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PREFACE

This report concerns a study which is part of the SKI performance assessment project
SITE-94. SITE-94 is a performance assessment of a hypothetical repository at a real
site. The main objective of the project is to determine how site specific data should be
assimilated into the performance assessment process and to evaluate how uncertainties
inherent in site characterization will influence performance assessment results. Other
important elements of SITE-94 are the development of a practical and defensible
methodology for defining, constructing and analyzing scenarios, the development of
approaches for treatment of uncertainties, evaluation of canister integrity, and the
development and application of an appropriate Quality Assurance plan for
Performance Assessments.

Johan Andersson
Project Manager
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Preface
In 1988 SKI, together with SKB, embarked on an exploratory programme of work
to establish a common approach to constructing scenarios for use in performance
assessment of a deep repository for spent nuclear fuel. This work was based on
the definition and manipulation of a so-called 'Process System', a concept which
is now finding its way into a number of national programmes. In the following
years, SKI took this pioneering work a little further in developing a set of
scenarios for their Project-90 programme, which included trial safety assessment
analyses. At the beginning of the SITE-94 project in 1992, SKI was intent on
developing and testing a fully fledged methodology for scenario analysis and
applying it to a site-specific dataset.

As this scenario analysis work developed, it merged quickly with parallel efforts
to develop a rational and traceable methodology for carrying out performance
assessments which could handle all available information and account explicitly
for all the major uncertainties involved in such exercises. What has resulted is
the production and partial testing of a methodology which achieves all of these
ambitions via the means of a 'systems approach', based largely on experience in
the fields of systems engineering and systems analysis.

This report uses the scenario definition work as a vehicle to introduce the
systems approach to performance assessment which has been developed and
tested in SITE-94 and which constitutes one of the main advances made during
the project. The results of the application of the methodology are presented
separately, in the SITE-94 Summary Report (SKI, 1995).

The authors of this report would like to thank many colleagues who have
contributed to the development of the techniques and who have participated in
the various expert groups which applied them. Particular thanks go to Björn
Dverstorp, Christina Lilja, Fritz Kautsky and Rolf Sjöblom at SKI and to Mick
Apted and Ghislain de Marsily. Part of the early approach was developed with
ideas and assistance from Trevor Sumerling. Peter Grindrod suggested the
technique for applying fuzzy set methodology for addressing uncertainty.

IV



Chapter 1

Introduction

1.1 The Elements of Performance Assessment

Performance assessment (PA) provides a basis for decisions on issues related to
repository safety. The demands on performance assessment may differ among
the actors involved in the development and siting of a repository, but common
to all is that PA is a decision tool. PA should thus be open to scientific review
and fulfil stringent criteria for scientific and technical quality. However, the real
purpose of PA is in serving the need of the decision-maker, not the scientific
community.

Some of the decisions for which PA provides a basis include acceptance of the
overall safety case for a repository at a specific site and the application of
verifiable technical criteria as an operational means of ensuring that safety is
maintained. A decision-maker directly involved in the actual design of a
repository would have additional or alternative demands on PA, for example, a
very detailed hydrogeological evaluation to decide on alternative layouts of
canister positions. Decisions on alternative technical concepts for a repository,
need yet another type of PA with a broader scope.

The idea, common to all versions of PA, is to describe the repository and its
surrounding environment as an integrated system so as to evaluate the
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. The treatment of uncertainty and the availability of
models for description of complex systems therefore have prominent positions
in PA methodology.

Any PA is thus structured according to the needs of the particular decision maker
at the time of the evaluation. A typical PA basis may include:

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

• a description of how the system may release and transport radionuclides

• information on repository safety in terms of various safety indicators



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

The quantitative evaluation of the safety of a radioactive waste repository in a
PA requires the formulation of descriptions or models of its behaviour over long
time periods into the future. Three fundamentally different approaches have
been used to do this during the past twenty years:

• Assumption of largely fixed driving forces with the inclusion of a limited
number of rate-dependent processes, said to represent the unperturbed
natural evolution of the system. This very simple method of analysis was
used in many early assessments to calculate radionuclide releases.
Typically, the natural environment itself does not evolve and there are no
changes in its physical or chemical properties, groundwater fluxes are
constant, and the only rate-dependent process may be the dissolution of
the waste.

• The definition of a number of 'altered states' where the effects of varying
system properties, or of imposing various external events are investigated.
These modifications to the first, simple type of model can be designed to
represent possible future events or evolutionary paths for the disposal
system, considered to reflect alternative 'futures' or likely events, and are
often termed 'scenarios'. Scenario analysis can be carried out at increasing
levels of detail and complexity, and can involve stipulating the times at
which events occur in the future, and the order in which they occur.

