34x10'

5.00x10'
5.00
6.78x10"'
5.00x30"'
5.00x10'
2.00x10'
2.97x10'

2.30x10'°
3.65x10'°
5.71x30'°
2.00x10"
1.00x10'"
2.00x10'"
3.77x10'°

reducing

Tab. 35.2.7

2.97x10"'
5.00x10'
9.00
1.00x10'

3.77x10'°
2.00x10"
2.10x10"
2.00x10"

reducing

Tab. 15.2.7

5.07x10'
6.34x10'

4-OOxlO-6

2.00x10 6

1.27x10'

4.00x10 6

5.07x10'

2.00x10 5

2.92x10'
6.64xlO 2

4.00x10^
9.97x10^

1.02x10'

1.54x10"'

1.27x10'
6.34x10'
1.27x10'

4.00xI0" 5
2.00x10 5
5.00x10"5

2.38x10'

3.56x10^

2.38x10-'

3.56x10""

6.34x10"'

2.00x10"6

1.60x10'

5.00x10 6

5.07x10'

2.00x10"5

Table 15.2.12, ctd.
Near-Held
Source Term

Far-field Hydi•ogeology
ID

Oxidised near-fi eld combined
FF4!
El

El

Darcy vel.
(m/year)

El

Wet surface

Porosity

Peclet

length
(m /year)

area
(1/m)

(-)

number

with oxidiied poor and favourable
9.95«IO '
4 70x10
4
2.50x10 5
5.00* 10

FF37
FFO(ZeroVar.)

El

Far-field G«jochemSstry
Dispersion

F-ratio
(s/m)

2.97x10"'

3.77xlO 10

3

6

5.00x30"'

LOOxlO

1.60xlO'2
5.07xl0' 2

5.00x10"6
2.00x10' 5

9.00
l.OOxlO2

2.00x10"
2.10xI0 1 2

5

1

oxidising

Tab. S5.2.7

reducing

3)

far-field
3.56x10^

1.40x10*

K d -values

(-)

2.38x10"z

1.2OXKT4

Conditions

6.34x10'

2.00x10'

2.00xl0 1 3

FF4

4.00x10'

FF41

9.95x10' 3

4.70x10 4

2.38xlO' 2

3.56X10"4

2.97x10''

4

5

3

6

5.00x30"'

2.00x10"

1.60xl0"2

5.00xI0" 6

5.07xl0" 2

2.00x10' 5

9.00
l.OOxlO2

2.10xl0 1 2
2.00xl0 1 3

Low sorption

Fl
Fl
Fl
Fl
I)

5.00x!0
FF37
FFO (ZeroVar.) 1.20X10"4
4.00x10' 5
FF4

2.50x10

1.4OxlO3
l.OOxlO1

Factor three lower than in the Zero Variant case.

6.34xlO"

2.00x10*

3.77xlO 10
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15.3

VARIANTS FOR THE CENTRAL (CLIMATE EVOLUTION)
SCENARIO

15.3.1 Possibilities for Central Scenario Variants
The Central Scenario is designed to analyse the effects of the time-varying System
Boundary conditions at the site caused by the expected climate evolution over the next
100 000 years. The climate evolution includes periods of sea-level changes, permafrost and
glaciations. Sections 10.3.7, 10.3.8 and 11.2.2 discuss how these conditions affect radionuclide release and transport and how they may evolve during the Central Scenario. The
Central Scenario affects the evolution of groundwater chemistry, the groundwater flow and
the biosphere conditions, compared to the Reference Case. It may also affect canister failure
times.
The SITE-94 analysis of repository system performance during the Central Scenario may
be divided into two steps.
The first step is to establish appropriate time sequence descriptions of the evolution of
geochemical, hydrogeological and other conditions that directly affect radionuclide release
and transport during the Central Scenario. The ambition level is not, however, to make full
predictions of the potential evolution of the repository. It is, rather, to find examples that
illustrate the impact of the large-scale climate changes imposed through the Central
Scenario.
The second step is to explore how the consequence analysis models available within the
SITE-94 project can be used to handle the time-varying conditions and to formulate a set
of variants for quantitative analysis. Evidently, most of the uncertainties and spatial
variability of the Reference Case are also valid for the Central Scenario. However, the
consequence calculation cases for the Central Scenario concentrate on the time-varying
aspects. The impact of conceptual model and parameter uncertainty for the Central Scenario
is only assessed qualitatively, based on results of the Central Scenario and Reference Case
variants actually analysed. It should also be noted that the adjustment of variants to the
tools actually available is rather arbitrary but is, indeed, a practical necessity.

15.3.2 Evolution of Conditions Affecting Radionuclide Release and
Transport
15.3.2.1 Hydrogeology
During the Central Scenario, groundwater flow changes both in magnitude and in direction
(Section 10.3.7). Figure 10.3.17 provides a general overview. However, as already
discussed in Section 10.3.9 and as is evident from this figure, the impact of the timevarying boundary conditions is relatively moderate. This is also true at the repository scale.
In summary, present day groundwater flow prevails, for the most part, until the first
glaciation, 55 000 years after disposal. During the next 5000 years (55-60 ka), groundwater
flow changes from upward to downward. Flow increases, but less than one order of
magnitude. During the following 10 000 years (60-70 ka), the flow direction reverses to

545
upward flow again, with the magnitude increased by as much as ten times present day flow.
At 70 ka, the magnitude of the flow is back to present day conditions. This flow sequence
is repeated during a second glaciation with change in flow direction and magnitude at
95 ka, reversed flow direction at 105 ka, and back to present day conditions at 120 ka. The
conditions during the first glaciation are summarised in Table 15.3.1. Finally, a special set
of analyses with the Discrete Feature hydrogeology model (Section 10.3.8; Geier, 1996)
also shows that a conservative tracer released at the repository will discharge almost at the
same points for both glacial and non-glacial conditions.

15.3.2.2 Geochemistry
The modelling of the evolution of the hydrogeology also gives information on the coupled
evolution of the geochemistry. As can be seen in Figure 10.3.17, present day groundwater
salinity will prevail up to glaciation, though with a slight decrease (a factor of 2) during the
period with permafrost (10-55 ka). As flow is nearly horizontal during this period, there is
a possibility of water with high organic content (surficial water) reaching the repository.
The downward flow during the first part of the glaciation (55-60 ka) transports glacial
meltwater, with very low salinity, to the repository (Figure 10.3.17). The glacial meltwater
is oxidising, but the possibility of a breakthrough of oxidising waters to the Engineered
Barriers depends on the availability of reducing minerals in the rock, as discussed in
Section 10.4. For part of the time, the glacial meltwater will have upward flow but, from
about 70 ka, the salinity will increase to a level slightly above present day conditions. A
possible variant would be to have water with high salinity during the period after the
glaciation up to the next permafrost (70-95 ka). The variants of geochemical time sequences
are summarised in Table 15.3.1.
As modelling of the hydrogeology for the Central Scenario is performed on a regional scale,
the detailed scale hydrogeology and geochemistry are not considered. For the analysis of
radionuclide transport, knowledge of the redox conditions in the different parts of the nearfield (waste, bentonite, near-field rock) is very important, as it determines solubility limits
and sorption for most radionuclides. The likelihood of an oxidising groundwater breakthrough in the near-field depends on the redox capacities in the different barriers (mineralogy in rock and bentonite; canister materials, etc.) as well as on the transport processes.
With an intact bentonite buffer, the intrusion of meltwater components (into the bentonite
and waste-form) must be the consequence only of diffusion and, with the limited time
during which glacial meltwater may surround the repository, it is questionable whether the
near-field will be fully oxidised. In the analysis of radionuclide transport, two variants are
considered: the conservative approach of allowing oxidised conditions to extend all the way
into the waste-form and a variant where bentonite and rock are oxidised, but not the wasteform, (i.e. the canister corrosion products; the spent fuel is oxidised by radiolysis all the
time after canister failure, see Chapter 12).
The evolution of the geochemistry is not considered for a second glaciation cycle, although
it is noted that the salinity shows behaviour similar to that during the first glaciation cycle
(Figure 10.3.17).
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Table 15.3.1 Variants for time-varying conditions affecting radionuclide release and
transport during the Central Scenario. The different barriers are abbreviated:
w= waste-form, b—bentonite and r=rock.
Base variant Cl

Period
(ka)

Flow

Chemistry

Other chemistry variants

C2

Magnitude

Direction

-10

Present
Day=PD

upwards

reducing

10-55

PD

upwards

reducing

55-60

lOxPD

downwards

oxidising (w+b+r)
low salinity

oxidising (b+r)
low salinity

60-70

lOxPD

upwards

oxidising (w+b+r)
low salinity

oxidising (b+r)
low salinity

70-100

PD

upwards

reducing

C3

C4

high
organic
content

high
salinity

15.3.2.3 Canister Life-time
According to the SITE-94 rock mechanical calculations (Section 11.2.1), the ice load will
only result in small deformations (a few mm) of the deposition hole. However, the ice sheet
will also increase the hydrostatic pressure (Section 11.5.2) and oxidising conditions may
affect canister lifetime, as may intrusion of highly saline water. Common cause canister
failures during glaciation cannot be fully excluded, but within SITE-94 no attempt is made
to estimate the likelihood that this would occur. Instead, the consequence calculations for
the Central Scenario considered the Reference Case Zero Variant conditions, i.e. a completely failed canister after 1000 years.

15.3.2.4 Biosphere
The Central Scenario implies considerable biosphere changes. The biosphere analyses
presented in Chapter 14 also explore some pathways that may be relevant for the Central
Scenario. However, due to the speculative nature of such analyses and the fact that the
drinking-water well pathway still seems to dominate, it appears acceptable to use the
drinking-water well dose conversion factors for the Central Scenario cases as well. This
choice also makes it possible to compare directly the releases calculated for the Reference
Case with those calculated for the Central Scenario (see also Sections 16.4.2 and 16.4.3).
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15.3.3 Central Scenario Consequence Analysis
A full analysis of the consequences of the Central Scenario would require further developments of the consequence analysis codes. In particular, the far-field analyses would need
to be able to handle at least two dimensions and time-varying properties and boundary
conditions. Such code development is though not included in SITE-94. However, the
problem is recognised and some supporting exploratory 2D calculations are made using the
LAPLACE-2D code in time-stepping mode to investigate and illustrate the potential
impacts of a time-dependent flow field on releases of both sorbing and non-sorbing radionuclides (King-Clayton and Smith, 1996). This work is discussed further in Section 16.3.3.
For the purposes of the SITE-94 release calculations however, only a few calculation cases
are formulated for the Central Scenario using the existing CALIBRE and CRYSTAL consequence analysis codes. This route is followed in order to maintain consistency with, and
allow comparison with, the Reference Case modelling.

15.3.3.1 Near-field Release and Transport
In principle, there are no problems in directly applying the time-varying conditions in
Table 15.3.1 to the CALIBRE near-field model. It is possible to run the code with one setup of conditions up to a certain time, stop the calculation and then restart with new
conditions. For the hydrogeological changes, which are in fact boundary conditions, this
approach is straightforward. For the geochemical changes, however, the approach is more
debateable. A simplistic and, possibly, conservative approach would be to change solubility
limits and sorption coefficients in accordance with the groundwater chemistry changes
given in Table 15.3.1, but this is not realistic. Even if the groundwater in the fracture intersecting the deposition hole becomes oxidising during the glaciation period, it will take time
until the oxidising conditions have propagated through the buffer and into the vicinity of
the fuel matrix.
In the event, only two of the calculation cases shown in Table 15.3.1 are set up for radionuclide transport in the near-field, with the aim of showing how time-dependent processes
can influence releases. The variants analysed are the base variant (Cl) and the case where
bentonite and rock are oxidised (C2). For 'present day' hydrogeological conditions, the
near-field Zero Variant case for the Reference Case (A3) is used. During the glaciation
period (55-70 ka) the Darcy velocity is increased by one order of magnitude (Table 15.3.2)
The direction of flow is not modelled in CALIBRE and needs thus not be considered.
The analysis is made on a subset of radionuclides: I29I (as it dominates at early times) and
"Tc and the actinide chains (as they have redox sensitive solubility limits and sorption).
The solubility limits and sorption distribution coefficients are varied with time, but the
values are the same as in the Reference Case for reducing and oxidising conditions
(Table 15.3.2)
The calculations are performed for a period up to 105 years in the future, which is approximately the time for the onset of a new glaciation cycle. All other parameters are set as in
the near-field Zero Variant case for the Reference Case (A3). A rather crude method of
changing the parameter values instantaneously at each climate sequence change is used.
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Table 15.3.2 Parameter set up for the Central Scenario calculation cases Cl and C2. All
other parameter values are set as in the Zero Variant case (A3) for the Reference Case.
Period
(ka)

Darcy velocity
(m/year)

Solubility limits and sorption coefficients, values see
Tables 15.2.6 and 15.2.7.
Waste-form
case Cl

caseC2

Bentonite and rock

1 -55

1.5xlO"3

reducing

reducing

reducing

55-70

1.5xl0 2

oxidising

reducing

oxidising

70-100

1.5xlO"3

reducing

reducing

reducing

15.3.3.2 Integration with Far-field Transport
The increase of groundwater flow during the glaciation periods (Table 15.3.1) decreases the
potential for matrix diffusion (the F-ratio decreases proportionally). If the fracture becomes
oxidised, redox sensitive sorption will also change. Both these effects generally lead to
worse far-field barrier properties during these limited time periods. Furthermore, this
reduction in retardation capacity may potentially also lead to a rapid release of the radionuclides that are sorbed onto fracture minerals or sorbed in the rock matrix during more
favourable retardation conditions. In principle, there should be no difficulty in analysing
the effect of these changes with a versatile radionuclide transport code. However, although
the semi-analytic character of the far-field CRYSTAL code makes it a very efficient tool
for analysing complex source terms, it can neither handle time-varying parameters nor
restart with spatially-varying initial conditions or properties.
With these limitations in mind only one integrated calculation case is formulated for the
Central Scenario. This case combines the near-field case Cl with a far-field with Zero
Variant conditions for the Reference Case, except that the Darcy velocity is increased by
one order of magnitude and that the sorption coefficients are for oxidising conditions. The
purpose of choosing only this near-field case is that it gives the highest release from the
near-field. The calculations are further limited to the glacial period (55-70 ka), i.e. the input
is the release from the near-field during this period and the far-field calculation is only
performed for the same period. The reason for this simplification is that the CRYSTAL
code can only handle input parameters that are constant in time. This simplification is,
however, not a serious limitation in the analysis of case Cl, as release of the radionuclides
analysed ("Tc and the actinides) is dominated by release during the glacial period (see the
calculation results from the near-field at Section 16.2.3).
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16 RESULTS OF RADIONUCLIDE TRANSPORT
CALCULATIONS
This chapter presents the results of the near- and far-field calculations evaluated for the
Reference Case and the Central Scenario. The formulation of the calculation cases builds
on combinations of variants presented in Chapter 15.

16.1

INTRODUCTION

The calculations for the Reference Case, focussing on the near-field and far-field Zero
Variant cases, include a wide range of variant cases which are chosen with the aim of
covering scenario uncertainties, system uncertainties, conceptual model uncertainties and
parameter uncertainties. Calculations for the Central Scenario are performed for two variant
cases for the purpose of illustrating the impact of changing water flow and redox conditions
during a glaciation. The derivation of all the calculation cases was presented in Chapter 15.
The calculations for radionuclide release to the biosphere are performed using the near-field
code CALIBRE version 2.0 (Worgan and Robinson, 1995a, b) and the geosphere code
CRYSTAL version 2.1 (Worgan and Robinson 1995c; Worgan 1995). These codes have
already been discussed in Chapter 13. The results from the CALIBRE calculations are
discussed in the near-field transport Section (16.2). The release results from the near-field
are used as the source term for the geosphere transport calculations. These latter integrated
results are discussed in Section 16.3.
The results from the near-field and the far-field calculations are presented as the flux of
radionuclides from a single canister (Bq/year, canister). The far-field flux from one canister
(Bq/year, canister) is converted to individual dose rate (Sv/year, canister) by applying the
Reference Case well on Aspo (i.e. a well with an extraction rate of 10 000 mVyear, see
Chapter 14). This well receptor is applied both for the Reference Case and the Central
Scenario as explained in Chapter 15. In addition, the results from the near-field are
presented as Intermediate Dose Rate Potentials (IDPs) as was done in Project-90 (SKI,
1991). The BDP (Sv/year, canister) is obtained by assuming direct release from the nearfield into the reference biosphere and thereby describes the effect of having no geosphere
retardation or dispersion.
As already explained in Chapter 15, there are no analyses of the consequence of multiple
canister failures in SITE-94. The reason for this is the uncertainty in canister lifetimes,
which makes any prediction of canister failure rates quite speculative. However, the single
canister results may usually be superimposed in order to describe the effect of multiple
failures. This aspect will be discussed in the conclusions section of this chapter
(Section 16.4).
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16.2

NEAR-FIELD TRANSPORT RESULTS

16.2.1 Overview of Calculation Cases
Near-field transport depends on a number of properties both in the EBS (Engineered Barrier
System) and in the near-field rock, as already discussed in Section 13.3. Some of these
properties are either variable or uncertain and, in order to reflect this, a set of near-field
calculation cases representing different near-field conditions is identified, as presented in
Chapter 15. Tables 16.2.1 and 16.2.2 list the analysed cases for the Reference Case and the
Central Scenario respectively. The rationale behind these different cases is provided in
Chapter 15.

16.2.2 Reference Case: Near-field
16.2.2.1 Near-field Zero Variant Case (A3)
The evaluation is centred around the near-field Zero Variant calculation case. The parameters for this case are obtained by combining the Zero Variant near-field hydrogeological,
geochemical and canister failure times parameters as explained in Chapter 15. The case
should not be taken as a best estimate; instead, it reflects a combination of credible, nonextreme parameter values.
The canister is assumed to fail at 1000 years after deposition, and reducing redox conditions
prevail in the near-field barriers during the calculation period (103 - 106 year). The Darcy
velocity in the near-field rock is 1.5x103 m/year and the fracture spacing is 2.5 m. The fuel,
cladding and structural parts contain both active and stable isotopes. For further details see
Chapter 15.
Results for each radionuclide
The resulting radionuclide fluxes for the near-field Zero Variant case (A3) are given in
Figures 16.2.1-16.2.2. The figures show the time evolution of the flux from the near-field
to the far-field in (Bq/year, canister) and the Intermediate Dose Rate Potentials, IDPs
(Sv/year, canister). The diagrams show fluxes higher than 102 Bq/year, canister and IDPs
higher than 10"9 Sv/year. canister. The figures are complemented by Table 16.2.3, where the
maximum release rales (Bq/year, canister) and IDPs (Sv/year, canister) for times up to 106
years are given, as well as the time in the future at which fluxes or IDPs reach a maximum.
The behaviour of each radionuclide is discussed below. Note that the assumptions
associated with the following descriptions are stated factually, without discussion, in order
to simplify the presentation.
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Table 16.2.1 Near-field calculation cases for the Reference Case (parameter values in
Table 15.2.11).
CASE

DESCRIPTION

Zero Variant
A3

Zero Variant (Discrete Feature model, median flux, reducing conditions in nearfield, canister failure at 103 years)

Hydrogeological calculation cases
Al
A2
A4
A5

A6
A7
A8
A9
A10
All
A12
A13
A14
A15
A16
A17
A18
A19
A20
A21
A22
A23
A24
A25

Discrete Feature model, lowest flux
Discrete Feature model, low flux
Discrete Feature model, high flux
Discrete Feature model, highest flux
Stochastic Continuum model with lowest flux
Stochastic Continuum model, low flux
Stochastic Continuum model, median flux
Stochastic Continuum model, high flux
Stochastic Continuum model, highest flux
Simple hydrology evaluation, highest flux
Low flow-wetted surface area
High flow-wetted surface area
Low fracture aperture
High fracture aperture
Low fracture spacing
High fracture spacing
Highest flux and low flow-wetted surface area
Highest flux and high flow-wetted surface area
High flux and low flow-wetted surface area
High flux and high flow-wetted surface area
Lowest flux and low flow-wetted surface area
Lowest flux and high flow-wetted surface area
Low flux and low flow-wetted surface area
Low flux and high flow-wetted surface area

Geochemical calculation cases
El
E2
E4
E3
Fl
Dl
D2

Oxidising conditions in the near-field
Moving redox front
Redox front in the near-field rock
Increased temperature in the near-field
Decreased sorption
Degraded bentonite, median flux
Degraded bentonite, highest flux

Canister failure cases
Bl
B2
B3

Canister failure at 10 000 years
Canister failure at 100 000 years
Early pin-hole
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Table 16.2.2 Near-field calculation cases for the Central Scenario (parameter values in
Table 15.3.2).
CASE

DESCRIPTION

Cl
C2

Oxidised rock, bentonite and waste-form during glaciation
Oxidised rock and bentonite during glaciation

Table 16.2.3 Maximum release rates (Bq/year, canister), maximum IDPs (Sv/year,
canister) for times up to 10s years and time for the maximum (years), for the near-field Zero
Variant case (A3) for the Reference Case.
Radionuclide

Max release
(Bq/year, canister)

Max IDP
(Sv/year, canister)

Time for max
release (years)

14

2.0x105
6.6xlO4
1.5x10"*
9.7x102
2.8xlO 7
3.2xl0' 2
7.9x102
3.8xl0 3
6.8xlO2
l.OxlO3
1.3xl05
2.3xl0 5
4.8xl0 5
2.2x10-'
4.6x10'
5.3x10'
1.4x10"'
7.3x10'
7.6x10'
2.5x10'
6.1x10'
2.0x103

5.7xlO"9
2.8xlO-9
4.3x10"
1.3x10'°
7.0xl0"'9
1.6xl0-'5
5.0x10"
9.6x10"
1.7xlO12
2.6x10'°
lJxlO" 6
1.9xlO"8
3.0xl0 17
8.0x10"
3.8x10-"
2.7x10-'°
1.1x10-"
6.0xl0"9
6.3xlO"9
3.2xlO"9
3.9x10''°
2.6xl07
7.3x10-'°
6.1xlO"9
2.7x10"'°
8.5x10"'°
3.8xl0"7
4.6x10"6
1.9xl0"8
1.4xlO"8
1.4x10-"
3.8xl0' 8

4.9xlO3
7.8xl0 3
4.9x10"*
4.9xlO3
1.3xl03
3.1xl0 5
2.0xl0 4
2.5x10"*
6.2xlO4
3.9x10"*
1.6x10"*
1.6x10"*
1.3xlO3
1.3xl05
3.1xl04
l.OxlO6
l.OxlO6
3.1x10"*
3.1x10"*
4.9xlO5
l.OxlO6
7.8xl0 5
2.5x10"*
l.OxlO6
l.OxlO6
3.9xl0 5
2.0x105
2.0xl0 5
4.9x10"*
6.2x10"*
l.OxlO6
l.OxlO6
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14

is present in the fuel (90% in grain boundaries and 10% in gaps, see Section 13.2.3
for details of how the grain boundary is modelled), but also in cladding and
structural parts. Carbon is fully soluble and sorbs weakly in the barriers. The highest
flux of 14C is obtained from the structural parts, although the maximum release rates
from the three sources are of the same order.