• The convolution of all time-dependent behaviour into a probabilistic
analysis which allows the simulation a very wide range of possible
futures, and samples system behaviour from among these using a Monte
Carlo technique. The sampled futures reflect a range of behaviour, around
the most probable states of the system, based on expert judgment on the
probability distributions cf event occurrences, timings and impacts.
System behaviour is then calculated for each sampled state, again using
expert judgement to define the probable values of each parameter
involved.

Most early safety assessments of deep geological disposal used the first approach
but, over the last decade there has been steady progress in the second area of
scenario analysis. The third, 'environmental simulation' approach has been
developed in parallel over the last decade but, owing to its complexity, is not
widely used and remains to be extensively tested. In principle, the latter approach
is the most rigorous and addresses the issue of completeness directly, in a way
that has so far proved impossible with the scenario approach. However, it lacks
transparency, in that it is difficult to relate the output to specific, discrete future
states of the system. This makes it difficult to answer the type of 'what if query
which might well arise in the inspection of a safety case. Scenario analysis has
thus proved attractive because it allows any interested party to ask questions



about the future behaviour of a repository which, in principle, can then be
considered and evaluated quantitatively. There is clearly a potential
complementarity between the two approaches.

This report concerns advances in the development of a comprehensive and
rigorous approach to defining relevant scenarios for use in a safety assessment,
and of techniques for constructing calculations which adequately reflect the
impacts of the scenario on the disposal system. These two steps correspond to
what were originally defined as 'scenario analysis' and 'consequence analysis'
(e.g. IAEA, 1983). There is, thus, a lengthy history to the application of scenarios
and, at the outset, it is useful to review some of the experience in applying
scenario analysis in the field of radioactive waste disposal.

1.2 The Development of the Scenario Concept

1.2.1 Origins Outside the Radioactive Waste Field

The origins of scenario analysis date back to the 1960's, when the approach was
developed by the Hudson Institute as an aid to speculating about future world
developments, particularly in the context of possible causes of nuclear war. Kahn
and Wiener (1967) define scenarios as hypothetical sequences of events
constructed for the purpose of focusing attention on causal processes and
decision-points. Some of the advantages of scenarios which they list include.

• Calling attention to the larger range of possibilities that must be
considered in an analysis of the future.

• Forcing the analyst to deal with details and dynamics.
• Helping to illuminate interactions in a form that permits comprehension

of many interacting elements at the same time.

It is important to appreciate that 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: in other words, assigning
probabilities to scenarios is not appropriate. 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
can be seen to have been paralleled closely in the radioactive waste sphere
('normal' and 'altered' evolution: see below). The surprise-free scenario of Kahn
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.



With this background, the use of scenarios in radioactive waste performance
assessment could be seen as:

• 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, and this important stricture should also be taken to
apply to any technique of performance assessment. The emphasis is on having
salient scenarios, acting as illustrations to assist in the making of decisions on
issues such as:

• the acceptability of a disposal option
• the value of alternative repository designs, barrier materials, repository

sites, etc

If these ideas are taken as guiding principles, then it is possible to avoid some of
the philosophical and practical difficulties in which radioactive waste scenario
programmes have sometimes found themselves.

1.3 Application of Scenarios to Radioactive Waste

Throughout the 1960's and 1970's scenario analysis was developed to evaluate a
variety of operating systems and, in particular, the safety of nuclear reactors,
where scenarios of system failure were identified and their consequences
analyzed. It was thus a natural extension within the nuclear industry to apply
this experience to repository safety analysis, although it took some time to
appreciate that many of the inherited concepts (such as 'failure', 'worst cases' and
'maximum credible impacts') were not appropriate to geological disposal.
Complex logic diagrams of the types being applied to reactor safety were applied
to geological disposal systems (e.g. Schneider and Platt, 1974; Proske, 1976) with
the specific aim of assigning probabilities to 'failure' modes. None of these
attempts was very successful (Barr et al, 1980).

The earliest attempts at scenario analysis in deep geological disposal of
radioactive waste looked at one or two major variants in system properties (such
as changing container failure time, or groundwater chemistry) or at specific
departures from 'unperturbed' behaviour, such as the effects of human intrusion
into a repository, where an entirely separate type of analysis to the groundwater
pathway addressed in the main assessment might be required. A number of
publications assembled lists of 'disruptive phenomena' or 'extreme events'
which might cause these departures from expected behaviour (e.g. Jacobson, 1977;
IAEA, 1981) and there had been limited attempts to analyze some of their
impacts. By the mid-1980's the concept of 'normal evolution' and 'altered
evolution', or 'normal' and 'abnormal' scenarios had entered the literature.
Essentially, 'normal evolution' corresponded to the first and simplest modelling
approach described at the beginning of this Chapter. Definition and evaluation



of deviations from normal evolution was the level which a recent NEA review
(NEA, 1992) has referred to as the 'judgemental' method of scenario analysis,
based simply on expert opinion as to which impacts to consider.