36

is present in the cladding. Chloride is fully soluble and does not sorb in the
near-field. The breakthrough of 36C1 into the far-field is fast. The total mass of 36C1
is released and the decrease in flux at 104 years is due to depletion of the source.

59

Ni

is present in the structural parts. Nickel is moderately sorbed in the barriers. The
release is not limited by solubility although there are stable nickel isotopes. The
integrated mass of 59Ni that leaves the near-field before it decays is about 15% of the
original inventory. (Not shown in Figure 16.2.2.)

79

Se

is present in the fuel matrix. The concentration of selenium in the waste-form
reaches the solubility limit. The solubility of 79Se is decreased (by a factor of 10) due
to isotopic dilution with stable isotopes. Selenium precipitates are present throughout the calculation. In total, only 5% of the initial mass of the weakly sorbed 79Se
leaves the near-field during 106 years. (Not shown in Figure 16.2.2.)

^Sr

is present at the grain boundaries (see Section 13.2.3). Although strontium is only
weakly sorbed in the near-field, the amount released from the near-field is of no
importance since ^Sr has a short half-life and decays in the near-field. (Not shown
in Figures 16.2.1 and 16.2.2.)

93

is present both in the fuel matrix and in the cladding. The cladding also contains
large amounts of stable zirconium isotopes and the solubility of the active isotope
is therefore decreased (by a factor of 400) due to isotopic dilution. The concentration
of zirconium reaches the solubility limit both in the waste-form and in the bentonite.
Zirconium is strongly sorbed in the near-field. More than 60% of 93Zr is precipitated
in the waste-form at the end of the calculation and less than 1 % of the initial mass
has left the near-field at 106 years. (Not shown in Figures 16.2.1 and 16.2.2.)

C

C1

Zr

w

Nb is present in the fuel matrix and in structural parts. Niobium is moderately sorbed
in the bentonite, but sorbs strongly in the rock. Niobium does not precipitate in the
near-field. Of the initial mass of w Nb, 25% leaves the near-field before it decays.
(Not shown in Figure 16.2.2.)

"Tc

107

is present in the fuel matrix, at the grain boundaries and in gaps between fuel and
cladding, (89%, 10% and 1% of the inventory, respectively, see Section 13.2). The
solubility limit of technetium is reached in the waste-form and bentonite and
precipitates are left at the end of the calculation, although a considerable amount has
decayed at that time. Technetium is poorly sorbed in the near-field; despite this only
3% of the mass inventory has left the near-field at the end of the calculation at 106
years. (Not shown in Figure 16.2.2.)

Pd is present in the fuel matrix. Palladium is moderately sorbed in the bentonite and
rock. It precipitates in the waste-form and the solubility-limited concentration for
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107

Pd is decreased (by a factor of 6) due to isotopic dilution with stable isotopes. At
the end of the calculation, 90% of the initial mass is left in the near-field. (Not
shown in Figure 16.2.2.)
126

Sn is present in the fuel matrix. Tin is moderately sorbed in the near-field. The concentration of tin in the waste-form is limited by the solubility, and the solubility of
the active isotope is further decreased (by a factor of 4) due to isotopic dilution.
There are precipitates in the waste-form after 106 years. In total, 8% of the initial
mass of 126Sn leaves the near-field during 106 years. (Not shown in Figure 16.2.2)

129

I

is at the grain boundaries (90% of the inventory, Section 13.2) and in the gaps
between cladding and fuel (10% of the inventory). Iodine is fully soluble and sorbs
weakly in the bentonite and rock. The activity in the gaps is released immediately
after canister failure and results in a fast breakthrough into the far-field. At 106 years,
99% of the initial mass of iodine has left the near-field.

135

Cs is present at the grain boundaries (90% of the inventory, Section 13.2) and in the
gaps between fuel and cladding (10% of the inventory). The concentration of cesium
in the pores does not reach the solubility limit. Cesium sorbs poorly in the bentonite
and moderately in the rock. The flux decreases as soon as the source is depleted. At
that time, 80% of the initial mass has left the near-field.

137

Cs is present at the grain boundaries (90% of the inventory, Section 13.2) and in the
gaps (10% of the inventory). Cesium decays in the near-field and very little activity
is released into the far-field. (Not shown in Figures 16.2.1 and 16.2.2).

The radionuclides in the natural decay chains are strongly sorbed in the bentonite and rock
at the prevailing reducing conditions, except for moderate sorption of protactinium in the
rock and radium in the bentonite and rock. All radionuclides in the natural decay chains,
except uranium and thorium, have solubility limits lower than 10'7 moles/litre at the
prevailing redox conditions. The solubility of uranium is 10"5 moles/litre and of thorium,
ixlO"6 moles/litre in all barriers (waste-form, bentonite and rock). The concentration of
plutonium, neptunium, uranium and americium in the waste-form reaches the solubility
limit. The concentration of plutonium and neptunium also reaches the solubility limit in the
bentonite porewater.
Decay chain 4N
248

Cm is relatively short-lived and the flux falls off due to decay after reaching a maximum
at lxlO5 years. Curium is strongly sorbed in the near-field. The curium isotope
concentrations do not reach the solubility limit in the near-field. (Not shown in
Figures 16.2.1 and 16.2.2). (Curium 248 is part of the 4N chain but is treated as a
single nuclide in the calculations since its daughter, 244Pu, is long lived, with a halflife of 8.3x105 years).

240

Pu is relatively short-lived and decays in the near-field without any considerable release
to the far-field. Plutonium is strongly sorbed in the barriers. The solubility limit of
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plutonium is reached both in the waste-form and in the bentonite. (Not shown in
Figures 16.2.1 and 16.2.2.)
236

U

The uranium isotope concentration reach the solubility limit in the waste-form.
Uranium is strongly sorbed in the near-field. The flux is still increasing at the end
of the calculations at 106 years. (Not shown in Figures 16.2.1 and 16.2.2)

232

Th The thorium isotope concentrations do not reach the solubility limit in any barrier
in the near-field. Thorium is strongly sorbed in the near-field and the flux is still
increasing at 106 years. (Not shown in Figures 16.2.1 and 16.2.2)

Decay chain 4N+1
245

Cm is relatively short-lived and the flux falls off due to decay after a peak at 3xlO4 years.
Curium is strongly sorbed in the near-field. The curium isotope concentrations do
not reach the solubility limit in the near-field. (Not shown in Figure 16.2.1.)

241

Am is short-lived and the flux follows that of the parent nuclide (245Cm). The initial
inventory of 241Am has decayed by the time of release from the near-field. (Not
shown in Figure 16.2.1.)

237

Np Neptunium is strongly sorbed in the near-field and concentrations reach the
solubility limit both in the waste-form and in the bentonite. (Not shown in
Figure 16.2.1.)

233

U

This uranium isotope has a low initial inventory compared to the other isotopes.
Since uranium concentrations reach the solubility limit in the waste-form, the
fraction of mobile ^ U is relatively small. (Not shown in Figures 16.2.1 and 16.2.2.)

229

Th Thorium is strongly sorbed in the near-field. The solubility-limited concentration is
not reached in the near-field. The flux is still increasing at 106 years, but appears to
be levelling out.

Decay chain 4N+2
246

Cm is relatively short-lived and the flux falls off due to decay after a peak at 3x104 years.
Curium is strongly sorbed in the near-field. The curium isotope concentrations do
not reach the solubility limit in the near-field. (Not shown in Figures 16.2.1 and
16.2.2.)

242

Pu Plutonium is strongly sorbed in the near-field and concentrations reach the solubility
limit in the waste-form and in the bentonite. The release of 242Pu is limited by the
share of the solubility with other isotopes, but increases slightly as the more shortlived isotopes (239Pu and 240Pu) decay. The flux is still increasing at 106 years. (Not
shown in Figure 16.2.1.)

238

U

is the dominating uranium isotope. Uranium concentration reaches the solubility
limit in the waste-form. Uranium is strongly sorbed and the flux is still increasing
slightly at 106 years. (Not shown in Figures 16.2.1 and 16.2.2.)
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234

U

Uranium is strongly sorbed in the near-field and concentrations reach the solubility
limit in the waste-form. The flux of 234U reaches a peak at 3x10 5years and falls
thereafter, due to the decay of the initial inventory. The release will then be determined by the release of the parent nuclide. (Not shown in Figure 16.2.2.)

230

Th Thorium is strongly sorbed in the near-field. The solubility-limited concentration is
not reached in the near-field. The flux reaches a peak at 2x105 years.

226

Ra Radium is relatively short-lived but also rather mobile in the near-field. The release
of radium is not controlled by the solubility limit and a maximum flux is reached at
2xlO5 years; thereafter the flux decreases due to decay of the grandparent, 234U.

Decay chain 4N+3
243

Am is relatively short-lived and decays in the near-field. Americium is strongly sorbed
in the near-field and the solubility-limited concentration of americium is reached in
the waste-form.

239

Pu is strongly sorbed in the barriers and decays in the near-field without any considerable release to the far-field. The solubility-limited concentration of plutonium is
reached both in the waste-form and in the bentonite.

235

U

Uranium is strongly sorbed in the near-field and concentrations reach the solubility
limit in the waste-form. The flux of 235U levels off after 2xlO5 years and continues
beyond 106 years, since 235U is very long-lived and precipitates of uranium are left
in the waste-form at the end of the calculation (106 years). As was mentioned in
Chapter 3 (see Table 3.3.1) the inventory of this nuclide should, in fact, have been
higher by a factor of 2-3. However, the relative importance of this discrepancy
decreases after some tens of thousands of years due to in-growth from decay of the
parent nuclide 239Pu. (Not shown in Figures 16.2.1 and 16.2.2.)

231

Pa is relatively short-lived and sorbs moderately in the near-field. The initial amount
of 231Pa is not sufficient to reach the solubility limit in the waste-form. The flux
reaches a steady-state after 2X105 years, which is largely determined by decay and
release of the parent nuclide (235U). Note the comment on the inventory of the latter
above. (Not shown in Figure 16.2.1.)

The flux from the near-field given as IDPs (Figure 16.2.2) is totally dominated by 129I until
20 000 years, when 226Ra becomes dominant. The peak value for 129I is 2x10 "* Sv/year,
canister at 16 000 years and for 226Ra the peak value is 5x10"* Sv/year, canister at 200 000
years. Second after 20 000 years, is 23OTh (4xlO'7 Sv/year, canister), followed by 229Th
(3xl0 7 Sv/year, canister).
A histogram showing the mass balance (in moles, normalised to initial inventory) for some
radionuclides at 10\ 105 and 106 years is given in Figure 16.2.3. Each bar consists of three
parts: one representing the fraction of the initial content that is left in the near-field, one
representing the amount released into the far-field and one representing the amount that has
decayed to stable isotopes at the specified time. The mass that has decayed in the near-field
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has not been separated from the mass that has decayed in the geosphere or biosphere. The
three groups of bars are for 129I, "Tc and the sum over the actinide chain 4N; this is a good
representation of the different behaviour of radionuclides.
A characteristic of 129I is that it is not retained in the near-field (30% has left at 104 years,
and more than 95% at 105 years) and is thus dispersed within the geosphere or biosphere.
135
Cs and 36C1 have a similar behaviour, though 135Cs is released at a slower rate, while 36C1
is released more quickly, but largely decays (about 10% is left at 106 years). The radionuclide "Tc is an example of the behaviour of the rest of the single radionuclides: most of
the initial inventory never leaves the near-field, and the radionuclides decay in the nearfield. The chain 4N is typical of the actinide chains: almost nothing of the initial inventory
has left the near-field nor decayed to stable isotopes over the time-scale of the assessment.
At the end of the transport calculation, i.e. at 106 years, 95% of 129I and 70% of 135Cs are
still in the geosphere and biosphere, as is 10% of 36C1 and 107Pd respectively. The major
proportion of the radionuclides in the natural decay chains remain in the near-field and have
decayed to relatively long-lived isotopes: 236U (4N), 237Np (4N+1), 238U (4N+2) and 235U
(4N+3).
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Figure 16.2.3 Mass balance (in moles, normalised to initial inventory) at 10*, 105 and
years, for the actinide chain 4N, I29I and "Tc, for the Zero Variant case for the Reference
Case. The shading shows the amounts which are present in different regions of the system
or which have decayed.

560
16.2.2.2 Other Calculation Cases for the Reference Case
Radionuclide release from the near-field is also calculated for several other cases, varying
hydrogeological, geochemical and canister parameters. The selection of calculation cases
is discussed in Chapter 15. In the hydrogeological cases, Darcy velocity and fracture
parameters are varied. The geochemical cases study changes in redox conditions, which
affect the sorption and solubility properties, as well as direct changes in sorption and
solubility. The degradation of the bentonite is also covered in the geochemical cases. The
canister cases concern canister failure time as well as alternative failure mechanisms such
as the early development of a pin-hole. Parameters that are not varied in a calculation case
are kept the same as in the Zero Variant case (A3). The results of the calculations are
presented as maximum IDPs obtained for times up to 106 years. The diagrams show IDPs
larger than 10"13 Sv/year, canister. Two radionuclides (94Nb and 107Pd) are not included in
all calculation cases.
Near-field Hydrogeological Calculation Cases
Several hydrogeological calculation cases are identified for the Reference Case
(Section 15.2.1.3; Table 15.2.2) with the aim of covering relevant intervals of the Darcy
velocity and the fracture parameters (specific flow-wetted area, fracture aperture and
fracture spacing). In most calculation cases, only one parameter is varied at a time. The
intervals selected for the parameter values are obtained mainly from the evaluation of largescale hydrogeology using the Discrete Feature model and the Stochastic Continuum model.
To a large extent, the different values represent spatial variability.
In calculation cases showing the influence of the water flux, the Darcy velocity is varied
within the intervals obtained from the two large-scale hydrogeology models (Discrete
Feature model, A1-A5 and Stochastic Continuum model, A6-A10). In two cases (Al and
A5) there is a weak correlation between the water flow and the fracture parameters which
is reflected in the selection of parameters that are varied (Section 15.2.6). In the calculation
case Al 1, an even higher Darcy velocity is applied, arising from the Simple Evaluation of
the hydrogeology.
The fracture parameters (specific flow-wetted area, fracture aperture and fracture spacing)
are varied at two levels each and one at a time, in a number of calculation cases (A12-A17).
In addition, the flow-wetted surface area is varied in combination with the highest (A 18A19) and high (A20-A21) Darcy velocities obtained from the large-scale hydrogeology
modelling with the Discrete Feature model as well as with the lowest (A22-A23) and low
(A24-A25) Darcy velocities obtained from the same model.
Water flux in the near-field (case Al, A2, A4-A11)
The maximum IDPs for times up to 106 years from the flux calculations (case Al-Al 1) are
shown in Figures 16.2.4 and 16.2.5 .
For any selected model of the hydrogeology, an increased Darcy velocity results in
increased release rates of the radionuclides. The radionuclide flux is not a linear function
of the water flux. The maximum radionuclide flux obtained in the variant with the highest
Darcy velocity (case A l l ) is a factor of 2 to 2.7 higher than for the Zero Variant case,
depending on sorption properties and half-lives, etc.

561
At high Darcy velocities, it is the release from the canister and/or transport capacity of the
bentonite barrier, rather than the transport capacity in the fracture, that determines release
from the near-field.
At very low flow rates, diffusion (in the fracture or rock) determines transport. Exceptions
are non-sorbing 36C1, which shows almost no dependence in peak release on the water flux,
and low-sorbing l29l, which shows smaller dependence than sorbing elements. This suggests
that the release of non-sorbing elements is determined by the diffusion through the
bentonite barrier both for very low and high Darcy velocities.
From Figures 16.2.4 and 16.2.5 it can be concluded that a very wide range in Darcy velocity
(five orders of magnitude) results in maximum radionuclide release rates which vary, at
most, by little more than two orders of magnitude. However, the release by diffusion is
probably exaggerated since there is a zero concentration boundary condition applied in the
rock, 4 m out from the canister centre.
The median flux case from the Discrete Feature hydrogeology model was selected as Zero
Variant case (A3), see Section 16.2.2. The high flux case (A4) gives maximum release rates
for the sorbing radionuclides about twice that of the Zero Variant case, while 36C1 and 129I
remain almost the same (Figure 16.2.4). The low flux (case A2) gives release rates less than
an order of magnitude lower than the maximum fluxes in the Zero Variant case for all
radionuclides. The highest flux case (A5) is correlated to a smaller fracture spacing (0.8 m)
and a wider fracture aperture (10'3 m) and gives maximum flux rates 4 to 8 times the Zero
Variant case (less for 36C1 and 129I). The lowest flux case (Al) is correlated to larger fracture
spacing (8 m) and gives maximum fluxes of sorbing radionuclides which are about 0.05
times those of the Zero Variant case (with an order of magnitude less impact for 36C1 and
129
I). A fracture spacing larger than the length of the canister is beyond the implicit
assumptions in the CALIBRE code and the implications of this should be studied further,
but for these calculations it is thought that the results are not systematically in error. The
maximum flux of non-sorbing 36C1 is fairly constant regardless of case and the maximum
flux of low sorbing 129I varies by less than an order of magnitude about the maximum flux
in the Zero Variant case. The maximum radionuclide fluxes in the cases calculated to
consider variabilities and uncertainties in the Discrete Feature model, vary within a range
of slightly more than two orders of magnitude.
The Stochastic Continuum hydrogeology model (Figure 16.2.5) gives lower water fluxes
than the Discrete Feature model and hence lower radionuclide release rates. The median
water flux case (A8) gives maximum radionuclide fluxes which are less than an order of
magnitude lower than the Zero Variant case flux. The high flux case (A9) gives maximum
fluxes only slightly lower than the Zero Variant case and the highest flux case (A 10) gives
maximum fluxes only slightly higher than the Zero Variant for all radionuclides. The low
flux case (A7) gives maximum radionuclide fluxes less than an order of magnitude lower
than the Zero Variant case and the lowest flux case (A6) gives maximum radionuclide
fluxes about one order of magnitude lower than the Zero Variant case. Again, the maximum
fluxes of non-sorbing 36C1 are fairly constant and the maximum fluxes of low sorbing 129I
vary over less than one order of magnitude around the maximum flux in the Zero Variant
case. The maximum radionuclide fluxes covering the variability and uncertainty in data
provided by the Stochastic Continuum hydrogeology site model vary within a range of one
order of magnitude.
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Figure 16.2.4 Comparison of maximum IDPs from the near-field between calculation
cases of the Discrete Feature hydrogeology model and the Simple Evaluation of hydrogeology (All), for all the different radionuclides.
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Figure 16.2.5 Comparison of maximum IDPs from the near-field between calculation
cases of the Stochastic Continuum hydrogeology model, for the different radionuclides.
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Fracture parameters (case A12-A25)
The fracture parameters (specific flow-wetted area, fracture aperture and fracture spacing)
were varied at two levels each and one at a time. The channel-connection-length was kept
constant at a conservative value (0.1 m), which has an impact on the influence on release
of the other fracture parameters. The water flux and other parameters were kept the same
as in the Zero Variant case (A12-A17). Also, the combinations of the different variants
from the Discrete Feature hydrogeology model and the two levels of specific flow-wetted
area were investigated (case A18-A25). The maximum IDPs for times up to 106 years for
these calculation cases are displayed in Figures 16.2.6 to 16.2.8.
The specific flow-wetted surface area, set to 1.0 m"1 (case A13, A19, A21, A23, A25) and
0.01 m"1 (case A12, A18, A20, A22, A24), compared to 0.1 m*1 in the Zero Variant case,
has almost no influence on radionuclide fluxes except at very low Darcy velocities. If the
specific flow-wetted surface area is varied for the lowest Darcy velocity (6x10"* m/year)
obtained from the Discrete Feature hydrogeology model, the maximum radionuclide fluxes
decrease by a factor of 0.2 to 0.8 for larger flow-wetted surface area, and increase by a
factor of 1.2 for smaller flow-wetted surface area. This has also been discussed in the
evaluation of the flow-wetted surface area in simple scoping calculations performed in the
beginning of the SITE-94 project (Section 13.5.1.1).
The fracture aperture is set to 4x1 O^m (case A14) and 10'3 m (case A15), compared to
6.5x10^ m in the Zero Variant case. The maximum radionuclide fluxes decrease by a factor
of 0.8 compared to the Zero Variant case with the smaller aperture and increase by a factor
of 1.2 with the larger aperture. The influence on the maximum release of 129I is only a few
percent (factors of 0.94 and 1.04 respectively).
The fracture spacing is set to 0.8 m (case A16) and 8 m (case A17), compared to 2.5 m in
the Zero Variant case. A fracture spacing of 8 m is beyond the implicit assumptions in the
CALIBRE code, but it is thought that the results are not systematically in error. The fracture
spacing has some impact on the maximum radionuclide fluxes. Smaller spacing gives maximum fluxes about twice that of the Zero Variant case and larger spacing gives maximum
fluxes about half the flux in the Zero Variant case. The impact on low sorbing 129I is much
less, a factor of 1.1 and 0.7 respectively compared to the Zero Variant case.
The fracture parameters, as selected here, do not influence the maximum release rates of
the radionuclides very much. The channel-connection-length (described in Section 13.3.5.3)
is set to a conservative value which has an impact on the importance of the other fracture
parameters.
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Figure 16.2.6 Comparison of maximum IDPs from the near-field between calculation
cases for fracture parameter variants, for the different radionuclides.
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Figure 16.2.7 Comparison of maximum IDPs from the near-field between calculation
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Feature hydrogeology model), for the different radionuclides.

568
Geochemical Calculation Cases
The geochemical calculation cases are defined and described in Chapter 15. In the Zero
Variant (case A3), reducing conditions prevail in the whole near-field. In the first geochemical calculation case (El), the flux from the near-field has been calculated for oxidising conditions in the near-field. The impact on the release of a redox front in the nearfield has been evaluated in two cases, one with a moving redox front (E2) and one with a
redox front at the edge of the near-field (E4). The oxidants are assumed to be produced in
the canister due to radiolysis. The redox conditions impact both on the solubilities and
sorption of many radionuclides. The effect of a higher temperature (80°C) in the near-field,
which influences the solubilities of some elements, has also been investigated (case E3) as
well as the influence of lower sorption capacities (Fl). In addition, the effects of a highly
degraded bentonite buffer have also been investigated in two calculation cases (Dl and D2).
The maximum BDPs for times up to 106 years for all these cases are shown in Figures 16.2.9
and 16.2.10.
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Figure 16.2.9 Comparison of maximum IDPs from the near-field between calculation
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Oxidising conditions throughout the near-field (El)
In this calculation, the whole near-field is assumed to be in an oxidising state. This influences the solubilities and sorption properties of many elements in the near-field barriers.
The distribution coefficients of selenium, technetium, uranium, plutonium and neptunium
in the bentonite and the rock decrease compared to the Zero Variant case (A3). Technetium
and selenium are soluble under oxidising conditions. The solubilities of neptunium and
uranium increase in all barriers compared to reducing conditions, whereas the solubilities
of nickel, strontium, americium and curium increase in the waste-form and bentonite, but
the solubility in the rock does not change. The solubility of plutonium decreases slightly
in all barriers, and the solubility of radium decreases in the waste-form and bentonite.
The maximum release rate of "Tc and 79Se is increased considerably compared to the Zero
Variant case (A3), since these elements are soluble and less sorbing under the oxidising
conditions. The release rate of "Tc increases more than 4 orders of magnitude and the
release rate of 79Se increases by almost 3 orders of magnitude. The release of the other
single radionuclides is unaffected by the oxidising conditions.
The maximum release rate of 237Np increases considerably (more than 3 orders of magnitude), compared to the Zero Variant case, although the solubility limit is still reached in the
waste-form. The maximum release rates for uranium increase 7 to 27 times compared to
the Zero Variant case. A factor of less than 10 is due to changed solubility and sorption,
whereas effects larger than this are due to the effect of earlier breakthrough and changed
mobility of parent radionuclides. The maximum release of short-lived plutonium isotopes
(239Pu and 240Pu) increases due to earlier breakthrough, although the solubility decreases.
The maximum release of 242Pu decreases as an effect of the decreased solubility. The
solubility concentration of the plutonium isotopes is reached both in the waste-form and the
bentonite. The limited effects on the release of radionuclides in the natural decay chains
whose properties do not change with the redox conditions (thorium and protactinium) or
which does not reach the solubility limits (radium and curium), is due to the changed
mobility of parent radionuclides.
The H)Ps (Figure 16.2.9) are dominated by 129I and "Tc at a level of 1 - 2x10^ Sv/year,
canister, 79Se at a level of lxlO'7 Sv/year, canister and radionuclides from the natural decay
chains. The latter are dominated by 237Np at a level of lxlO"5 Sv/year, canister, followed by
229
Th and 226Ra (3x10^ Sv/year, canister). The results from this calculation case show that
radionuclides other than I29I and 226Ra may reach high dose levels under certain conditions.
Redox-front a few metres into the near-field rock (E4)
In this calculation, oxidising redox conditions prevail throughout the near-field with the
exception of the last 0.1 m of rock, which is reducing. This simulates the presence of a
redox front a few metres out from the rock/bentonite interface.
The release from the near-field is similar to the release from a completely oxidised nearfield (El) except for the release of technetium and neptunium, which decrease since
precipitates occur in the fracture where the front is. The maximum release of "Tc increases
8000 times compared to the Zero Variant case, but is less than in the case with oxidising
conditions throughout. The maximum release of 237Np is 70 times the release in the Zero
Variant case, but much less than in the case with oxidising conditions. A secondary effect
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of the precipitation of neptunium at the redox front is that the release of its daughters (233U
and 229Th) increase compared both to the Zero Variant case and the case with oxidising
conditions throughout. The increase in maximum release rate is 3000 times for 233U and 10
times for 229Th, compared to the Zero Variant case. This, presumably, is an effect of ingrowth from the precipitate of 237Np in the fracture close to the redox front.
Moving redox-front (E2)
Oxidants are produced in the canister as a result of decomposition of water due to radiolysis. The oxidants may migrate and form a moving redox front. The redox front passes out
of the bentonite into the rock after about 1400 years which means that it takes about 400
years for the oxidants to diffuse through the bentonite. Following this, it takes a further
million years for the redox front to penetrate a metre into the near-field rock (see
Section 11.7).
The result from this calculation is similar to the one with oxidising conditions throughout
the whole near-field (El), except for the release of some elements that precipitate in the
fracture at the redox-front, i.e. neptunium, technetium and selenium. The maximum release
of 79Se is 50 times larger than in the Zero Variant case, the release of "Tc is 30 times larger
and the release of 237Np is 4 times larger. The maximum release of all these radionuclides
is, however, lower than in the calculation case with a front at the border of the near-field.
An additional effect due to the precipitation of 237Np is an increased maximum release of
its daughters (233U and 229Th) compared to both the Zero Variant case and the calculation
case with oxidising conditions throughout.
Increased temperature (80 °C) (E3)
In this calculation case, reducing conditions are used, but the temperature in the canister
and close surroundings is assumed to have increased from 15 °C in the near-field Zero
Variant (A3) to 80°C, which influences the solubilities of many elements. Other potential
temperature effects on radionuclide transport, such as increased diffusivities in the
bentonite and reduced fluid viscosities, are not considered in SITE-94. The increased
temperature is maintained throughout the calculation (103 to 106 years), which is an unrealistic exaggeration of this effect (Section 15.2.2.2).
The release from the near-field of soluble radionuclides (14C, 36C1,135Cs and 129I) is equal
to the near-field Zero Variant case (A3). In the calculation, the solubility limit of
technetium in the waste-form and bentonite is not changed and the release of "Tc is equal
to the Zero Variant case.
The increase in maximum release rates of 93Zr and 126Sn are proportional to the increase in
solubility in the waste-form where the concentration reaches the solubility limit, i.e. a factor
of about 2 for 93Zr and about 5 for 126Sn.
The solubility of nickel decreases due to the temperature increase. The lowest solubility is
in the rock, where nickel precipitates. The maximum release rate of 59Ni decreases by a
factor of 0.7 compared to the Zero Variant case, where it does not precipitate. The solubility
of selenium increases in all barriers. The lowest solubility is in the rock, where selenium
precipitates. The maximum release rate of 79Se increases by about one order of magnitude
compared to the Zero Variant case.
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The solubilities of the radionuclides in the natural decay chains increase due to the rise in
temperature, with one exception, protactinium, whose solubility is not changed, again
owing to lack of data. The concentration of curium, thorium and radium is not limited by
the solubility in the Zero Variant case and consequently not in this calculation either.
Therefore, the release rates of the curium isotopes, which are all in the beginning of the
decay chains, are equal to the release rates obtained in the Zero Variant case. The maximum
release rate of 226Ra and thorium isotopes increases by a factor of about 1 to 5 compared to
the Zero Variant case, as an effect of the decreased solubility of their parent radionuclides.
Uranium does not precipitate and the maximum flux increases by about 1 0 - 2 0 times
compared to the Zero Variant case, where uranium precipitates in the waste-form. The concentrations of plutonium and neptunium reach the solubility limit. The maximum flux
increases 2 to 28 times compared to the Zero Variant case.
Among the IDPs (Figure 16.2.9) 129I still has a dominant role, at the same level as in the
Zero Variant case (2X10"6 Sv/year, canister) since the release rate of this nuclide was not
influenced by the temperature increase and none of the other nuclides affected by
temperature reach such a high dose level. The maximum IDPs from the natural decay
chains are 5X10"6 Sv/year, canister from ^ R a (equal to the Zero Variant case), followed by
229
Th (lxlO-6 Sv/year, canister), 230Th (5xlO*7 Sv/year, canister) and 242Pu and 243Am
(1 x 10'7 Sv/year, canister).
Low sorption (Fl)
The aim of this calculation case is to show the consequences of uncertainties/variabilities
in mineralogy, water chemistry and measurements of the sorption properties of the barrier
materials. AH distribution coefficients are lowered by a factor of three, compared to the
near-field Zero Variant case (A3) and, consequently, the maximum release rates of the all
radionuclides except the non-sorbing elements increase compared to the Zero Variant case.
The effects of a decreased sorption capacity on the radionuclide flux from the near-field is
small for long-lived, poorly sorbed radionuclides (129I); the effect is also small for
solubility-limited radionuclides (93Zr, 126Sn, "Tc and 79Se). For the other single radionuclides, the maximum flux increases about 2 to 4 times compared to the Zero Variant case.
The fluxes of the very short-lived radionuclides ^Sr and 137Cs increase by 14 and 6 times,
respectively, due to the faster breakthrough.
The increase in maximum release rates is, for most of the radionuclides in the natural decay
chains, 1 to 8 times compared to the Zero Variant case results. The effect is small for
elements that are solubility limited (Pu, Np, U and Am), apart from the maximum release
of the short-lived isotopes (without long-lived parent nuclides), i.e. 240Pu, 241Am, 245Cm,
246
Cm and 243Am, which increase 8 to 22 times.
The maximum IDPs (Figure 16.2.9) are still dominated by 129I, at the same level as in the
Zero Variant case (2X10"6 Sv/year, canister) and by226Ra, at a level of 1.6xlO"5 Sv/year,
canister and 229Th, at a level of 2X10"6 Sv/year, canister.
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Degraded bentonite (Dl, D2)
Two cases were formulated with the aim of investigating the radionuclide flux from the
near-field if the bentonite barrier is degraded and fractured, so that the opening of a fracture
into the rock is situated close to the canister. The bentonite was given rock properties. Two
hydrogeology cases were selected, one equal to the Zero Variant hydrogeological conditions
(A3) giving variant Dl, and one equal to the highest flux obtained in the Discrete Feature
hydrogeology model (A5) giving variant D2, see Table 15.2.11. The maximum IDPs are
displayed in Figure 16.2.10.
The breakthrough of radionuclides arrives earlier with the degraded bentonite barrier than
in the Zero Variant case. The release of the mobile radionuclides in the gaps between the
fuel and the cladding (135Cs, 137Cs, 129I, ^Tc and 14C) is very fast, almost instantaneous. The
maximum release rate, which occurs very early, is rather difficult to calculate since the
selection of time-stepping in the calculations becomes important, especially in the calculation case with the highest flux. The IDPs from the single radionuclides is dominated by
129
I at a level about two to three orders of magnitude above the maximum dose in the Zero
Variant case, depending on the water flux rate.
The earlier breakthrough results in a larger contribution from short-lived isotopes. For a
water flux equal to the Zero Variant case, some relatively short-lived isotopes,241 Am, 229Th,
2i0
Th and 231Pa, give doses higher than was obtained for 226Ra (2X10"6 Sv/year, canister) in
the Zero Variant case calculation. The highest dose is from 229Th, Ax\0A Sv/year, canister.
At the highest water flux, most of the radionuclides in the natural decay chains give IDPs
higher than those obtained from ^ R a in the Zero Variant case. The maximum IDP from
the natural decay chains at the highest flux is above 10"4 Sv/year, canister from 229Th and
241
Am.
Canister Calculation Cases for the Reference Case
Late canister failure (B1, B2)
In the Zero Variant case, canister failure occurs at 1000 years. Radionuclide release has also
been calculated for later canister failure, occurring at 104 (B1) and 105 (B2) years. The time
for canister failure has an impact on the fuel matrix dissolution rate (Section 13.2.7). Fuel
dissolution is initiated when the canister fails and proceeds with a rate that is fairly constant
with time, but the rate is dependent on the failure time. This gives a longer duration of
matrix release for later canister failure times. The maximum IDPs for times up to 106 years
for these cases are shown in Figure 16.2.11.
Examination of Figure 16.2.11 shows that canister failure at 104 years (Bl) results in a
decreased maximum release rate of relatively short-lived isotopes. The maximum flux of
14
C decreases to 30%, 240Pu and241 Am decrease to 50% and 25% respectively, of the peak
flux in the Zero Variant case. Iodine in the gaps (10%) is released instantaneously from the
fuel after canister failure but the 90% of iodine at the grain boundaries is released at a rate
slower than in the Zero Variant (in the Zero Variant the grain boundary release rate was
taken to be equal to the matrix dissolution for canister failure at 103 years, as this was faster
than the default grain boundary release rate). The maximum flux of 129I is half the Zero
Variant case flux. The decrease in fuel dissolution rate has a very small impact on the
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release of radionuclides that are solubility limited (79Se, "Tc and 93Zr) or long-lived and
strongly retarded in the near-field (actinides).
An even further delayed canister failure, 105 years (B2), causes 14C, 240Pu, 241Am, 243Am,
Cm, and 246Cm to decay in the canister. The maximum release rate of 129I is not further
influenced by this even later canister failure, since the grain boundary release rate is the
same for canister failures at 104 and 105 years. The maximum releases of 226Ra and 23OTh
decrease to 0.7 times the Zero Variant case results.
245

The late failure cases do not result in reduced total maximum IDPs (Figure 16.2.11)
compared to the Zero Variant case. The IDP for 129I is 7xl0"7 - 10"6 Sv/year, canister and the
IDP for 226Ra is 3-5x106 Sv/year, canister.
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Figure 16.2.11 Comparison of maximum IDPsfrom the near-field between calculation
cases for canister failure variants, for the different radionuclides.
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Early pin-hole in the canister (B3)
This is a case in which a pin-hole (area 5 mm2) already exists through both the copper and
steel canisters at the time of deposition. It is positioned close to the fracture opening in the
rock (Section 13.3.5.1). Releases occur through the pinhole from time zero, over which
period an enhanced fuel matrix dissolution rate is assumed (time to total dissolution of 7500
years). Pinhole release continues for 1000 years, at which time the canister is assumed to
fail completely. After total failure, matrix dissolution rate and other conditions revert to
those of the Zero Variant case. Radionuclide migration through the pin-hole will not cause
a radionuclide flux that exceeds the maximum fluxes obtained in the Zero Variant case,
except for the very short-lived radionuclides ^Sr and 137Cs, which will give release rates
orders of magnitude higher than in the Zero Variant case. However, the faster and earlier
matrix release which has occurred during the time when the pinhole is open may, to some
extent, influence the radionuclide flux after total canister failure. This is not considered in
SITE-94.

16.2.2.3 Conclusions for Near-field Reference Case Calculations
For all calculation cases, the release of radionuclides from the near-field is dominated by
129
I at early times. The IDP from 129I is 10'MO"6 Sv/year, canister and does not show much
spread across the range of parameter variations performed. At later times, the dosedominating radionuclides are 226Ra, 23OTh and 229Th, but other radionuclides also become
important under certain circumstances (241 Am, 239Pu, 245Cm and237Np) depending on solubilities, time for maximum release, half-lives, etc. The maximum IDPs obtained beyond 105
years are within the interval of lO^-lO'5 Sv/year, canister. Considerably higher IDPs are
obtained if the bentonite is degraded. Very redox sensitive radionuclides ("Tc, 79Se) cause
IDPs almost as high as 129I if there are oxidising conditions or a redox front far out in the
near-field.
The results from the Discrete Feature hydrogeology site model cover the full range of
releases, from the situation with a zero concentration boundary in the fracture to the other
extreme with pure diffusion, not only in the rock matrix, but also in the fracture. The
interval in release rate spans about two orders of magnitude, with the near-field Zero
Variant case somewhere in the middle of the interval.
The Stochastic Continuum hydrogeology site model provides a smaller span in parameter
uncertainties and, consequently, the range in releases is smaller than for the Discrete
Feature model. The IDP results from the Stochastic Continuum model fall within the
intervals resulting from the Discrete Feature model. The major reason for the smaller range
is that the specific flow-wetted surface area parameter is not evaluated in this model, but
estimated separately.
The uncertainties/variabilities in specific flow-wetted surface area, fracture aperture and
fracture spacing are not shown to be crucial parameters for the release of radionuclides in
the selected calculation cases. The channel-connection-length parameter (Section 13.3.5.3)
was not varied but set to a conservative value, which influences the impact of the other
fracture parameters. The fracture spacing has a small impact, as well as the specific flowwetted surface area, at very low Darcy velocities.
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The redox state of conditions in the near-field is an important parameter since the solubilities of many elements change by orders of magnitude and the flux of radionuclides is
directly correlated to the solubilities. The maximum release of "Tc varies by four orders
of magnitude (10 10 -10 6 Sv/year, canister).
Decreased sorption has less influence on elements with low distribution coefficients since
a relatively large fraction of these elements is already in the aqueous phase. Decreased
sorption results in a faster breakthrough from the near-field and this has an impact on the
maximum release of short-lived radionuclides (e.g.241 Am).
The bentonite provides important resistance to radionuclide transport, especially for shortlived radionuclides which decay in the bentonite. Not surprisingly, a highly degraded
bentonite causes an increase in the flux of the radionuclides. The largest increase is
obtained for the initially mobile radionuclides in the gaps between fuel and cladding (14C,
135
Cs, 137Cs and 129I). These species cause an early release and a rather high flux. The
bentonite is also important for strongly sorbed nuclides, such as many of the actinides.
The time for canister failure has a very large effect on short-lived radionuclides which, for
late failure, would have decayed inside the canister. The reason for the limited effect of
failure time on the other elements is due to the dissolution rate, which limits the release of
radionuclides from the waste.

16.2.3 Central Scenario: Near-field
Calculations for the Central Scenario are performed for variant cases Cl and C2 (defined
in Chapter 15) to illustrate the impact of changing water flow and redox conditions during
a glaciation. Case Cl conservatively assumes that oxidising conditions reach all the way
into the waste-form, while in C2 the bentonite and rock are oxidised, but not the wasteform. The calculations are performed for a subset of representative nuclides: 129I, "Tc and
the actinide chains and for a period up to 105 years (i.e. one glaciation cycle). The dose conversion factors (Sv/Bq) used to calculate IDPs are the same as for the Reference Case, i.e.
a drinking-water well at Aspo (see also the conclusion section to this chapter).
Figures 16.2.12 and 16.2.13 show the time evolution of the sum of IDPs, as well as the
most important contributing radionuclides for cases Cl and C2 respectively. Figure 16.2.14
shows a comparison between the maximum IDPs (for times up to 105 years) for the
actinides, for the cases Cl, C2 and the near-field Zero Variant case in the Reference Case
(A3).
The release of radionuclides (in Sv/year, canister) during the glaciation period (55-70 ka
AP), is about a factor of 2 higher than the release in the Zero Variant case for the Reference
Case, during the same period. However, the maximum release in case Cl during the
glaciation period is not higher than the overall maximum (at about 200 000 years) in the
Zero Variant case for the Reference Case.
The dominant radionuclides are 129I (early times) and 226Ra (later times), as in the Reference
Case. For the Cl case, the largest differences in maximum release are for "Tc and 237Np,
which have drastically increased solubility and decreased sorption under oxidising condi-
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tions. The effect for "Tc and237Np in case C2 is much less, as solubility in the waste-form,
where the precipitates occur, remains low.
As in the Zero Variant case in the Reference Case, 229Th and 230Th are strong contributors
to the sum of IDPs, both in Cl and C2. However, thorium has no change in solubility or
sorption in going from reducing to oxidising conditions. Uranium and plutonium have
increased solubility and decreased sorption for oxidising conditions, but the changes are
smaller than for "Tc and 237Np. The peak releases for the uranium isotopes change by 2 to
3 orders of magnitude, while the plutonium change is more moderate: up to one order of
magnitude (Figure 16.2.14).
For the actinides, the amount released in moles at 105 years (summed over all actinide
chains) is 300 times larger in Cl than in the Zero Variant case for the Reference Case (A3),
while C2 is 30 times larger, as can be seen in Table 16.2 A. Despite this increased release
of radionuclides, the amount of the actinides retained in the near-field is hardly affected.
For "Tc, with its extreme sensitivity to redox conditions, an intrusion of oxidising water
(all the way into the waste-form) releases essentially the whole amount that is in the
near-field during the 15 000 years of glaciation (about 16 % of the initial inventory of "Tc
has decayed at 55 000 years). For the case with oxidising conditions only in the bentonite
and rock (C2), the amounts released are much the same as in the Reference Case (as "Tc
precipitates in the waste-form), see Table 16.2.4 .
The results could be summarised by noting the total BDP, with 129I and 226Ra as the
important contributors, is not much affected by the Central Scenario, whereas the maximum
IDPs for some radionuclides increase by orders of magnitude. A sudden intrusion of
oxidising water also has the potential to mobilise redox-sensitive radionuclides, even with
a short duration period of oxidising conditions.
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Figure 16.2.12 The sum and the most important contributing radionuclides of Intermediate Dose Rate Potentials (IDPs) for the
near-field, for the Central Scenario case Cl. The figure shows the radionuclides with maximum IDPs larger than 10'9 Sv/year,
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Table 16.2.4 The amounts ofactinides (summed over all chains) and "Tc still in near-field,
in the far-field (or the biosphere) and decayed (inside or outside near-field) at 105 years,
for the Central Scenario cases Cl and C2 and for the near-field Zero Variant case A3 of
the Reference Case. The amounts are in % of initial inventory in moles.
Amount (in % of initial inventory in moles), at 10s years
Nuclides

Case

Sum of
actinides

Cl

99.7

0.3

<0.008

C2

99.96

0.03

<0.008

A3

99.99

0.001

<0.008

Cl

1.9

C2

72.2

0.04

27.8

A3

72.2

0.03

27.8

"Tc

16.3

in near-Held

in far-field

70.3

decayed

27.8

INTEGRATED NEAR-FIELD AND FAR-FIELD
TRANSPORT RESULTS

This section presents and discusses the integrated results of the near-field and far-field
calculations. The geosphere code CRYSTAL (version 2.1) was used in all the far-field
calculations and the results from the near-field model CALIBRE have been used as a source
term to the geosphere model. The output from CRYSTAL, which is flux of radionuclides
(Bq/year, canister) have been converted to individual dose rate (Sv/year, canister) by
applying the Reference Case well on Aspo island (Chapter 14).

16.3.1 Overview of Calculation Cases
As already discussed in Section 15.2, a large number of variants representing different
hydrogeological and geochemical conditions have been formulated. Some far-field parameters, including migration distance and rock matrix properties, have been held constant
in all calculation cases (Table 15.2.9). Combining all these variants with all near-field
calculation cases would result in a very large number of cases. Instead, only a few combinations have been selected to form the integrated calculations cases.
Table 16.3.1 shows the combinations of near-field calculation cases and far-field variants
that are selected for the Reference Case integrated calculation cases (see Table 15.2.12 for
details of hydrogeology and geochemistry). The first case, the Zero Variant case, is the
combination of the near-field Zero Variant case (A3) and the far-field hydrogeological and
geochemical Zero Variants. The evaluation of the integrated calculations is centred around
this case. As with the near-field Zero Variant, this is not considered a best estimate, but
reflects a combination of credible, non-extreme parameter values.

584
Table 16.3.1 Integrated near-field and far-field calculation cases for the Reference Case
(for parameter values see Table 15.2.12).
NEAR-FIELD FAR-FIELD CASE
DESCRIPTION
CASE
Hydrogeological Geochemical
Zero Variant calculation case
A3 (Zero
Variant)

FFO (Zero Variant) Zero Variant

Near-field Zero Variant case coupled with
Zero Variant far-field. Discrete Feature
hydrological model, with median flux. Zero
Variant far-field chemistry.

Hydrogeological calculation cases
A3 (Zero
Variant)

FF2, FF3, FF4,
Zero Variant
FF6, FF15,FF17,
FF19,FF21,FF32,
FF33, FF34, FF36,
FF37, FF38, FF40,
FF41

Near-field Zero Variant case coupled with
far-field variants reflecting spatial variability
of the Discrete Feature hydrological model.
Zero Variant far-field chemistry.

A18

FF41,FF37

Zero Variant

Very poor near-field (highest Darcy velocity
and low flow-wetted surface area). Poor farfield conditions, (low F-ratio and Peclet
number). Discrete Feature hydrological model
and Zero Variant far-field geochemistry.

A18

FFO, FF4

Zero Variant

Very poor near-field (highest Darcy velocity
and low flow-wetted surface area). Favourable
far-field conditions. Discrete Feature hydrological model and Zero Variant far-field
chemistry.

Geochemical calculation cases
El

FF41,FF37

Oxidising
conditions

Oxidising conditions in near-field Zero
Variant case. Poor far-field hydrological
conditions, (low F-ratio and Peclet number).
Discrete Feature hydrological model.
Oxidising conditions in the far-field.

El

FFO, FF4

Oxidising
conditions

Oxidising conditions in the near-field Zero
Variant case. Favourable far-field hydrological conditions. Discrete Feature hydrological model. Oxidising conditions in the farfield.

Fl

FF41.FF37

Lowsorption

Decreased sorption in the near-field Zero
Variant case. Poor far-field hydrological
conditions (low F-ratio and Peclet number).
Discrete Feature hydrological model.
Decreased sorption in the far-field.

Fl

FFO, FF4

Low sorption

Decreased sorption in the near-field Zero
Variant case. Favourable far-field hydrological conditions. Discrete Feature hydrological model. Decreased sorption in the farfield.
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The impact of uncertainty and variability in the hydrogeological properties of the far-field
is explored by combining the near-field Zero Variant case with a set of hydrogeological
variants. In addition, two 'worst hydrogeology' cases are constructed by combining very
poor near-field hydrogeological conditions (Section 16.3.2.2) with poor far-field hydrogeological conditions. Also explored is the extent to which favourable far-field conditions
may reduce the release from a poor near-field. It should be noted that there is no need to
analyse combinations with more favourable near-field conditions than the Zero Variant
case, as near-field release is already small in this case.
Analyses of the impact of uncertainty in geochemical parameters is restricted to the effect
of oxidising conditions (affecting the sorption properties) and of a lowered sorption
capacity. The near-field case with oxidising conditions is combined with an oxidising
far-field with different hydrogeological conditions. The near-field case with lowered
sorption is combined with a low sorption far-field with different hydrogeological conditions. Again, there is no need to combine the far-field with the more favourable near-field
cases, as the release from those is small.
Table 16.3.2 shows the combination of near-field calculation case (Cl) and a far-field
variant for the Central Scenario integrated calculation case for the glaciation time period
of 55 000 to 70 000 years.

Table 16.3.2 Integrated near-field and far-field calculation case for the Central Scenario
(parameter values in Table 15.3.2).
NEAR-FBELD FAR-FIELD CASE
DESCRIPTION
CASE
Hydrogeological Geochemical
Cl

FF0 (10 times
increased Darcy
velocity)

Oxidising
conditions

Near-field with oxidised rock, bentonite and
waste-form during glaciation. Zero Variant
(Reference Case) far-field, with 10 times
increased Darcy velocity. Discrete Feature
hydrological model. Oxidising conditions in
the far-field during glaciation. Calculation
time period 55 000 to 70 000 years.

16.3.2 Reference Case: Integrated Near- and Far-fields
16.3.2.1 Integrated Zero Variant Case
The near-field Zero Variant case (A3) is combined with the far-field hydrogeological Zero
Variant (FF0) to form an integrated Zero Variant case, and the resulting fluxes are given
in Figures 16.3.1 and 16.3.2. Four hydrogeological input parameters to the far-field model
CRYSTAL define the case, namely the Darcy velocity, the longitudinal porewater
dispersion, the specific flow-wetted area and the flow porosity. These parameters are
chosen in a way that place the F-ratio and Peclet number roughly in the middle of their
logarithmic intervals (Figure 16.3.3). The hydrogeological input parameters are compiled
in Table 16.3.3 below. For other input parameters, see Tables 15.2.7, 15.2.9 and 15.2.12.
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Figures 16.3.1 and 16.3.2. give the time evolution of the fluxes from the far-field to the
biosphere in (Bq/year, canister) and the dose rates in (Sv/year, canister); fluxes higher than
102 Bq/year, canister and dose rates higher than 10"12 Sv/year, canister are shown. The
figures are complemented by Table 16.3.4, where the maximum release rates (Bq/year,
canister) and dose rates (Sv/year, canister) for times up to 106 years are given, as well as the
time in the future at which fluxes or dose rates reach a maximum.
Comparing Figure 16.3.2 with the release (as IDPs) from the near-field alone (see
Figure 16.2.2, but note the different scales on the y-axis), it can be seen that the poorly
sorbed 129I (Kd = 5.0x10"4 rnVkg) and the non-sorbing 36C1 are practically unaffected by
passage through the geosphere. The geosphere has a large influence on radionuclides which
are dominant at later times, notably 230Th and 226Ra, belonging to the 4N+2 decay chain.
Their maximum releases have dropped by several orders of magnitude. The radionuclide
23O
Th is retarded by sorption in the rock matrix. And ^ R a is also sorbed in the rock matrix,
but its behaviour is governed by the sorption of its parent, 23<>Th.
The radionuclide giving the highest maximum dose rate for times up to 106 years is 129I
(1.6X10"6 Sv/year, canister). The radionuclides giving the second and third highest
maximum dose rate up to 106 years are 226Ra (3.5xl0'9 Sv/year, canister) and 14C
(3.3xl0 9 Sv/year, canister).
The solid line in Figure 16.3.2 indicates the sum of all radionuclides as a function of time.
Its maximum value is \.6xW6 Sv/year, canister, at about 104 years. The contribution to this
maximum value is totally dominated by 129I up to about 105 years. The contribution to the
second, later peak is mainly from 226Ra, 135Cs and 23(>Th.
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Table 16.3.3 Far-field hydrogeological parameter for the integrated Zero Variant case.
Input parameter

Calculated parameter

Darcy
velocity, q
(m/year)

Longitudinal
porewater
dispersion, DL
(mVyear)

Specific
flow-wetted
area, a
(m-1)

Flow
porosity
(-)

F-ratio
(s/m)

Peclet number
(-)

1.2x10^

1.4xlO3

1.6xlO"2

5.0xl0'6

2.1xlO 12

9.0
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Table 16.3.4 Maximum dose rates for times up to 1O6 years (Sv/year, canister) and time
for maximum (years) for the integrated Zero Variant case for the Reference Case.
Nuclide

Maximum release
(Bq/year, canister)

Maximum dose rate
(Sv/year, canister)

Time for maximum
(years)

14

1.2x10'
6.6xlO4
4.4x102
3.4xlO3
5.8xlO2
<1.0xl02
1.3x10'
2.7x104
<1.0xl02
<1.0xl02
<1.0xl02
<1.0xl02
<1.0xl02
2.9x10'

3.3xlO 9
2.8xlO"9
5.7x10-"
8.4x10-"
1.5xlO12
3.3xlO 12
1.6xlO6
2.2xlO"9
3.5xlO"9
2.2xlO 10
1.2xlO"9
1.6xlO10
2.7xlO 10
1.6xlO"6

l.OxlO4
7.9xlO3
6.3xlO4
6.3x10'
>1.0xl06
>1.0xl06
1.6xlO4
3.2x10'
5.0x10'
>1.0xl06
5.0x10'
>1.0xl06
>1.0xl06
1 .Ox 104 (release), 1.6x 104 (dose rate)

C
C1
79
Se
"Tc
36

io7pd
126

Sn

129T

135

Cs
Ra
229
Th
226

230^

B1

Pa

^Np
Total

16.3.2.2 Other Integrated Calculation Cases for the Reference Case
Hydrogeological Calculation Cases
Zero Variant near-field combined with far-field hydrogeological variants
The Zero Variant near-field case (A3) was combined with hydrogeological far-field variants
reflecting spatial variability and uncertainty in the Discrete Feature hydrogeology model.
The far-field variants can be grouped into three categories, based on the results of the
simple scoping calculations in Section 13.5.2, where it was shown that the F-ratio has a
great influence on the radionuclide release. The three F-ratio groups are:
1.
2.
3.

low (below 3xl0 n s/m),
medium (about 1012 s/m),
high (above 1.5xlO13 s/m).

Figure 16.3.3 shows a plot of the F-ratio versus the Peclet number representing the selected
far-field variants (a subset of Figure 15.2.1). The values for parameters defining the F-ratio
and Peclet number (i.e. the specific flow-wetted area, the Darcy velocity, the flow porosity
and the longitudinal porewater dispersion) are compiled in Table 15.2.12.
The results of the calculations are shown in Figure 16.3.4 as maximum dose rates in
Sv/year, canister for times up to 106 years. Note that some radionuclides may not have
reached their maximum dose rate within 1 million years. Maximum releases below
10-20 Sv/year, canister are not included in the figure. The low, medium (excluding the Zero
Variant case), and high F-ratios are combined with a Zero Variant near-field. The ' |'
symbol marks the integrated Zero Variant case, i.e. where both the near- and far-field have
Zero Variant conditions (note that it is a member of the medium group). The *"]' symbol
marks the release for the near-field Zero Variant calculations only.
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Figure 16.3.4 Comparison of maximum dose rates up to l(f years from the far-field
between calculation cases of the Discrete Feature hydrogeology model (combined with the
Zero Variant near-field), for the different radionuclides.
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The radionuclide that gives the highest maximum dose rate, for times up to 106 years, is
226
Ra, (calculation case FF41). Its maximum dose rate (4.2x10"6 Sv/year, canister) has
increased by about three orders of magnitude, compared to the Zero Variant case. One
reason for 226Ra to have such a large release rate is that it is a daughter nuclide of 230Th,
which in turn has increased its maximum dose rate value by about two orders of magnitude,
compared to the integrated Zero Variant case. The second highest maximum dose rate is
from 129I (1.7X10"6 Sv/year, canister, calculation cases with low F-ratios) and is about a
factor of 2 lower than for 226Ra.
Some general conclusions can be made from the hydrogeological calculation cases. A low
F-ratio gives a high maximum dose rate with a small spread between the calculated cases.
A high F-ratio, on the other hand, gives small maximum dose rates and a huge spread of
dose values. A medium F-ratio generates a maximum dose rate somewhere between these
extremes. The very great spread in the maximum dose rates reflects the uncertainty and
variability in the hydrogeological input data to the far-field model. So, despite a fairly good
near-field (the near-field Zero Variant), the far-field uncertainty and variability in the
hydrogeology data could cause the maximum dose rate to be well above the integrated Zero
Variant case. The radionuclides 129I and 36C1 are almost unaffected by the uncertainty and
variability in the hydrogeology data, owing to their very low (Kd= 5.0x10"4 mVkg) and zero
sorption coefficients, respectively.
Figure 16.3.5 shows the logarithm of the maximum dose rate for times up to 106 years
plotted as a surface against the logarithm of the F-ratio and Peclet number for the case of
226
Ra, which has a large spread in the maximum dose rate. The surface is fitted to the
calculated F-ratio and Peclet number (shown as circles) using a least square procedure.
These calculated results are produced by varying three geosphere parameters (i.e. specific
flow-wetted area, Darcy velocity and longitudinal porewater dispersion). The smoothness
of the surface confirms that the F-ratio and Peclet number are sufficient to capture the
behaviour of the radionuclide release, as suggested in Section 13.5.2.
The F-ratio is clearly the most influential parameter on the maximum dose rate, having, for
high F-ratio numbers, a steeply inclined surface for any fixed Peclet number. The Peclet
number, on the other hand, has a minor influence on the maximum release rate along a
fixed F-ratio. Looking at a similar plot for a delta function as a source term (Figure 13.5.9),
it is obvious that, for low F-ratios, the Peclet number has a greater relative influence on the
maximum release rate, in this case displaying a steeply inclined surface along a fixed
F-ratio. The explanation is that the dispersion (included in the Peclet number) has greater
spreading effect on the release curve for a delta function as source term, than for an already
extended release curve from the near-field (CALIBRE calculation), as is used to produce
Figure 16.3.5.
Thus, the large spread in the maximum dose rate for times up to 106 years for 226Ra, as seen
in Figure 16.3.5, is mainly caused by the influence of the F-ratio. A low F-ratio, i.e. a low
specific flow-wetted area and a high Darcy velocity gives a high dose consequence.
From Figure 16.3.5, it is possible to estimate the maximum dose rate for times up to 106
years for 226Ra for a specific combination of the hydrogeological parameters (Darcy
velocity, longitudinal porewater dispersion, specific flow-wetted area and flow porosity)
by using the F-ratio and Peclet number. From Figure 16.3.5, it is also clear that the impact
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Figure 16.3.5 Maximum dose rates up to l(f years versus F-ratio and Peclet number for
226
Ra, for the calculation cases with Zero Variant near-field and hydrogeological variants
of the far-field.

of different far-field hydrogeological conditions can be explored with a few variants, as the
results of variants with intermediate F-ratios may be obtained by interpolation. Consequently, the remaining calculation cases have been restricted to combinations with only
four far-field hydrogeological variants.
Very poor near-field combined with poor and favourable far-field
Very poor near-field hydrogeological conditions (high Darcy velocity and a low specific
flow-wetted area, case A18) have been combined with 4 different far-field hydrogeological
variants based on the spatial variability of the Discrete Feature hydrogeology model, having
poor (low F-ratio and low Peclet number, variants FF37 and FF41) and favourable (high
and medium F-ratio and high Peclet number, variants FF4 and FFO) conditions. See also
Figure 16.3.3 for the location of the F-ratio and Peclet number. The results of the
calculations are shown in Figure 16.3.6, as maximum dose rates for times up to 106 years
in Sv/year, canister. Maximum releases below 10'20 Sv/year are not included in the figures.
Where the lines in the figure extend to the 10'20 limit, this indicates that at least one result
(generally FF4) is below this limit. The symbols marks low (0 and x), medium (o) and high
(A) F-ratios, combined with the A18 variant near-field. The ~| symbol marks the release from
the near-field of the A18 variant itself.
Comparing the results with the combination with a Zero Variant near-field (Figure 16.3.4),
it can be seen that almost all radionuclides have increased maximum dose rates. The release
from a poor near-field combined with a favourable far-field (FF4 and FFO) is, however,
lower than for a poor far-field combined with a Zero Variant near-field for most radio-
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Figure 16.3.6 Comparison of maximum dose rates up to l(f years from the far-field
between calculation cases of a very poor near-field (A18) combined with poor and
favourable far-field variants of the Discrete Feature hydrogeology model, for the different
radionuclides.
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nuclides. Exceptions are 14C, 79Se, "Tc, 107Pd and 126Sn, for which FFO results in release
rates higher than for some cases with a poor far-field combined with the Zero Variant nearfield.
The maximum release of the non- and very low-sorbing radionuclides (36C1 and 129I) are
almost uninfluenced by the far-field conditions; the release is determined by the near-field.
The largest dose rate still arises from 226Ra, at 2.7xlO'5 Sv/year, canister (with a ten fold
increase), followed by 129I (2.7X10"6 Sv/year, canister) and 23aTh (2.3x10^ Sv/year, canister).
Geochemical Calculation Cases
Oxidised near-field combined with poor and favourable oxidised far-field
Fully oxidising conditions in the near-field (El) are combined with fully oxidising
conditions for poor (low F-ratio and Peclet number, for variants FF37 and FF41) and
favourable (high and medium for F-ratio and Peclet number, for variants FF4 and FFO) farfield hydrogeological variants, based on spatial variability from the Discrete Feature hydrogeology model. The calculation results are shown in Figure 16.3.7 as maximum dose rates
in Sv/year, canister for times up to 106 years. The symbols marks low (0 and x), medium
(o) and high (A) F-ratios, combined with the El variant near-field. The ' ] ' symbol marks
the release from the near-field of the El variant itself.
Compared to the results achieved with the combination with a Zero Variant near-field (see
Figure 16.3.4), there is a general increase of the maximum dose rate for many radionuclides. The increase in the maximum values is caused by the change in solubility in the
near-field and lower sorption in the near- and far-field.
For the single radionuclides, the release of "Tc and 79Se is much higher than for any
far-field case calculated for a Zero Variant near-field. The other single radionuclides are
uninfluenced by the oxidising conditions and the release is equal to a Zero Variant
near-field. For the actinides, release from an oxidised near-field combined with an oxidised
but favourable far-field (FFO and FF4) is lower than for a poor far-field combined with a
Zero Variant near-field for most radionuclides, with the exception of 237Np, the uranium
isotopes and 229Th. Releases from this favourable, but oxidised far-field (both FFO and FF4)
for 237Np and 233U are higher than for any far-field case calculated for a Zero Variant nearfield.
The largest dose rate is from the radionuclide 237Np (l.OxlO"5 Sv/year, canister) followed
by 226Ra (2.9xlO"6 Sv/year, canister) and 229Th (2.8X10"6 Sv/year, canister).
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Low sorption near-field combined with low sorption for poor and favourable far-field
The near-field variant case (Fl), with low sorption conditions (sorption lowered by a factor
of three) is combined with a far-field with low sorption conditions (sorption also lowered
by a factor of three) for poor (low F-ratio and Peclet number, for variants FF37 and FF41)
and favourable (high and medium for F-ratio and Peclet number, for variants FF4 and FFO)
far-field hydrogeological variants, based on spatial variability in the Discrete Feature hydrogeology model. The results are shown in Figure 16.3.8 as maximum dose rates in Sv/year,
canister for times up to 106 years. The symbols marks low (0 and x), medium (o ) and high
(A) F-ratios, combined with the Fl variant near-field. The ~| symbol marks the release from
the near-field of the Fl variant itself.
Compared to the results achieved with the combination with a Zero Variant near-field
(Figure 16.3.4.), there is a general increase of the maximum dose rate for all sorbing radionuclides. Release from a low sorbing near-field combined with a low sorbing but favourable far-field (FFO and FF4) is, however, lower than for a poor far-field combined with a
Zero Variant near-field, for most radionuclides.
The largest dose rate is from 226Ra (1.5xlO'5 Sv/year, canister), followed by
(2.0X10"6 Sv/year, canister) and 129I (1.9xlO"6 Sv/year, canister).
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16.3.3 Central Scenario: Integrated Near- and Far-fields
The integrated calculations for the Central Scenario are limited to the Base Case variant C1,
for the near-field, where glacial meltwater permeates all of the near-field, including the
waste-form. The calculation is further limited to the time period 55 000 to 70 000 years,
which is only part of the whole climate sequence. This limitation is necessary, as the
CRYSTAL code can only handle input parameters that are constant in time
(Section 15.3.3.2). By choosing a time period within the glaciation climate sequence short
enough to have conditions constant in time, it is possible for the CRYSTAL code to analyse
releases to the biosphere. The chosen time period in the Cl case gives the greatest release
from the near-field during the whole glacial sequence. During this time period, the Darcy
velocity is increased by a factor of ten (compared to the Zero Variant case for the Reference
Case). Oxidising conditions prevail in the far-field. The sorption values for oxidising
condition are used.
As in the near-field Central Scenario calculations, only a subset of nuclides is chosen: "Tc,
129
I and the actinide chains. The dose conversion factors (Sv/Bq) used to calculate doses are
the same as for the Reference Case, i.e. a drinking-water well on Aspo (see also the conclusion section of this chapter). This must be seen as a hypothetical well case and the sole
motivation for this is that it makes it possible to compare the results with the Reference
Case calculations.
Releases occurring before the glaciation are simply obtained from the Reference Case
results, as the conditions are the same before the glaciation period (55 000 to 70 000 years)
as in the integrated Zero Variant case for the Reference Case. The radionuclide 129I has its
maximum release at 1.6xlO4 year and is the dominating radionuclide at early times for the
Zero Variant in the Reference Case. Before the glaciation period, l29I releases have
diminished by two orders of magnitude and it is no longer the dominant radionuclide.
Therefore, no additional calculation is performed for 129I during the glaciation.
The integrated calculation results for the Central Scenario case Cl (• symbol) are shown
in Figure 16.3.9, for the maximum dose rates between 55 000 and 70 000 years. As a
comparison, the Reference Case for the integrated Zero Variant (*|* symbol in figure,
near-field/far-field A3/FF0 combination) is included in the figure. The maximum dose rates
in the Central Scenario have increased by several orders of magnitude compared to the integrated Zero Variant case for the Reference Case. This is the result of the increased release
from the near-field, increased Darcy velocity and the change to oxidising conditions (which
reduces the sorption for some radionuclides).
During the glaciation period the near-field IDP is dominated by 226Ra for both near-field
cases Cl and C2. In the case of Cl, there is also a substantial contribution from "Tc and
237
Np to the total IDP. These radionuclides also have the largest maximum dose rates
(besides 129I) for times up to 70 000 years in the integrated analysis of the Cl case.
As discussed in Section 15.3.3, the limitations of the existing consequence analysis codes
for analysing the highly time-dependent evolution of the repository system under the
conditions of the Central Scenario are well-understood, so some exploratory work investigates the biases that might be introduced by the simple treatment outlined above. This work
(King-Clayton & Smith, 1996) uses a 2D flow and transport code (LAPLACE-2D) and
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evaluates local scale (a 10 km wide, 1500 m deep section) responses of the system under
the transient flow conditions for the whole period of the Central Scenario. Releases to the
surface of the 2D model are calculated for poorly sorbing 129I and 79Se, which has 'average'
sorption properties, applying a constant release rate source from a repository situated at
500 m depth.
The objective of the exercise is to investigate variations in release at the surface during each
climate episode of the Central Scenario, examining in particular the impacts of varying the
continuity of permafrost cover and the rate of basal melting and associated groundwater
recharge under the ice sheet. These are compared with releases calculated using a non-timevarying flow estimation for the same model system. As the model uses an equivalent porous
medium approach, the calculated releases are not directly comparable with those outlined
previously in this chapter and are thus not reported quantitatively here.
However, as can be seen from Figure 16.3.10, considerable variation in releases of 79Se is
indicated, when compared with non-evolving conditions. The episodic nature of releases
is evident, with greatest releases ocurring as a result of partial or complete flushing out of
radionuclides from the geosphere by the high, upwardly-directed groundwater flows that
have been assumed to occur at the ice-sheet margins during the period of ice retreat. Such
flows may persist for around 2000 years, sufficient time to flush out most of the nonsorbing radionuclides which would be passing through the far-field at this time, but
insufficient to have a marked impact on sorbing species. Clearly, associated hydrochemical
perturbations, not assessed in this exercise, would modify this latter finding.
In general terms, this work identifies periods in the next 130 000 years where releases could
be several orders of magnitude higher or lower than those calculated assuming fixed
parameter values and fixed flow boundary conditions. In this respect, the study provides
support to the findings of the CALIBRE and CRYSTAL Central Scenario modelling
described above. The most significant uncertainties identified in the study relates to the
magnitude of basal melting under the ice-sheet and to the anisotropy of the hydraulic
conductivity of the rock. The presence or absence of breaks in the permafrost cover (taliks)
are less significant with respect to maximum and cumulative radinuclide fluxes to the
surface.
Clearly, there are sufficient indicators of important safety impacts of time-dependency
within both the LAPLACE-2D sensitivity study and the general integrated Central Scenario
consequence analyses to motivate a more detailed evaluation of potential release variations
for a variable climate future.
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Figure 16.3.9 Comparison of maximum dose rates up to 70 000 years from the far-field
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Zero Variant case, for the different radionuclides.
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Figure 16.3.10 Fluxes to the biosphere for 79Sefor a unit near-field release rate for three
calculational cases representing the time-dependant Central Scenario and for a Reference
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assumed to persist throughout the calculational period: from Figure 5.1 (a) of King-Clayton
and Smith (1996).

16.3.4 Summary of Integrated Calculations
The effect of the geosphere on radionuclide releases is illustrated in Figures 16.3.4 and
16.3.5 to 16.3.7, by the ' ] ' symbol, which marks the maximum release from the near-field
only, and the other symbols, which show the maximum release from the far-field.
Reference Case
Zero Variant near-field combined with far-field hydrological variants (Figure 16.3.4)
If the maximum releases from the near-field (the '~|' symbol in Figure 16.3.4) are compared
with the integrated Zero Variant case (the * |' symbol in the figure), the conclusion drawn
is that the geosphere has little influence on retarding radionuclides with Kj < 0.5 mVkg (i.e.
for the elements C, Cl, Ni, Se, Sr, Tc, Pd, Sn, I and Ce) but has a strong retardation effect
for radionuclides with Kd^1.0 (i.e. for the elements Zr, Nb and the natural series decay
chains), with a decrease of the maximum release of more than one order of magnitude.
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This situation is dramatically altered for cases with low F-ratio, i.e. with a large Darcy
velocity and small specific flow-wetted area (the V symbols in Figure 16.3.4), where the
importance of the geosphere in retarding radionuclides has diminished, for almost all the
radionuclides, compared to the maximum releases from the near-field (the ' ] ' symbol).
On the other hand, for calculation cases with high F-ratios, i.e. with a small Darcy velocity
and a large specific flow-wetted area ('A' symbol in the figure) and radionuclides with
Kd ^ 1.0 mVkg, (i.e. for the elements Zr, Nb and the natural series decay chains) the geosphere has major retardation influence.
Thus, the geosphere can act as a 'good' barrier to transport under hydrogeological
conditions with a high F-ratios and for radionuclides with a large Kd and as a 'bad' barrier
for hydrogeological cases with a low F-ratios, almost regardless of the Kd-value. The
exceptions are 36C1 and 129I, with zero and very small (Kd = 5.0X10"4 mVkg) Kd-values
respectively, where the geosphere does not has any significant barrier function.
Very poor near-field combined with poor and favourable far-field (Figure 16.3.6)
If the near-field is 'very poor' (highest flux and low specific flow-wetted area; case A18,
the *~*| symbol in Figure 16.3.6) from the beginning, only medium and high F-ratio
conditions ('o' and V symbols, respectively) in the far-field can reduce radionuclide
releases from the near-field, to varying extents. Again, the exceptions are 36C1 and 129I,
which have zero and very small (5.0x10^ mVkg) Kd-values, respectively.
Oxidised near-field combined with poor and favourable oxidised far-field (Figure 16.3.7)
In this calculation case, the oxidising conditions in both the near- and far-field, have the
effect of reducing the Kd-values for some of the radionuclides (Np, Pu, Se, Tc and U)
compared to the integrated Zero Variant case. Of the radionuclides with reduced sorption
coefficient, far-field releases of "Tc and 237Np show that the far-field has almost no effect
in reducing releases from the near-field. The same arguments also holds for the radionuclides 36C1 and 129I. For most of the rest of radionuclides, only medium and high F-ratio
conditions ('o' and 'A' symbols, respectively) in the far-field can, to varying extents, reduce
radionuclide releases compared to those from the near-field (]).
Low sorption near-field combined with low sorption for poor and favourable far-field
(Figure 16.3.8)
In contrast to the previous calculation case, all radionuclides have their Kj-values reduced
by a factor of three. For all radionuclides, except 36C1 and 129I, only medium and high F-ratio
conditions ('o' and 'A' symbols, respectively) in the far-field can, to varying extents, reduce
radionuclide releases compared those release from the near-field (']' symbol). ^Cl and 129I,
with their zero and very small (UxlO"4) Kd-values respectively, give almost the same
release, with or without the far-field barrier.
Central Scenario
Compared to the integrated Zero Variant of the Reference Case ('|' symbol in
Figure 16.3.8), the Central Scenario case Cl calculations ( ' • ' symbol in Figure 16.3.9)
increase the maximum dose rate by several orders of magnitude. The receptor, in both
calculation cases, is a well, but the land-rise sediment pathway may be an alternative and,
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in this case, the dose rate would be decreased by a factor of two for the three dominant
radionuclides in the Central Scenario calculations, i.e. "Tc, 237Np and 234U.

16.4

CONCLUSIONS

The calculation cases analysed in this chapter all build on variants formulated to describe
scenario uncertainty, conceptual hydrogeological model uncertainty, parameter uncertainty
and variability in the conditions that affect radionuclide release and transport. This section
summarises the impact of these uncertainties and variability by connecting the major results
of the consequence calculations with the rationale for the cases evaluated. More general
conclusions follow in the two subsequent chapters.

16.4.1 The Reference Case
In the five sub-sections that follow, the main conclusions that can be drawn from the
various calculations that have been undertaken are summarised. These sub-sections include
a description of how the most important radionuclides are affected by the various processes
under consideration. The dependence of the final dose calculations on these processes
inevitably remains complex, and it is not possible to summarise all the important issues in
a few simple conclusions. Nevertheless, some of the key issues can be illustrated by considering the magnitude and timing of the total peak doses calculated, and a simplified overview of the calculations is presented in Section 16.4.1.6 by considering these quantities.

16.4.1.1 Zero Variant Case
Release for the near-field Zero Variant case is dominated by 129I, which, owing to its
chemistry, is readily released and transported once initial physical containment in the
canister has broken down. At later times (about 105 years after canister failure, which fails
at 103 years after disposal, see Table 15.2.10) there is significant release of some daughter
radionuclides in the actinide chains (226Ra, 230Th and 229Th), whereas most other radionuclides have decayed or are significantly retarded by solubility limitations and sorption in
the near-field barriers. The far-field Zero Variant conditions imply a significant retardation
of sorbing radionuclides, leaving the 129I release to dominate doses. Section 15.2 gives the
parameters used for the Zero Variant calculations.
Evidently, both the near-field and the far-field are significant barriers if a canister fails
under Zero Variant conditions. However, when evaluating the consequence of multiple
canister failures, it would not be acceptable to assume that all canisters failed under Zero
Variant conditions.

16.4.1.2 Variability and Uncertainty of Hydrogeological Parameters
The results show that near-field release is sensitive to local Darcy velocity, whereas the
uncertainties/variabilities in specific flow-wetted surface area, fracture aperture and fracture
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spacing are not very crucial parameters, apart from a small impact at very low Darcy
velocities. Furthermore, there is no simple relationship between Darcy velocity and nearfield release. For high Darcy velocities, near-field release is insensitive to the Darcy
velocities (i.e. the concentration in the fracture is close to zero) such that it is the release
from the canister and the transport capacity of the bentonite barrier, rather than the transport
capacity in the fracture, that determines releases from the near-field. At very low water flow
rates, diffusion through the rock and in the fractures determine the transport. In summary,
it can be noted that a very wide range in Darcy velocity (five orders of magnitude) results
in maximum radionuclide release rates which only vary by about two orders of magnitude.
Consequently, uncertainty in the hydrogeological parameters alone does not imply releases
that deviate too much from the Zero Variant case.
Recalling the origin of the variants reveals (Chapter 11) that there are some differences
between the conceptual variants. The results from the Discrete Feature hydrogeology site
model cover the full range of releases, from the situation with a zero concentration
boundary in the fracture, to the other extreme with pure diffusion, not only in the rock
matrix but also in the fracture. The results from the Stochastic Continuum model fall within
the intervals provided by the Discrete Feature model. However, it is spatial variability that
accounts for most of the differences in near-field Darcy velocity. This is a deterministically
unmeasured and, probably, a largely unmeasurable property of the site. This implies that
some canisters must be assumed to fail at favourable, and others at unfavourable, positions
in the rock mass. This variability must be taken into account when evaluating a full
repository.
In the far-field, the impact of the hydrogeological and fracture parameters, captured as the
F-ratio, are very important for sorbing radionuclides. A low F-ratio provides no retardation
and a high F-ratio results in many orders of magnitude reduction of far-field release. The
far-field Zero Variant F-ratio is sufficient to retard the sorbing radionuclides released from
all near-field hydrogeological cases, such that their far-field release will be insignificant
compared to the release of 129I. This implies that the far-field acts as a good barrier as long
as the F-ratio is at the far-field Zero Variant value or higher. For considerably lower
F-ratios, the barrier function of the far-field disappears and releases will be dominated by
the sorbing radionuclides (226Ra, etc.) released from the near-field. Figure 16.3.4 also
reveals that the far-field release of relatively short-lived and strongly-sorbing radionuclides
such as 239Pu and 243Am increases by several orders of magnitude. In the example, these
radionuclides are still insignificant contributors to dose, compared to 129I and 226Ra, but a
further increase of the near-field release of these radionuclides would be transmitted
directly as an increase in far-field release for the low F-ratio cases.
As discussed in Chapter 15, differences in F-ratio originate not only from conceptual model
uncertainty and uncertainty in flow-wetted surface geometry, but also quite strongly from
spatial variability. Figures 10.3.8 and 10.3.13 show that the lowest F-ratios overall were
obtained for the variants of the Discrete Feature site model with a small flow-wetted surface
area in the far-field fracture zones. However, low F-ratios occur in most of the conceptual
models analysed as a result of the pronounced rock heterogeneity and the high spatial
variability of the hydrogeological transport properties. Consequently, it must be concluded
that, regardless of the interpretation method applied, some migration pathways in the rock
in fact have very limited barrier effect at all, whereas other migration pathways will be very
significant barriers. The likelihood that a release from a failed canister would enter a
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favourable or a non-favourable pathway differ between the conceptual model variants. The
possibilities of reducing this prediction uncertainty is discussed in Chapter 17.

16.4.1.3 Uncertainty in Geochemical Parameters
The redox conditions in the near-field are very important for near-field releases, since the
solubilities of many elements change by orders of magnitude and the flux of radionuclides
is usually directly correlated to the solubilities. Sorption is also affected. The maximum
release of "Tc varies by four orders of magnitude (lO'^-lO"6 Sv/year, canister). With fully
oxidising conditions, the XDP is dominated by 237Np (lxlO 5 Sv/year, canister), followed by
229
Th and 226Ra (3xl0 6 Sv/year, canister). These high releases from"Tc and237Np are
reduced if there is a redox front present, either with a prescribed or a calculated position
(within CALIBRE) in the near-field, where these elements precipitate.
Combining the oxidising near-field with an oxidising far-field also results in significant
increases of releases. For elements with almost negligible sorption under oxidising
conditions, such as Tc and Np, this increase occurs regardless of the far-field hydrogeology
(i.e. also for the high F-ratio cases) and 237Np dominates, at a dose rate of 10 "5Sv/year,
canister. The release of elements with significant sorption under oxidising conditions (such
as Pu and Am) is significantly reduced for the favourable far-field hydrogeology cases.
Increasing the temperature in the canister and the closest surroundings in the BBS to 80°C
influences the solubilities of most elements. Consequently, releases increase for elements
with solubilities that increase with temperature such as 79Se, 93Zr and 126Sn and most of the
actinides, but the effect is moderate.
Decreased sorption has less influence on elements with low distribution coefficients, since
a relatively large fraction of these elements is already in the aqueous phase. The effect is
also small for elements with limited solubility. Decreased sorption results in a faster breakthrough from the near-field and this has an impact on the maximum release of relatively
short-lived radionuclides (e.g. 241Am, 240Pu, ^Cm, ^Cm, which can be considerably larger
than the change in the sorption coefficient. Combining decreased sorption in the near-field
with decreased sorption in the far-field has obvious effects. For small F-ratios, there is no
reduction of the near-field release, whereas high F-ratios result in considerable reductions
of releases of the sorbing radionuclides.
In summary, it is evident that redox conditions are very important for the barrier properties
of the system as they affect both solubilities and sorption. Fully oxidising conditions result
in significant releases, which might approach unacceptable levels in relation to the criteria
discussed in Chapter 2. If conditions in the near-field should be such that a redox front
develops, this would reduce the releases, especially if combined with a high F-ratio far-field
migration pathway. Following the discussion in Chapter 15, it appears that fully oxidising
conditions are improbable for the Reference Case and their potential occurrence would,
instead, be scenario driven. Also, the presence of the iron in the canister would make
oxidising conditions in the near-field rather unrealistic.
The impact of uncertainty in sorption values for a given geochemistry appears to be
moderate, although a factor of three reduction in Kd may not fully cover the uncertainty
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range. There is also considerable uncertainty in solubilities for a given water chemistry, as
discussed in Chapter 12, but the values selected for the consequence calculations are, again,
on the conservative side.

16.4.1.4 Buffer Properties
The bentonite provides important resistance to radionuclide transport, especially for shortlived species which decay in the bentonite. For the cases assuming degraded bentonite,
which would allow for fracture flow in the vicinity of the canister, the largest increase is
obtained for the initially mobile radionuclides in the gaps between fuel and cladding (14C,
135
Cs, 137Cs and 129I). The bentonite is also an important barrier for strongly sorbed radionuclides, e.g. many of the actinides. For a water flux equal to that in the near-field Zero
Variant case, some relatively short-lived isotopes, 241Am, 229Th and 230Th reach doses higher
than was obtained for 226Ra. In the near-field Zero Variant case at the highest water flux,
most of the actinides cause IDPs higher than those obtained from 226Ra in the near-field
Zero Variant case. For example, the flux of 229Th and 241Am is above 10"4 Sv/year, canister.
The degraded buffer cases have not been combined with the far-field. The results of the
flow variants nevertheless indicate that a far-field Zero Variant would retard most of the
increased near-field release (not, however, 129I) as the radionuclides in question are both
sorbing and relatively short-lived. Combinations with a low F-ratio far-field would not
cause such a reduction.
As discussed in Chapter 15, the buffer cases analysed are hypothetical, but demonstrate the
need for multiple barriers in the repository. A canister failure in the situation where the
near- and far-field have high flow, combined with a degraded bentonite buffer, only leaves
solubility limit in the waste-form as a barrier. The resulting releases may approach
unacceptable levels and would do so even more if the 'solubility barrier' was also shortcircuited (i.e. oxidising conditions). Consequently, the Engineered Barriers and the site
properties need to be such that such a combination could not occur.

16.4.1.5 Uncertainty in Canister Life-time
The time to canister failure has a limited effect on releases, except for the short-lived radionuclides which decay inside the canister at later failure times. The case of a small pin-hole
already existing in the canister at the time of deposition, which develops into complete
failure at 1000 years, would not result in much larger releases than from an intact canister
that fails after 1000 years.
The canister is a unique barrier in the system as there will be no release at all as long as it
is not breached. Providing the canister is intact for at least 1000 years, which allows for
decay of the shortest-lived, highly active radionuclides, the consequence is relatively
insensitive to the exact canister lifetime. Of more importance is the number of canisters that
fail within the same time span. Aspects of multiple failures is discussed in Section 16.4.4.
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16.4.1.6 Overview
Figure 16.4.1 shows the calculated total peak IDP (summed over all radionuclides) for the
near-field releases for a few selected variant calculations, and Figure 16.4.2 gives the corresponding total dose rates for selected integrated calculations. When inspecting the figures
it should be made clear that the diagrams show the highest total IDP and dose rate calculated and the time at which this maxium occurs. Peaks for individual nuclides may differ.
For example, for the Zero Variant the max IDP for 129I is 1.7xlO"6 Sv/yr and occurs at
1.6xlO4 years, but the maximum IDP is for ^ R a (4.6x10"6 Sv/yr) and occurs at 2x105 years.
Only this latter result is shown in the diagram. In the far-field for the Zero Variant the 226Ra
impact is reduced considerably leaving 129I to dominate the dose rate at 1.6xlO4 years.
The peak near-field IDPs shown in Figure 16.4.1 are in the range from 10"6 Sv/year to
10"4 Sv/year, and these occur between 105 and 106 years. Most of the variants shown result
in a larger impact than the Zero Variant in order to illustrate the variants which might need
to be considered in more detail in a full Performance Assessment, but peak IDPs of
10"7 Sv/year or lower are possible for many choices of parameter values.
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Figure 16.4.1 Total peak near-field IDPs for selected variants. A point in the diagram
represents the highest total IDP calculated and the time at which it occurs. The nuclide
which dominates the peak is indicated. Peaks of individual nuclides, although lower, may
occur earlier or later.
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The timing of the peak IDP depends on the dominant radionuclide, but for all the variants
shown in the figure, the timing was similar. For most variants 226Ra is the dominant radionuclide, but when oxidising conditions prevail (El variant), 237Np can be dominant, and if
a degraded buffer (Dl variant) is considered 229Th can be dominant.
Consideration of the change in the magnitude of the peak IDP from the Zero Variant case
(A3) gives an indication of the sensitivity of the near-field performance to the different
processes that have been considered.
The performance of the near-field is quite sensitive to the water flux, and in the case of a
high flux of water through the system (A5 and A18 variants), the peak IDP may be
increased by a factor of around 3 and 7 respectively. The performance appears less sensitive
to the properties of the fracturing of the near-field rock (A 16 variant), with increases in the
peak IDP compared with the Zero Variant of less than a factor of around three in unfavourable cases. Changes in the geochemistry of the system can greatly affect the performance
of the system. For example, if oxidising conditions occur in the near-field (El variant) the
redox-sensitive radionuclides such as 237Np can become dominant. If the buffer becomes
degraded, even higher IDPs may result; in the variant shown in the figure (Dl variant),
229
Th becomes the dominant radionuclide with a peak IDP over one order of magnitude
above the Zero Variant. This emphasises the importance of the buffer in the overall performance of the near-field barrier. Finally, the peak IDP is not very sensitive to changes in
the timing of canister failure (Figure 16.2.11).
The peak dose rates for the integrated calculations shown in Figure 16.4.2 are in the range
from 10"7 Sv/year to 1(T* Sv/year, and these occur between 104 and 106 years. As before,
most of the variants shown result in a larger impact than the Zero Variant in order to illustrate the variants which might need to be considered in more detail in a full assessment,
but peak dose rates of much less than 10'7 Sv/year are possible for many choices of parameter values.
The range of peak dose rates is similar to that shown for the near-field IDPs, because for
some parameter combinations the far-field does not significantly reduce the peak flux
released from the near-field. There are two clusters of points in the Figure depending on
which radionuclides are dominant. For the Zero Variant (A3+FF0) 129I dominates, and the
peak dose rate generally occurs between 104 and 105 years. For variants where the geosphere performs well 129I continues to dominate, but many of the variants shown relate to
parameter combinations where the geosphere performs poorly, and then ^ R a or other chain
decay radionuclides dominate and the peak generally occurs between 105 and 106 years.
Consideration of the change in magnitude and timing of the peak dose rate from the Zero
Variant case gives an indication of the sensitivity of the far-field performance to the
different processes considered. The transport of radionuclides which may be significantly
sorbed in the far-field depend upon the hydrogeology (as represented by the F-ratio parameter), and so overall performance of the geosphere may be sensitive to hydrogeological
variants. Low F-ratio variants do not result in much change to the 129I fluxes (not shown in
figure), but 226Ra fluxes may increase by as much as three orders of magnitude, resulting
in the total peak dose rate increasing by up to around one order of magnitude.
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Figure 16.4.2 Total peak dose rates for selected integrated variants. A point in the
diagram represents the highest total dose rate calculated and the time at which it occurs.
The nuclide which dominates the peak is indicated. Peaks of individual nuclides, although
lower, may occur earlier or later. (Due to retardation in the geosphere a point in this
diagram need not necessarily represent the same near-field release peak as shown in
Figure 16.4.1).

As for the near-field, the performance of the far-field is sensitive to geochemical conditions.
With oxidising conditions in both the near- and far-field (El+FFxx) 237Np becomes the
dominant radionuclide.
Overall a number of variants can be seen to increase the peak dose rate from around
10"6 Sv/year to around 10"5 Sv/year. In a full Performance Assessment it would be necessary
to combine the results for all the canisters in the repository (Section 16.4.4) and consider
the likelihood of any variants which give total dose rates in the region or above the
regulatory dose rate of 10"4 Sv/year. It might also be necessary to consider combinations of
variants not included in the present analysis.

16.4.2 Central Scenario
Despite the significant climate changes in the Central Scenario, there would be little change
in the near-field and far-field conditions until a glaciation occurs at the site, as already
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noted in Chapter 15. This means that the Reference Case results are also valid for the
Central Scenario, up to 55 000 years into the future. The subsequent glaciation periods,
however, imply significant changes deep in the rock mass.
In the near-field results for the glaciation period, the most significant effect is the
mobilisation of "Tc and 237Np following oxidising water reaching the repository. However,
the releases are significantly reduced for the assumption that the oxidising water does not
have time to penetrate through the bentonite to the interior of the canister.
The far-field peak release to the biosphere for these radionuclides increases by several
orders of magnitude compared to the integrated Zero Variant case in the Reference Case,
but the dose rate would not exceed the peak for 129I, which occurs before the glaciation.
This is to be expected considering the increased near-field release, the increase in Darcy
velocity and the oxidising redox conditions (which affect the Kd-values for some radionuclides).
In the calculations, "Tc and the 237Np in the near-field are released suddenly, because the
solubility limits increase and precipitated material becomes mobilised. In the light of this,
it is worth considering whether there are any similar effects in the geosphere. In the farfield, a similar increase in mobility could occur through a reduction in sorption and/or
increases of groundwater flux. Consideration of the far-field sorption data (Table 15.2.7)
shows that 237Np has a much lower sorption coefficient under oxidising conditions than
under reducing conditions. This raises the possibility of 237Np in the far-field becoming
mobile and being released at a high rate for a short time. However, the effect may not be
dramatic, as only a limited amount of 237Np (and parent radionuclides) is released from the
near-field before the start of the glaciation period.
In conclusion, it appears that the main issue associated with future climate change may be
the effect on groundwater chemistry. A few thousands of years of fully oxidising conditions
appear to be sufficient to mobilise redox-sensitive radionuclides with potentially
detrimental effects on calculated doses. Even without this geochemical effect, transient
increases in Darcy velocities may 'flush' radionuclides out of the far-field at an increased
rate and this would affect any radionuclides already present in the geosphere as a result of
earlier releases prior to glaciation. The present CRYSTAL analyses do not address this
time-dependent effect. Furthermore, the glaciation period implies a significant rock
mechanical load and, even if the calculations made (Chapter 11) indicate stable conditions,
this load could still be responsible for common cause failures of many canisters. However,
there are numerous arguments that can be put against these concerns. The glacial load is
expected to occur in the far future (55 000 years). The possibility of oxidising waters
reaching repository depths rests on speculative assumptions and the release is significantly
reduced if the oxidising conditions do not reach the interior of the canister. The biosphere
receptor is probably water under the ice or sea water which provides additional dilution.
Nevertheless, the results from the evaluation of the Central Scenario, in particular the
limited 2D time-dependant modelling, reflect the need to be cautious about predictions of
repository performance in the far future.
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16.4.3 Biosphere
For simplicity, and to facilitate the inter-comparison of results, the calculated doses and
IDPs in this chapter have all been obtained using the drinking-water pathway. The biosphere results presented in Chapter 14 are based on an equilibrium assumption, leading to
factors for conversion from Bq/year released to doses (or IDPs) in Sv/year. It is, therefore,
straightforward to rescale the drinking-water results to give doses for other pathways. In
most cases, the drinking-water pathway is dominant. In particular, this is true for 129I and
226
Ra, which are the dominant radionuclides. In fact, the only radionuclide with a higher
dose factor for an alternative pathway is ^Nb, but this is never significant in the calculated
results. Thus for the Reference Case, the biosphere factors used dominate the other pathways considered, although there is clearly room for discussion on the most appropriate
dilution factors to assume for the well water.
In the Central Scenario, the biosphere results are more complicated, but the general
conclusion is the same — the drinking-water pathway is dominant. The question, then, is
whether this pathway is available at a particular time in the future. The most significant
result from the Central Scenario calculations was the potential for a sudden release of "Tc
following oxidising water reaching the repository. The drinking-water pathway could be
unavailable because the surface is under water and, in this case, the land-rise sediment
pathway would become important. This is a factor of two lower than the drinking-water
results (this is true for the three dominating radionuclides in the Central Scenario
calculations, i.e. 99Tc, 237Np and 234U), indicating that the drinking-water pathway still
dominates, without being over-pessimistic. It should also be noted that, since SITE-94 is
not a complete safety analysis, the selection of a well as receptor was chosen largely for the
sake of simplicity and to make it directly comparable with the Reference Case calculations.

16.4.4 Combining Single-canister Variants Into Full Repository
Analyses1
As already explained in Chapter 15, there are no analyses of the consequences of multiple
canister failures in SITE-94. The reason for this is the uncertainty in canister properties
(some of which are because the canister is still under development), which makes any
prediction of canister failure rates quite speculative. However, the release from one canister
is usually insensitive to the release from other canisters. This means that results of single
canister analyses can usually be superimposed in order to describe the effect of multiple
failures, if there is information on the canister failure frequency.
Lacking information on the canister failure frequency, it is still possible to draw some
inferences on its importance. Inspection of the results of the calculations reveals that, in
most variants analysed for the Reference Case, many canisters would need to fail between
103 years and 105 years if there is to be any possibility that the overall consequence would
be in conflict with the radiation protection criteria discussed in Chapter 2. The exact time

1

It should be noted that the discussion in this section is limited by the fact that SITE-94 is not a complete
safety analysis.
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distribution of failures is also relatively unimportant, as most releases take place over
relatively long times.
Far fewer canister failures would be admissible if the canisters failed under oxidising
conditions at a location discharging into a low F-ratio far-field pathway. Only very few
failures (one or two) are admissible if a degraded buffer is combined with a low F-ratio
far-field. These extreme cases would also be sensitive to a large number of early failures.
Until there is a glaciation, such an unfavourable environment for the canister is judged to
be very unlikely (but not fully impossible as discussed above) and the likelihood of its
occurrence has to be weighed against the understanding of the canister failure mechanisms.
The results of the Central Scenario analysis reveal that the risk of unfavourable conditions
increases during a glaciation.

tut
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17 IMPLICATIONS FOR SAFETY ASSESSMENTS
OF THE STUDIED REPOSITORY CONCEPT
17.1

INTRODUCTION

The analysis of site data and the systematic way in which this and other information is
organised and accounted for, leading up to the Performance Assessment calculations of
SITE-94, have clear implications for future safety assessments of similar disposal systems.
These concern the means of structuring the assessment, identification of key safety issues,
site characterisation, evaluation of site specific data, and research and development needs.
The detailed lessons learned will influence the way in which SKI will manage its own
evaluations of SKB safety submissions, and the guidance it will give to SKB on issues
which it would expect to see treated in such submissions.
This chapter discusses some of the top-level technical findings of the whole of the SITE-94
exercise, taking different perspectives on how they may affect future safety assessments:
•

The first perspective (Section 17.2) concerns the non-quantifiable aspects of system
understanding and addresses questions such as the appropriateness of the system
description and the completeness of scenarios.

•

The second perspective (Sections 17.3 and 17.4) concerns quantifiable aspects of the
different barriers within the system as defined in SITE-94. The discussion builds
principally upon the analysis of site data and the quantitative consequence modelling
results but also upon other information sources described in preceeding chapters.
The discussion is organised to cover:
the features and processes that contribute most to contain the waste or to
retard migration of radionuclides,
the support for concepts and parameter values relevant to these critical
phenomena that can be obtained from site characterisation and evaluation, as
well as from non site-specific sources of information, and
unquantified uncertainties of barrier performance, including judgements on
inadequate models.

•

17.2

The third perspective (Section 17.5) concerns Quality Assurance in a safety assessment.

SYSTEM UNDERSTANDING

17.2.1 System Description
The Process Influence Diagram developed within the project is believed to identify all of
the FEPs and links that are currently considered relevant to the problem. Although this
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picture may change with increased knowledge, only moderate revisions are likely to be
needed in the future. Clearly, the PID can never be complete, and any statement concerning
this must be judgemental. Confidence in the system description stems from the fact that the
PID has been audited against a variety of international FEP lists, and considerable effort
was spent in constructing it and using it in the development of the Reference Case and the
Central Scenario.
The PID also includes an assessment, based on expert judgement, of the importance of the
different PID links. The adequacy of these importance levels (IJ is less defendable. Most
decisions were made by a small number of individuals, and judgements were made by
people working entirely within the project. A fresh perspective brought by additional
expertise might result in substantial modifications in this area, especially in some regions
of the PID where work is currently taking place. Furthermore, no quantitative checks were
made to assess whether the omission of a particular link was indeed as unimportant as
believed by the experts, although this could have been done if analyses had been made on
versions of the PID with IL <10. Nevertheless, the open documentation of all decisions, as
well as the reasoning behind them, is intended to cope with exactly such shortcomings by
facilitating the review and updating of the importance levels. In fact, such a future review
is considered important, as mainly links with high importance levels are considered in the
SITE-94 analysis.
Another judgemental aspect in describing the system is identification of the extent of the
system boundaries (see Chapter 2). However, during the course of the project there have
not been any grounds for reconsidering the choices made, and the wide system boundaries
adopted seem to be appropriate.

V7.2.2 Scenario Completeness
In SITE-94 only limited efforts have been made to identify EFEPs that may interact significantly with the system studied. The main emphasis has been on analyses of repository
evolution for Reference Case conditions, as well as for the time varying boundary conditions imposed by the Central Scenario. A shortlist of additional EFEPs which are potentially worth analysing has been identified (see Chapter 9). Consequently, further efforts in
identifying EFEPs and in specifying their potential impact on the system are considered
worthwhile. Many of the EFEPs suggested will only change repository evolution marginally
compared with the evolution considered in the Reference Case or the Central Scenario.
Nevertheless, a qualitative assessment of potential EFEP impacts needs to be undertaken,
and this would probably lead to the identification of a few additional EFEPs requiring
quantitative analysis.

17.2.3 Consistency Between PID and Actual Modelling
The PID for the Reference Case, IL=10, was mapped onto the SITE-94 quantitative analysis
tools in the form of the Assessment Model Flowchart (AMF), in order to check to what
extent FEPs or links in the PID were taken care of in the quantitative analysis. This
mapping revealed that there were PID FEPs and links that were not properly considered.
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In particular, issues connected with gas evolution, microbially mediated chemical processes
and long-term physico-chemical behaviour of bentonite received very little attention in
SITE-94, although these were attributed high importance levels in some regions of the PID.
More work is needed here, at least in justifying whether or not these phenomena may be
disregarded.
There was no formal mapping between the Central Scenario PID and the associated AMF,
although changes were made in the quantitative models, in order to enable phenomena
important for the Central Scenario to be represented. The quantitative analyses indicate
important changes resulting from the glacial load, although most consequences are rather
transient. These results still motivate a more thorough analysis of the Central Scenario,
including a revision of the AMF using the Central Scenario PID.

17.3

ENGINEERED BARRIER PERFORMANCE

In theory, the EBS, being a man-made system, should be well defined, but even with a fully
specified manufacturing process and quality assurance procedures there will always remain
uncertainties. These uncertainties may be assessed through analyses of the manufacturing
process and the quality assurance procedures. In addition, the long term performance of the
EBS will partly depend on its interaction with the geosphere. However, at the time when
SITE-94 was being conducted, neither the design of the Engineered Barriers nor the quality
assurance procedures to be put in place were fully defined and, as clearly stated in
Chapter 1, analyses of different designs or QA-schemes were outside the scope of the work.
This is true also for the construction and operational phases and the resaturation period and
their potential impact on the repository conditions. Consequently, SITE-94 statements on
the properties of the Engineered Barriers are provisional.

17.3.1 Spent Fuel
The rate of congruent dissolution/conversion of the spent fuel matrix controls the release
rate of many radionuclides from the EBS. In particular, the late dose peak from natural
decay series radionuclides depends directly on the this factor. The earlier the canister fails,
the more rapidly is the fuel converted by radiolytically generated oxidants. Under Reference
Case assumptions (failure at 1000 years), the fuel is assumed to be converted completely
in 15 000 years, whereas failure after 105 years is assumed to result in a much longer conversion period of 360 000 years.
There are considerable uncertainties in modelling the combined processes of radiolytic
production of hydrogen and oxidants, their recombination and transport, fuel oxidation and
dissolution and radionuclide mobilisation, and it is currently not possible to carry out fully
coupled modelling which describes the overall effect. In SITE-94 no variants were analysed
which reflect these uncertainties in release mechanisms or rates, although the values used
are judged to be conservative. This conclusion is also considered to be valid for the Central
Scenario, as changes in the redox state of groundwaters would not change the release
mechanisms or rates from the spent fuel.
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17.3.2 Radionuclide Solubilities
Once mobilised from the degrading fuel, the subsequent transport of radionuclides is
strongly dependent on their solubility in the various regions of the EBS. For example, under
Reference Case reducing conditions "Tc is largely retained in this region until it has
decayed, owing to its limited solubility and tendency to precipitate as an oxide phase in the
buffer. The consequence analyses of Chapter 16 clearly indicate the orders of magnitude
changes in release rates for some radionuclides when hydrochemical conditions are changed
to increase or decrease their solubilities. Such changes (e.g. in oxidation state of the
groundwaters in the EBS) may occur under Central Scenario conditions.
The details of how soluble a particular radionuclide may be, whether it will co-precipitate
and whether it can be remobilised by changes in groundwater composition, all depend on
local geochemical properties of the system which are expected to change with time in both
the Reference Case and the Central Scenario. In SITE-94 the need to evaluate the complexity of this issue has been avoided, in most cases, by adopting conservative bounding
values of solubilities. However, the use of more tightly constrained and realistic values
would clearly be motivated under circumstances where high releases are predicted (e.g.
oxidising conditions in the EBS). Consequently, there is an impetus to refine the thermodynamic models (and databases) used to model solubilities and an associated need to
understand the extent to which groundwater chemistry may change with time and scenario.
It is important to note that SITE-94 has not evaluated supplementary Scenarios (see
Chapter 9) and that several of these would imply potentially significant hydrochemical
changes. There is thus a number of reasons which give good motivation for ftirther refinement of geochemical models for radionuclide solubility and speciation.

17.3.3 Canister
Evaluation of the integrity of the canister shows that it is conceivable that it can have a very
long lifetime. A long canister lifetime is a key safety element for three reasons:
•

it reduces the risk of multiple failures in any given time period, thereby spreading
the distribution of failure times and reducing peak releases,

•

if containment can be assured for more than about 1000 years it substantially reduces
the risk from short-lived radionuclides,

•

if containment can be assured for very long times (on the order of a million years or
longer) much of the potentially hazardous inventory would have decayed and
releases would be largely dominated by natural decay series radionuclides, although
some very long-lived artificial radionuclides, such as 129I, 135Cs and 237Np, would
remain in the waste.

For individual canisters the exact time of failure in the intermediate range from 1000 years
to 100 000 years is not very crucial for the peak release rate. However, it is not acceptable
for all the containers to fail simultaneously or for many of the containers to fail early, in
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particular if all failures happen to occur at unfavourable positions in the repository (see
Chapter 16). SITE-94 has not specifically addressed the question of common-cause canister
failures, but, as noted by SKB in their RD&D Programme 95 (SKB, 1995), the question of
how well canisters should withstand the increased pressures resulting from glacial loading
is an outstanding design issue. Clearly, such a mechanism has the potential to produce
common-cause failures unless canisters are designed to withstand these pressures.
Evaluation of copper corrosion supports the view that general corrosion of the canister will
take a very long time. However, a number of uncertainties surround the performance of the
canister, not least of which is the lack of information on its final design and properties as
well as details of the techniques to be used for emplacement and buffer application. Until
these issues are resolved, and quality-controlled specimens and the results of full-scale tests
are available, much of the discussion on container behaviour will remain incomplete.
Other uncertainties concern the hydrochemical environment and how this will change,
particularly under the conditions of the Central Scenario and alternative localised corrosion
mechanisms. Various possible geochemical equilibria in the buffer porewaters could affect
corrosion rates and mechanisms.
Much of the previous understanding of anticipated canister performance relates to the
copper canister of the KBS-3 concept, and little is known about the changes in behaviour
of the copper/steel container. The performance of the canister will remain a significant
source of uncertainty in any assessment of this disposal concept at the present time. In
SITE-94 this has been mitigated by making bounding, pessimistic assumptions in the
Reference Case. However, given that this is a single canister analysis and given the
uncertainties surrounding failure time distributions, a wide range of potential 'full
repository' impacts could easily be presented. Given present knowledge it would be
difficult to demonstrate which of these ought to be considered pessimistic. This area
requires more development work and closer analysis.

17.3.4 Buffer
The buffer is a key component of the EBS, controlling the migration of corrodents to the
canister, the rate of migration of radionuclides into the rock and providing mechanical
protection for the waste package. However, one should note that, at least for some radionuclides, the release from the near-field is governed more by the release rate from the fuel
than by diffusion in the bentonite buffer.
In the SITE-94 consequence analysis a large part of the retardation of transport through the
system is provided by the EBS and the buffer in particular. The mass balance calculations
summarised in Figure 16.2.3 demonstrate how many significant radionuclides effectively
never leave the EBS and the near-field rock (modelled with the CALIBRE code). For
example, under Reference Case Zero Variant conditions only about \%o of the "Tc
inventory and the 4N natural decay series chain have been released from the near-field. The
high near-field releases of many important radionuclides, for example 240Pu, 241Am and
229
Th, for the degraded buffer variants illustrate the high relative importance of the buffer
in the EBS (see Figure 16.2.10).
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Uncertainties in buffer performance concern the most appropriate values of effective
diffusivity (Dc). In SITE-94 there is discussion (see Section 8.3.3.2) as to whether the
values used in the consequence analyses are sufficiently conservative. Similar uncertainty
surrounds the choice of values for sorption parameters; for example, whether these should
be derived from batch disaggregated samples or intact material. However, the most
important migration controlling property of the buffer is that it provides an effective barrier
to advective flow close to the fuel elements. Release from the near-field would increase by
many orders of magnitude for many radionuclides, if such flows could occur.
SITE-94 looked at some aspects of the internal chemical evolution of the bentonite and its
porewaters, but no work has been done on its mechanical evolution and interaction with the
canister, on gas migration, or on its behaviour under the changing hydrochemical and rock
stress conditions which would be experienced under Central Scenario conditions. Furthermore, there has not been any assessment of the engineering aspects of buffer emplacement
and the resulting swelling sequences. To some extent these uncertainties have been circumvented in the consequence analyses by addressing the degraded buffer variants (see
Section 15.2.2.4). As noted in Section 16.4.1.4, the high radionuclide fluxes produced when
the degraded buffer variants are combined with certain far-field flow situations indicates
that these uncertainties in buffer evolution need to be resolved.

17.3.5 Backfill and Sealing System
SFTE-94 presents no new evaluation of the performance of the backfill and sealing systems
or of the associated uncertainties. However, it is possible to draw attention to a few recognised safety-related issues where further work is required:
•

the extent and hydraulic properties of the excavation damaged zone caused in
different regions of the repository by the excavation techniques eventually used,

•

the local impacts of cementitious materials if they are used close to or within the
disposal tunnels,

•

the long-term geochemical and hydraulic evolution of bentonite-crushed rock
backfill,

•

the behaviour of seals and plugs under the high rock stress and hydraulic gradient
conditions associated with the Central Scenario.

17.4

GEOSPHERE PERFORMANCE

In general, SITE-94 results support the view expressed by SKB in their RD&D Programmes
that the main safety features of the geosphere are to provide a stable and suitable chemical
and mechanical environment for the waste and the EBS and to provide significant retention
for the radionuclides eventually released from the EBS. In order to determine which geosphere processes and properties are the most important to provide these desired functions
it is necessary to assess the extent to which they can be supported by common knowledge
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and site specific data. For this reason this section starts with a discussion of lessons learned
from the site data evaluation, in particular where sources of uncertainty were identified
which would feed through into consequence analysis. Following this is an evaluation of the
importance of the geosphere from different perspectives.

17A.I Site Characterisation, Uncertainties and Understanding of
the Site
The overall aim of the site data analysis and model development has been to obtain the
necessary support for the basic assumptions regarding geosphere stability and, more
specifically, to provide support for the conceptual models and parameter values that
describe the system components. In order to meet this aim a key aspect of site evaluation
is to seek an understanding of the geosphere system at the site based on integrated interpretations of the structural geology, hydrogeology and geochemistry. However, an overall
understanding of the site would usually not be sufficient for abstracting conceptual models
and parameters for the consequence analysis; direct evaluations of data and uncertainty are
generally needed.

17.4.1.1 Site Characterisation Data Usage
In SITE-94 analysis of all the measured data from the surface-based site investigation was
attempted, considering simultaneously issues affecting geology, rock mechanics, hydrogeology and geochemistry. The following observations can be made:
•

The practicability of handling the large amount of information involved was substantially improved by the application of three-dimensional graphical presentation
software. Such software made it possible to visualise measurement values and
locations, and thereby to test hypotheses for different structures.

•

It was possible to produce a site model that was consistent with most data, but it was
also clear that despite the large amount of information used, it was not possible to
arrive at a unique representation. In terms of field evidence, it appears that the links
between geology, rock mechanics, hydrogeology and geochemistry are rather weak.

•

Large scale regional hydrogeological modelling of past groundwater flow (palaeohydrogeology) provided plausible explanations for the salinity distribution of the site
and also provided plausible boundary conditions for the more detailed scale
modelling.

•

A successful search was made for the origins of different groundwaters. The use of
chemical imprints enabled the formulation of a plausible model for different groundwater compositions at the site which were not in conflict with the general concept
of past groundwater movement. These analyses increased the confidence in the
groundwater composition used as input (to solubility and Kd-values) for the radionuclide release and transport calculations.
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•

A large quantity of basic hydrogeological data including pressure and water-level
monitoring data, packer-test data, flowmeter logging data and interference test data
were available and were used intensively in the construction, calibration and testing
of the various hydrogeological models. Despite this, considerable uncertainty
remains regarding the hydraulic connectivity between different positions in the rock,
which had to be addressed by using different conceptual models. In addition, the
clustering of measurements within a relatively small area results in significant
uncertainties on the semi-regional scale, which had to be addressed by analysing
multiple model variants.

•

In essence there was no information regarding the local relationships among
hydrogeological parameters ('permeability distribution', 'flow paths', 'flow wetted
surface') and the retention properties of the rock (matrix porosity, diffusivity and
sorption properties), leading to a major uncertainty in the estimation of the effective
retention properties ('F-values') along the leading migration paths in the geosphere.

•

There were no measurements of large scale rock mechanical properties (strength and
deformation characteristics). These had to be estimated making inferences from
small scale data (i.e. pure extrapolation).

•

In the groundwater flow modelling SITE-94 assessed the non-sorbing tracer tests
carried out in the Aspo project and thereby confirmed some of the hydraulic connections in the Discrete Feature model. However, the judgement was made that these
tracer tests could not provide essential information (or possibility for validation) for
models of radionuclide retention in the geosphere.

Although nearly all of the available and relevant site data have been taken into account in
some part of the SITE-94 analysis, no single model or line of analysis leading to quantitative predictions of geosphere performance has made comprehensive use of all the relevant
data.
It should also be noted that in some cases mentioned above, there is a lack of relevant sitespecific information, and in other cases uncertainties in site properties were impossible to
explore due to lack of any relevant field information. Given the central importance of some
of these properties, as will be further discussed in the following subsections, this is a
significant residual issue for both site characterisation and Performance Assessment which
needs to be resolved by further work or at least fully factored into the analysis. Consequently, the lessons learned in SITE-94 should have implications for the planning of future
site characterisation programmes. Even if feedback from Performance Assessment may not
indicate precisely what to search for at a site, it clearly identifies important information that
could not be obtained from the analysis of the data available in SITE-94.

17.4.1.2 Uncertainties
When making detailed predictions of the state and evolution of the geosphere it is necessary
to acknowledge the uncertainties in such predictions. Uncertainty arises due to

623
the (partly) unknown past evolution of the site and the future development of
boundary conditions,
the spatial variability over many scales of important site structures and properties,
the inability to quantify some processes, parameters or structures because they are
not captured or because the spatial resolution of the measurement is unsuitable.
These uncertainties manifest themselves in the form of conceptual model uncertainty and
parameter uncertainty.
Due to the pronounced heterogeneity in crystalline rock and the limitations of the site data,
it is often possible to formulate alternative conceptual models that fit the site characterisation data. To some extent, the validity of alternative conceptual models can be evaluated
by calibration using one data set and validation using another data set. Analysis of consistency between different site models, e.g. for hydrogeology and geochemistry, may add
additional information for model discrimination. However, in many cases the site characterisation data do not contain critical information for conclusive discrimination between
alternative conceptual models. The envelope of alternative models is thus a measure of
conceptual uncertainties in the description of the site.
Such conceptual uncertainty is a concern if different models predict different behaviour of
the site when extrapolated to the temporal and spatial scales that are being considered in
the safety assessment. Furthermore, it is often difficult to determine, a priori, whether a
certain conceptual model is realistic, or even conservative, in terms of impact on the consequence calculations. The strategy adopted in SITE-94 has therefore been to develop
alternative conceptual site models for site hydrogeology and to propagate the results
through the assessment.

17.4.1.3 The Nature of Crystalline Sites - Results from Integrated Evaluations
The following is a summary of the main findings regarding the nature of the site that are
relevant to the Performance Assessment. Although derived from the analysis of the Aspo
site, they are presented in a generic manner, as they are likely to be applicable to most
potential repository sites in the Swedish basement.
•

The regional groundwater flow field and its temporal variation is a key to understanding the overall groundwater flow regime and the geochemical conditions at a
site. For example, Aspo appears to lie in a regional discharge area, with water
flowing generally eastward and upward. The water chemistry is stratified, from
recharge water near the surface to brines at depth, with local pockets of relict glacial
meltwater, and seawater near the periphery of the island. A thorough understanding
of how this system has arisen and what has controlled its evolution is a pre-requisite
for site scale flow and hydrochemical modelling.

•

The hydrogeological analyses indicate that many site-scale fractures and fracture
zones act as distinct, significant hydraulic conductors (for pressure propagation and
flow), giving rise to a complex hydrogeological system which is only partially
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defined by the site-investigation data, Transport pathways for radionuclides
travelling from failed canisters to the biosphere will most likely follow portions of
one or several of these structures over most of the path length.
•

The bedrock, excluding these site-scale fractures and fracture zones, is variably
fractured on a range of scales and includes a substantial population of extensive,
interconnected water conducting discrete fractures. Heterogeneity, with respect to
fracture intensity and network connectivity, is present both within and between
lithological types. Site-characterisation data may not be sufficient to ascertain the
effects of this heterogeneity on hydraulic connectivity on the scale of tens of metres
(the relevant scale for radionuclide migration from a single canister failure). This
was the case in S1TE-94, and multiple conceptual models were used to address this
issue and to analyse the consequences of alternative assumptions regarding connectivity.

These overall findings form the basis for the more detailed modelling of geochemistry, rock
mechanics, hydrology and retention properties, which are needed for the consequence
analysis. However, as stated in Chapter 7, an integrated assessment of all available soft and
hard data in an overall site evaluation, combined with applications of specialised quantitative models, is a key to making Performance Assessments truly site specific.

17.4.2 Hydrogeology
Predictions of groundwater flow have two major functions in Performance Assessment.
Understanding the overall, regional, groundwater flow is necessary for defining the long
term stability (and evolution) of the geochemical conditions at the site and for defining
boundary conditions for site-scale models of groundwater flow. Groundwater flow is also
the main, and in SITE-94 the only considered, potential migration pathway for radionuclides from the repository to the biosphere.

17.4.2.1 Long Term Evolution of Groundwater Flow
The S1TE-94 analyses demonstrate the importance of a regional, chemically coupled and
transient analysis of the long term evolution of the groundwater flow at a site. Understanding of regional connective structures, past and present boundary conditions, present
salinity distributions and the origin of salt in the groundwater are key to successful
modelling. Details of the hydraulic properties of a site are here of less significance.
The information available for SITE-94 made it possible to undertake plausible regional
scale hydrogeological modelling, which indicated rather stable hydrogeological (and geochemical) conditions at the site over very long times, but with important deviations from
these stable conditions in the event of glaciations. It must be borne in mind, however, that

assumptions on the origin of the salt, on hydraulic properties on a regional scale, and on
past and future changes in boundary conditions are speculative; in many cases there were
no data available to provide quantitative support for the predictions made. If more reliable
quantitative predictions were needed it would be necessary to obtain hydrogeological and
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geochemical data at depth on a semi-regional and regional scale, although the need for
detailed spatial resolution would be far less than for the repository region.

17.4.2.2 Groundwater Flow as Input to Models for Radionudide Migration
In order to specify hydrogeological input parameters for radionuclide release and transport
models it is necessary to deal with the problem of spatial variability. Not unexpectedly,
field data strongly suggest significant spatial variability in the groundwater flow at the scale
of individual deposition holes, and modelling suggests a strong variability between flow
properties in streamtubes (on this scale) from the repository to the environment.
The site data are sufficient to define a large number of large structures (fracture zones) in
the vicinity of the SlTJa-94 repository, where the sampling density was relatively high.
However, the geological and hydrogeological analyses indicate that there are additional
structures in this vicinity, which have not been identified. Moreover, due to the lower
density of information over the remainder of the site, it can be assumed, that a large number
of structures have been missed within 1-2 km of the repository. Thus, the actual configuration of structures is likely to be even more complex than has been represented in the
SITE-94 structural model. This uncertainty in the structural model has been addressed
through the use of specific variants in the hydrogeological modelling.
Data on fracturing and hydraulic conductivity (mainly based on injection test data) are
sufficient to estimate the high degree of heterogeneity (spatial variability) which is present.
However, the types of data that were available did not give much information on the spatial
organization of this heterogeneity. This leads to crucial uncertainties regarding connectivity,
and hence to the properties of potential radionuclide transport pathways, in the far-field
rock. Due to lack of specific information about hydraulic connectivity within the fractured
rock outside the designated structures (fracture zones), the variability had to be described
with different conceptual structure models. Rough estimates of the variability and
uncertainty may be obtained from simplistic reasoning, but more complex model analyses
are also needed. The SITE-94 analysis shows how different concepts such as Discrete
Feature models and Stochastic Continuum models may be successfully applied to field data.
The full range of uncertainty and variability did not differ too much between the more
complex site models or the first, simplistic uncertainty estimates. However, the potential
advantage of the complex models is that they describe the spatial variability separately from
the uncertainty. Judging from the Aspo data it is clear that pronounced spatial variability
in hydraulic conductivity might be encountered at a potential repository site. In analysing
consequences from a single canister failure such information may be of little more use than
just knowing that the flow is uncertain. However, in the case of multiple failures it may be
possible to make use of the information of spatial variability, since the number of "poor"
canister positions is limited. In addition, the information could potentially be used as an
input to design and engineering. Consequently, information on spatial variability may be
important for judging the suitability of a site. Furthermore, application of the complex
models provides a means to explore whether other types of field measurements would
reduce uncertainty.
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The Discrete Feature site model tends to produce higher near-field flows and more
uncertainty than the Stochastic Continuum site model, but the two models generally predict
rather similar flow variability and variability in the far-field performance measure, F-ratio,
when all parameter uncertainty is taken into account. However, when comparing these two
modelling concepts one should keep in mind that in the Discrete Feature model only a
fraction of the canister sites are hydraulically connected to flow. Hence, the higher nearfield flows in this model may be of less significance , at least for multiple canister failure
analyses, than the fact that a large number of canisters are predicted to be hydraulically
isolated.
The Discrete Feature site model utilises most of the available hydraulic and structural data
of the site. In addition, it has the advantage that it can be used to extrapolate transport
properties in a way which is consistent with the assumptions made on fracture geometry.
In comparison the Stochastic Continuum model incorporates less of the fundamental site
specific data on hydraulic structure, but has a principal advantage in the ease with which
different realisations can be conditioned on the measured 'point' hydraulic data. However,
because the hydraulic data alone were incapable of providing reliable information on the
correlation structure, this was inferred (i.e. postulated) by a qualitative assessment of the
structure data. Data needed to reduce the prediction uncertainty is discussed in conjunction
with the discussion of far-field radionuclide transport (Section 17.4.5).
In transferring the uncertainty and the variability in the hydrogeological site description to
parameters of interest for radionuclide release and transport it became clear that a critical
parameter, showing significant variation between different migration paths, is the ratio
between the flow wetted surface area and the groundwater flow rate (the F-ratio). This
variability (and uncertainty) has important implications for making meaningful predictions
of the retention properties of the site (see Section 17.4.5). However, many site uncertainties
seem to be of minor significance for these predictions. For example, different structure
models were tried but did not really result in different retention properties of the far-field.
There are simplifications made in the abstraction process from complex three-dimensional
models to the simplistic one-dimensional models used for radionuclide migration, and it
may for example be questioned whether the spatial variability of flow and chemical
properties along the streamlines are properly averaged. However, given satisfactory hydrogeological and geochemical models for the site, abstraction of parameters for radionuclide
release and transport calculations is a minor problem, at least if attention is given to making
estimates at the relevant scales (i.e. deposition hole scale and not repository scale) and to
distinguishing between spatial variability and uncertainty. The methods used in SITE-94
are considered appropriate although, if resources were available, an evaluation of the
abstraction errors would be possible and worthwhile.

17.4.3 Geomechanical Environment of the Repository
The main reason for evaluating the mechanical stability of the rock in the repository region
is to ensure the mechanical stability of the canister deposition hole in the future. Indeed the
results of rock mechanical analyses also suggest that the canister deposition holes will
remain mechanically stable both for the Reference Case and the Central Scenario
conditions, but there are uncertainties regarding the site properties that need attention. In
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addition, rock mechanical effects may change the state of the geosphere and consequently
the conditions for groundwater flow. A rock mechanical analysis needs to ensure that such
changes would not be significant for the assumptions made in the consequence analysis.

17.4.3.1 Long Term Stability
In the future the rock will experience events that may affect mechanical stability. On a large
scale SITE-94 includes an evaluation of the impact of repository heat, permafrost and
glacial loads. On the near-field scale, the additional effects of excavation and buffer
swelling are considered.
The analyses do not suggest significant deformation of the deposition holes or the repository during any of the analysed events, although there is a need to pay attention to the
locally increased stress levels due to repository heat, which occurs rather soon (200 years)
after emplacement, and the significant glacial load. Furthermore, the quality of the stability
predictions may be questioned because of significant uncertainties in the rock mechanical
properties of the site (see Section 17.4.3.2 ).
The analysis of permafrost depth in the Central Scenario made it possible to conclude that
the repository will not freeze. Permafrost may, however, have implications for the stability
of shaft seals close to the surface.
The rock mechanical modelling showed that both thermal loading and glaciation may create
local instability of intact rock in the walls of the tunnels and deposition holes, possible
fracture propagation and coalescence at some locations near major faults or fracture zones
and changes of water flow pathways. The predicted shear displacements were small,
however, and they will have a negligible impact on the stability of the tunnels and the
deposition holes.
Complex stress states and stress orientation occur in the rock during a glaciation, especially
at the intersections of fracture zones. The risk of a global fracture propagation due to high
vertical ice load is however small.
Fractures undergo cyclic deformation involving closing and opening during the loading
sequence starting with excavation, followed by the swelling pressure of bentonite, thermal
loading and, finally, glaciation, but the modelling results indicated that the effects are
relatively small. Nevertheless, such changes directly affect the permeability distribution of
the rock, implying that the potential migration paths will change location as the rock
deforms. However, there will probably not be any significant changes in the overall magnitude of the permeability.

17.4.3.2 Uncertainties
There are uncertainties associated with the rock mechanical analysis of SITE-94,
concerning system definition, the conceptual models and the parameter values selected.
Some links in the Process Influence Diagram relevant to rock mechanics are not analysed.
Both the far-field and the near-field analysis omit the hydraulic coupling. The importance
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of such an omission is being evaluated in current research and development work such as
the international DECOVALEX study.
Examples of concerns regarding the rock mechanical modelling include the fact that the
finite dimension and large scale undulations of the fracture zones were ignored, that stress
concentration artefacts could occur at sharp corners of fracture intersections, that creep was
not considered and that the model used was too simplistic to describe properly the failure
of the rock matrix and fractures. However, the major difficulty for the study was the
uncertainty about the properties of fracture zones and the rock mass at the Aspo site. In
particular, there was no analysis of the potential significance of spatial variability of such
properties. For example, increasing the strength of major structures may have the effect of
enhancing failure of less pronounced features.
There may also be scope for further work on dynamically coupled processes, for example
hydromechanical impacts of high ice loads combined with high hydraulic heads and
enhanced flows at depth in the Central Scenario. The overall impact of this scenario on
deep fracture behaviour is not yet well understood.

17.4.4 Geochemical Environment of the Repository
The geosphere is predicted to provide stable groundwater chemical conditions in the
Reference Case. Aspo groundwaters are generally low in dissolved oxygen and high in
sulphides, which implies reducing conditions. As already mentioned, the regional scale
hydrogeological modelling has provided support for the assertion that groundwaters found
at depth at Aspo today are a good representation of the future geochemical conditions at the
site. However, calculations for the Central Scenario indicate a possibility for oxygenated,
glacial meltwaters to infiltrate to repository depths during future glaciations, which might
have a number of deliterious effects on the performance of the EBS and on the mobility of
some important radionuclides.
Geochemical redox conditions are very important for the barrier properties, as they affect
both solubilities and sorption. Variations in redox conditions in the near-field may lead to
orders-of-magnitude changes in solubilities, which correlate directly with radionuclide flux.
The influence of redox conditions on distribution coefficients (Kd) has a moderately
significant effect on the retardation of the more strongly sorbing and relatively short-lived
nuclides, e.g.241 Am, 240Pu, 245Cm, and 246Cm. No analysis was made of the geochemical
effects of desaturation (drawdown) and resaturation during the repository construction
phase.
Characterisation of the 'undisturbed' distribution of geochemical groundwater types is
limited to some extent by the sampling methodology that was employed at Aspo. Most of
SKB's efforts in gathering (and interpreting) chemical and isotopic data were focussed on
samples obtained either after extensive pumping had been conducted or even during
pumping tests. This extensive pumping, conducted for hydrogeological testing purposes and
for the removal of drilling water, resulted in a significant in-situ dilution and homogenisation of the groundwaters. Although extensive pumping was clearly needed in order
to offer meaningful interpretation of measured Eh and pH values and of measured concentrations of redox-active minor constituents (Fe, Mn, HS"), the concentrations of many
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relatively unreactive constituents such as sodium, calcium, magnesium and potassium were
relatively unaffected by the admixture of shallow dilute drilling waters. The concentrations
of these elements, once corrected for drilling-water content, were very useful in identifying
some characteristics of the groundwaters originally present in the system. More thorough
identification and analysis of drilling water sources and content would be helpful in
extending the scope of such analyses.
Deuterium and 18O analyses were valuable in identifying the origins of the groundwaters.
However, such identification could potentially be made much better had these data been
sampled very early and to a larger extent. Such data, bromide, and perhaps lithium and
strontium concentrations, in combination with the chloride concentrations that were
actually measured, would have revealed much more about the origin of solutes in the
groundwaters.

17.4.5 Radionuclide Migration
17.4.5.1 Near-field Rock
All conceptual models and variants used to predict groundwater flows in the near-field rock
suggest that there will be large spatial variability in Darcy velocities in the rock surrounding
the canister deposition holes. This may be an intrinsic property of many sites in similar
geological environments. This variability will clearly affect the relative performance of the
EBS in individual deposition holes. Also the flow wetted area, fracture aperture and
fracture spacing in deposition holes are subject to spatial variability. However, these variabilities have been shown not to be crucial for near-field radionuclide migration, although
this may be a consequence of the simplifications made in the near-field transport models.
The two other key uncertainties affecting radionuclide migration in the near-field are the
long-term evolution of buffer properties and the lifetime of the canisters, both of which
have been discussed earlier in this chapter.
The Central Scenario implies potential transient changes to both near-field water flux and
chemistry. Depending on assumptions about how much of the EBS is exposed to
oxygenated waters, these conditions may have only small impacts (relative to the Reference
Case) or very marked impacts, specifically on releases of "Tc and 237Np. If the canisters are
exposed to oxygenated waters then the whole Tc inventory might be released from the nearfield during the period of a glaciation. This suggests that further work on understanding the
extent to which the EBS might be buffered from such effects would be well motivated.
Two aspects of the PID that were not addressed in S1TE-94, and which may affect nearfield radionuclide migration, are gas generation and colloids. The former may affect the
physical properties of the buffer and potentially lead to advective transport through the
bentonite or gas bubble entrainment of solutes. Colloid transport through the buffer is
unlikely, except in the circumstances just described. However, colloidal species which
could complex with radionuclides might be formed at the buffer-rock interface, particularly
in the event that a redox front is present in this region. Both these issues require further
study.
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17.4.5.2 Far-field Rock
For weakly- or non-sorbing radionuclides such as 36C1 and 129I, the retention time after
escaping from the EBS is essentially determined by groundwater transit times from the
repository to the surface. Due to the regional discharge under present-day conditions,
groundwater travel times for the Reference Case tend to be short. Depending upon
conceptual and parametric uncertainties and spatial variability within the site, groundwater
transit times may range anywhere from millennia down to a few decades.
For the more strongly sorbing elements such as Pu and Th the geosphere provides a
potentially significant barrier to migration. For the set of conditions corresponding to the
Reference Case Zero Variant, both the near-field and far-field portions of the geosphere are
predicted to be significant barriers, due to the retardation of radionuclide migration by the
combined mechanisms of sorption and matrix diffusion. However, the effectiveness of the
geosphere as a barrier, in this respect, is critically sensitive to various uncertainties that
have been evaluated in the hydrogeological models and will also strongly depend upon the
location of the failed canisters.
As shown in Section 13.5.2, this sensitivity can be discussed in terms of two parameters,
the Peclet number and F-ratio (defined in Section 10.3.2.5), which summarise the essential,
non-chemical characteristics of a given hydrogeological variant and pathway for far-field
radionuclide migration. Of the two parameters, the Peclet number is of secondary importance. Variants and individual pathways with high F-ratios represent cases in which the farfield acts as a very significant barrier, while those with low F-ratios represent cases in
which the far field provides an insignificant barrier. According to the hydrogeological
analyses described in Sections 7.3 and 10.3, a very wide range of F-ratios can result within
the evaluated bounds of system uncertainty. This wide range results from the variability and
uncertainty in the distribution of flow paths, as described by the hydrogeological models,
and the lack of data on the detailed fracture characteristics, which affect the relation
between Darcy velocity and flow wetted surface along these flow paths.
The spatial variability of hydrogeological properties within the Aspo site is a major
influence on prediction uncertainty with respect to geosphere performance. Despite the high
density of fracture zones in the SITE-94 geological structural model, hydrogeological
analysis (Section 7.3.6) indicates that uncharacterised, conductive structures account for a
major proportion of the points where significant flow is observed in boreholes. This
motivates the use of semi-stochastic, hydrogeological models which can estimate the consequences of incompletely characterised spatial variability. Two general types of such models
have been employed in the hydrogeological analyses for SITE-94: stochastic-continuum and
discrete-fracture-network models. Both types of models predict that the spatial variability
of the Aspo site results in variability of migration-path hydrogeological properties, which
is comparable to the effects of the evaluated sources of uncertainty. The consequence is that
the effectiveness of the geosphere as a barrier to radionuclide release will be highly
variable, depending upon the location of a failed canister within the repository.
A key conceptual uncertainty, which is addressed by use of the stochastic model variants,
is that the available site data do not support discrimination with respect to the large-scale
correlation structure as well as the interrelationships between hydrogeological and transport
properties. In the Stochastic Continuum model these uncertainties are expressed in terms
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of the spatial correlation of hydraulic conductivity and assumptions regarding its relationship to flow wetted surface area and porosity. In the Discrete Feature model the same
uncertainties are expressed in terms of models for heterogeneity and correlations between
hydrogeological properties within major fracture zones and individual fractures. Despite
these apparently different data needs the two model approaches would, in fact, need very
similar data in order to reduce the prediction uncertainty. In particular, tracer tests, with
sorbing and non-sorbing tracers on a range of scales, in combination with data from detailed
characterisation studies of single transmissive features, appear to be an important component in order to achieve such reductions.
The Sllb-94 analysis concentrated entirely on sorption in combination with matrix diffusion as a far-field retardation mechanism and did not evaluate sorption on the spatially
varying mineralogy of fracture surfaces. Whilst this may be conservative, the case is not
strong, as there may be circumstances in which fracture coatings 'armour' the flow wetted
surface and prevent matrix penetration.
Matrix porosity, diffusivity coefficients and data on mineral assemblages (to support values
for sorption coefficients) are fairly well known from generic data, and are supported by
analyses of Aspo cores. However, a more complete database of these parameters, which
would allow determination of their spatial variability and ideally of their correlation with
the actual flow paths in the rock, should be developed during site investigations of potential
repository sites.
Colloids may affect far-field radionuclide migration much more effectively than in the nearfield and, as noted in the previous section, analysis of this issue was omitted in SITE-94.
Finally, it is recognised that far-field radionuclide transport and release under Central
Scenario conditions is considerably enhanced over that for the Reference Case. The limited
time-dependent analysis carried out in SITE-94, suggesting episodic releases, changing
biosphere receptors and 'knock-on' transient effects on the amounts of radionuclides 'in
transit' through the far-field, points to the necessity for more detailed studies of this type.

17.5

QUALITY ASSURANCE

Good Quality Assurance will be an important aspect of the design, construction, operation
and closure of a repository. It is also an important foundation of safety assessment, ensuring
that analyses are comprehensive, traceable, repeatable and credible. Any regulatory submission would be expected to be supported by a well tried and tested QA system,
particularly allowing reviewers to assess the quality and validity of all the data used by the
applicant and required for use in any independent assessment by SKI. It is important to
realise that the 'audit trail' would need to extend back in time to cover all data that might
be used in an assessment, and it will thus not be adequate to apply QA at a late stage of the
programme. Information abstracted from early projects where no QA was applied must be
treated in a qualified manner. Where such information relates to clearly sensitive aspects
of a submission, it is unlikely that it would be regarded as adequate without properly QA'd
supporting data.
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There was no formal work in SITE-94 directed at setting in place a QA procedure for use
in an assessment. However, the PA methodology developed, and the enhancement of the
traceability of information flow from site characterisation data to consequence calculations,
will form a useful basis for data management and decision tracking. The major advances
in these areas are briefly discussed here. SITE-94 has thus begun to contribute some
important Quality Assurance tools.

17.5.1 Recording of Decisions, Judgements and Routes
of Information Transfer
With regard to the PA-methodology developed the following activities were particularly
useful:
•

Development of the Process Influence Diagram which allows for an explicit
documentation of the system identification. This explicit procedure should enhance
comprehensiveness as it enables communication between different experts. Furthermore the PID could be used to audit existing analysis tools.

•

Development of the Assessment Model Flowchart, AMF, which allowed an explicit
description of the information flow between models and expert interpretation
groups. The AMF could be audited with the PID. Evaluation of the AMF structure
could potentially be used to identify bottlenecks in the information transfer. The
AMF identifies suppliers and users of data in terms of Clearing Houses and thereby
highlights the need for interaction and even negotiations between suppliers and
receivers of information.

•

Meetings within the Clearing Houses that had the main responsibility to supply
parameters to the radionuclide release and transport calculations. This work, which
is documented in Chapter 15, should ensure consistency between delivered and
received data.

17.5.2 Traceability of Site Specific Information
Major efforts have been made to improve the link between measured data and the use of
these data in Performance Assessment. The following lessons have been learnt with respect
to Quality Assurance:
•

Care has been taken to record data sources and to document analyses as well as more
judgmental assessments of these data. This effort, however tedious, highlighted
those data that were really used, those data that were not used and areas where there
is little information to support judgements. Such information appears to be crucial
for the planning of a site characterisation programme and for SKI when evaluating
the adequacy of such programmes.
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•

Assessing the SKB field data bases also revealed problems in how to represent such
data in an efficient and reproducible form for users other than SKB staff. Such
lessons have been passed on to SKB during the course of the project.

•

Joint meetings between the experts in geology, rock mechanics, hydrogeology and
geochemistry were conducted in order to develop a model of the site which was
consistent for all these disciplines.

In summary, it was found that careful documentation of the actual use of data is certainly
worthwhile.

."XT
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18 CONCLUSIONS
The SITE-94 project has run for three years from August 1992 to 1995, with the final integration and reporting taking place during 1996. Besides the technical findings and development, SITE-94 has given SKI valuable experiences regarding management of a full
Performance Assessment. Although the basis for SKI's Performance Assessment capability
was founded on SKI's previous Performance Assessment project, Project-90 (SKI, 1991),
the step to a site-specific Performance Assessment, like SITE-94, has involved a great deal
of time consuming development work. Any organisation going from generic to site specific
assessments is likely to face similar challenges, which points to a need for applying and
evaluating Performance Assessment methodology using site specific data at the early stages
of a waste disposal programme.
Whilst by no means a complete safety assessment of a repository system, the exercise of
carrying out and reporting the SITE-94 project has provided SKI with some important
benefits. In particular, it has:
•

Permitted some major technical advances in Performance Assessment methodology,
i.e. evaluation and assimilation of site characterisation information and the treatment
of uncertainties and scenarios. These have provided SKI with methodologies (the
Process Influence Diagramme and the Assessment Model Flowchart) which were
not previously available either in the Swedish national programme or from other
radioactive waste management projects abroad.

•

Identified clearly some of the most significant issues in preparing and justifying a
safety case. This will assist in defining what SKI expects of SKB in a future license
application and the emphasis which will need to be placed on each issue.

•

Clarified the capabilities of SKI and the tools which it has available, in terms of its
ability to respond to a regulatory safety submission.

•

Identified topics where further work is required either by SKI or SKB to sort out
residual technical issues.

These four concluding topics are discussed in the following sections.

18.1

MAJOR TECHNICAL ADVANCES

18.1.1 Methods for Site Evaluation and Treatment of Uncertainty
A key theme of the project has been to determine how site specific data should be
assimilated into the Performance Assessment process and to evaluate how uncertainties
inherent in site characterisation will influence Performance Assessment results. In part this
has been an in-house learning exercise, as SKI did not have any experience of handling
field data, but several conclusions can be made which should be of interest to a wider
technical community.
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18.1.1.1 Traceability of Site Specific Information
Major efforts have been made to improve the link between measured data and the use of
these data in Performance Assessment. It is evident that only on rare occasions are field
data used directly in radionuclide release and transport calculations. Instead, the 'raw' data
are interpreted by experts in geology, rock mechanics, hydrogeology and geochemistry, who
then provide interpreted or manipulated parameters for the consequence analysis calculations. Care has been taken to record data sources and to document analyses as well as more
judgmental assessments of these data. Such information appears to be crucial for the planning of a site characterisation programme and for SKI, when evaluating the adequacy of
such programmes.

18.1.1.2 Handling Data and Model Uncertainty
The site evaluation of SITE-94 has shown major achievements in how to handle geosphere
variability and the model and data uncertainty resulting from this. The approach developed
was adopted in full in the hydrogeological evaluation and consists of several steps.
Field data are usually interpretations of measurements for specific (often simplified) conceptual models. In order to use field data for other conceptual models the field measurements usually need to be re-interpreted for the new models. For example, such re-interpretation of packer injection test resulted in an increase of permeability values by an order
of magnitude. Re-interpretation of data is also an important quality check.
Attempts at analysing all data, to evaluate time history, to analyse the problem in multiple
scales and to consider geology, rock mechanics, hydrogeology and geochemistry jointly,
increase confidence in detailed models and predictions in a general sense. The use of 3D
geological modelling tools to develop a model based on integration of diverse types of data
has proved very powerful both for developing understanding and visualising and presenting
information. An attempt was made to treat all geological and geophysical data systematically and to develop estimates of uncertainties in the structural model.
For a full integration of geology, hydrogeology, geochemistry and rock mechanics several
interactions are necessary. For example, a full integration of flow and geochemistry should
be based on geological structure models with distribution of minerals. The necessity for
such interactions have been recognized in SITE-94, but have not been pursued in full, partly
because much of the analyses were performed in parallell.
For the detailed modelling of groundwater flow the analyses demonstrate how to apply
multiple conceptual models in order to handle conceptual model uncertainty. The analysis
also demonstrate that the detailed models enable distinction between spatial variability and
uncertainty in the derivation of effective parameters for the consequence calculations.
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18.1.2 Performance Assessment Methodology
18.1.2.1 A Systems Approach Capable of Developing Scenarios of Future System
Evolution
The STTE-94 project has resulted in the development of a comprehensive methodology for
structuring and guiding Performance Assessments, for constructing scenarios and for
defining calculation cases for consequence analysis which takes full account of the uncertainties involved. Although the exercise began with the objective of rationalizing vagueness and inconsistency in scenario methodology, the largest part of this development work
has actually been focused on producing a consistent systems approach to designing and
managing a safety assessment exercise.
The major advances of this work has been the development of:
•

a rigorous methodology for defining and managing all the FEPs and their interactions, which any assessment must account for, for evaluating these FEPs and
assigning them to relevant parts of the PA exercise by the tools FEPs auditing and
Process Influence Diagrams,

•

a quantitative technique for incorporating expert judgement of uncertainty into the
structure of the system being assessed through the process of assigning importance
levels to influences between FEPs,

•

a procedure which integrates all the activities in the structuring and completion of
an assessment exercise (data selection, model definition, calculation case production, uncertainty management etc.), through the concept of an Assessment Model
Flowchart,

•

a comprehensive documentation system for all the decisions made in building the
PA, which ensures that the way in which all FEPs have been incorporated, or
relegated from the assessment are recorded.

In doing this, the project has moved a long way forward from the position at the end of
Project-90. Over the same period, other organisations, notably SKB, have also developed
their Performance Assessment and scenario analysis methodology. The RES matrix
methodology currently applied by SKB (Eng et al., 1994), has many resemblances to the
methodology developed within S1TE-94, but there are also important differences. For this
reason, it appears that the Process Influence Diagrams developed within SITE-94 should
be highly relevant tools for reviewing future SKB assessments.
Owing to the rapid developments in concepts and technique, it has not, by any means, been
possible to test all aspects of the methodology developed within SITE-94. As a result, there
are a number of issues which must be followed up before the total approach can be said to
be in a suitable state for application. These include:
•

The PIDs and AMFs developed need further review. This concerns both the level of
detail on the diagram and the importance levels assigned to different influences. This
would provide a good QA and consistency check.
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Developing and reviewing PIDs and AMFs has been very time and resource consuming. Evidently, revisions of these diagrams, or even complete redrafts would
require less resources, but there is a need for further simplification of the methods
and for development of more user-friendly presentations of the PIDs.
A number of issues, including supplementary Scenarios or the nature of less important influences, were not analysed within SITE-94.

18.2

IMPORTANT OUTSTANDING SAFETY ISSUES

The SITE-94 consequence analysis, whilst incomplete, has highlighted a number of key
issues for safety assessments and, consequently for disposal system design. These are
identified briefly below:
•

Canister performance. Further generic progress in this area is possible, but definitive
answers to some of the issues involved will only be possible once the design is
finalised and full-scale specimens are available and tested.

•

Derived parameters of geosphere retention properties. The key parameter controlling the geosphere retention is the F-ratio (flow wetted surface divided by the Darcy
velocity of groundwater), which is a derived geological parameter (i.e. that cannot
be measured directly). It will become increasingly important to ensure that there is
adequate understanding of how these parameters relate to alternative conceptual
models of flow and transport, how they may be derived with confidence from field
data and how the quality of these data may influence the outcome of a safety
analysis.

•

Spatial variability. Spatial variability of groundwater flow and geochemistry of
migration paths is a property of the site and there is a risk that near-field releases
from a few deposition holes would not be further retained by the geosphere.
Techniques to identify and evaluate potential fast pathways need to be developed
and applied.

•

Time dependency. It is clear that the disposal system will respond to significant
changes in the surface environment on a timescale of tens of thousands of years and
that these changes will be repeated, perhaps many times over the next million years.
Future assessments will have to put more emphasis on transient, time-dependent
processes.

•

Buffer Evolution. Given the core retardation role of the buffer in the whole disposal
system, understanding of the long-term evolution of its properties in a changing
stress and hydrochemical environment is currently not fully adequate.

Finally, it should be borne in mind that in specific areas there will always be uncertainties
and there will always exist means of reducing these uncertainties, but this does not automatically imply that all R&D needs are equally important.
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18.3

THE POSITION OF SKI AT THE CLOSE OF SITE-94

The methodology developed in SITE-94 as well as the knowledge gained have significantly
advanced SKI's capability of reviewing Performance Assessments. Thereby SITE-94 has
generally contributed to the overall aims of the SKI research programme as they are stated
in the introduction to this report. The following observations can be made:
•

The effort to carry out an extensive suite of radionuclide release and transport
calculation using SKI staff has been very successful. Through the SITE-94 efforts,
workable procedures have been developed within the organisation to plan, carry out
and document such calculations with sufficient quality and efficiency. It is likely that
SKI will draw upon this competence both in potential new Performance Assessment
projects, but also as a means of checking results when reviewing other assessments.

•

The effort to document the project in a format that follows the SKI general advice
to SKB concerning the content of a safety assessment has indeed been difficult. In
part, this is due to the mass of information that needs to be compiled, but most
importantly it is due to the fact that SITE-94 was a research project and not a true
performance or safety assessment. It is generally felt that the information provided
in the SITE-94 report belongs to a Performance Assessment report, but the level of
detail of some sections is evidently too deep (e.g. hydrogeology), whereas others are
relatively brief (e.g. geochemistry) or plainly too superficial (e.g. treatment of backfills and seals, gas, colloids and the biosphere).

•

At the close of Project-90, SKI noted that the earlier conclusion by the government
(following the review of KBS-3) that safe final disposal of spent nuclear fuel is
feasible in Sweden remained valid. The work carried out in SITE-94 has identified
nothing to alter this general conclusion. SKI remains confident that the KBS-3
disposal concept is a realistic main alternative for SKB's further research and
development work. However, as discussed above, SKI notes that several important
uncertainties still need to be resolved, both with respect to the long-term performance of the engineered barriers and with respect to the evolution of the
geosphere. Recurrent up-dated Performance Assessments will play an important role
in directing and integrating future research and technical development work. The
final test will be in fitting the selected disposal concept to site specific properties and
developing a fully integrated site-specific Performance Assessment for the selected
site.

SKI has developed a useful toolkit for carrying out assessment calculations, both in terms
of numerical and scoping analyses. This clearly needs to be kept under review and a simple
audit of the AMF will identify where the toolkit is, even now, insufficient. The content of
the SITE-94 report will serve as an important input to SKI when providing directions to
SKB on what needs to be included in a Performance Assessment in a license application.
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18.4

FUTURE R&D AND APPLICATION WORK

In the near future SKI will focus its efforts on some of the specific issues identified in
Section 18.2 above. Canister and buffer properties will clearly be an important component
of future work, as will extension of the site evaluation approach to take account of data
from underground excavations. The PA methodology set up in SITE-94 requires further
refinement and advantage will be taken of recent advances in other programmes which have
built on the original SKI approach. Certain aspects of the SITE-94 Performance Assessment, including the validity of the geological and hydrogeological site models, will be
tested by analysing the additional underground data now available from the excavations at
the Aspo Hard Rock Laboratory.

Over the coming years SKI will be called upon to carry out reviews and technical analyses
of both generic and site specific assessments prepared by SKB as part of the RD&D and site
selection programmes. These latter reviews will involve exercises similar to SITE-94, using
site specific data. SKI will thus have to implement reviews on both of the main components
of SITE-94; the site evaluation and the PA systems methodology.
Having established a methodology, future exercises will build upon the findings described
earlier in this chapter. In particular, the following can be noted:
•

Even if the PID and AMF, with associated databases, of SITE-94 are not complete,
future efforts would not have to repeat the time-consuming work involved in establishing them. Future efforts can be devoted to review and updating.

•

If SKI were to review data sets similar to the ones analysed from Aspo, it would not
be necessary to perform all the different kinds of analyses conducted within
SITE-94, even if some of the analyses should certainly be undertaken. Only few
different conceptual models differ with respect to their implications for radionuclide
release and transport and even fewer are sensitive to the kind of measurements
currently undertaken in site investigations.

•

Basic processes affecting canister integrity have been identified and evaluated.
Future review work will proceed with studies of the different canister concepts
actually suggested by SKB.

•

SKI has a good in-house capacity for conducting independent radionuclide release
and transport calculations.

In light of the significant reviewing tasks that SKI will have to face relatively soon, SKI
will primarily strive for the improvement of aspects of the above methodologies developed
and to support directed research on properties of the different barriers.
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