At this stage there was little attempt to produce an organised methodology for
dealing with various events and scenarios; indeed, at the first international
workshop held on the subject (NEA, 1980) it was stated that "there appears to be
no clear definition of scenario analysis and no widely accepted methodology for
carrying it out" (Hill, 1980). Some progress was being made by means of simple
and traditional fault tree (or event tree) analyses. D'Alessandro and Bonne
(1981), for example, used the technique to evaluate the probabilities of different
failure modes for a deep repository in clay. This is an early example of the 'top-
down' approach to constructing scenarios which will be discussed further in this
report. Possible failure modes were identified, and then events which might lead
to them were traced backwards in an expanding 'tree' which led down to a range
of potential initiating events (Figure 1.1).

Figure 1.1 Fault tree for releases to groundwater (d'Alessandro & Bonne, 1981)

By attaching probabilities to each branch in the tree it was possible to make rough
estimates of relative scenario probabilities. A similar approach was tested for a
variety of geological environments in the USA (e.g. Hunter, 1983). Fault tree
methods have met with limited success, and are fundamentally flawed in that
they tend to deal with events rather than continuous processes, are not able to
cope with feedback between phenomena, and tend to compartmentalise
behaviour rather than dealing with the whole system (NEA, 1992).



1.3.1 A Systematic Approach

There was clearly a need for a more organised and systematic approach to dealing
with all the processes and events which could affect the future behaviour of a
repository. Such a methodology was being developed and applied in the United
States during the 1980's, and what has come to be called the 'Sandia
Methodology' (Cranwell, et al, 1990) progressively evolved. In common with
much of the earlier work, this approach concentrated on what were loosely
termed 'disruptive phenomena' only; that is, it did not deal with the 'normal
evolution' of the disposal system and, consequently, did not treat many of the
processes influencing frture behaviour of the repository system.

CONSEQUENCE ANALYSIS

Figure 1.2 Schematic illustration of the Sandia methodology

In essence, the Sandia methodology (Figure 1.2) involves defining all events and
processes affecting the performance of the disposal system, classifying and
screening them, and then combining them into scenarios by means of a logic



diagram (Figure 1.3), similar to a classical fault tree in appearance, but organised
and used in a more appropriate manner for scenario construction (e.g. in the
Sandia logic diagram there is no time sequence implication when looking at
combinations of events and processes, whereas there is in a fault tree). This
approach produces scenarios from the 'bottom-up', in principle a systematic way
of accounting for all phenomena which could affect repository performance. The
Sandia Methodology has been applied to a number of disposal facilities in the
USA, including tne WIPP (Guzowski, 1990) and, most recently, the Greater
Confinement Disposal Facility at the Nevada Test Site (Guzowski and Newman,
1993). During the course of these applications it has been progressively refined.

R.loas.
Ph«nom«na

/ \
Rl R2 T1

Transport
Ph«ncxn«na

I \
T2 T3

Figure 1.3 Demonstration logic diagram for the construction of scenarios using the Sandia
methodology (Guzowski, 1990).

In 1988 SKI and SKB embarked on a joint exercise to try to achieve consensus on
the principles for scenario selection, well before the start of the licensing process
for spent-fuel disposal. This joint exercise (Andersson, 1989) was built on the
Sandia Methodology and began by constructing a list of all features, events and



processes (FEPs) considered relevant to a deep spent-fuel repository in granitic
rocks in Sweden, preparing descriptions of what each FEP comprised, and then
sorting and screening them. A large group of experts was involved in this
process.

The SKI/SKB approach went further back into the detail of the disposal system.
Whereas the Sandia Methodology concentrated on events and processes only
when constructing scenarios, SKI/SKB (in parallel with a number of other
projects in other countries) produced an extensive list of FEPs which contained a
wide variety of features of the disposal system, conceptual features, impacts and
interactions of features and processes, etc. This provided a very thorough starting
list, but it also required extensive screening.

One of the main achievements of this exercise was the development of the
concept of a 'Process System', defined as:

the organised assembly of all FEPs required for the description of
barrier performance and radionuclide behaviour in a repository and its
environment, and that can be predicted with at least some degree of
determinism for a given set of external conditions.

In essence, this Process System should form a nucleus of FEPs that ought to be
considered, at some level, in any performance assessment calculations for any
scenario. Although not corresponding exactly, it can be thought of as broadly
equivalent to the components used in many 'natural evolution' scenarios in
other programmes.

The majority of the FEPs considered were assigned to the Process System
(including anything that could be described as a 'feature'), leaving a much
smaller number which were lumped into 16 primary ('scenario generating') FEPs
representing the key external events and processes that could be of critical
importance to the repository. Hence, these scenario generating FEPs act on the
Process System to produce scenarios for evaluation, and are broadly similar to
the 'events and processes' that emerge from the Sandia Methodology. For
example, in the recent application by Guzowski and Newman (op. cit.), a wide
variety of FEP lists (including the SKI/SKB list) were assembled and screened, but
only four events and processes emerged from which to form scenarios. In the
Sandia Methodology, these 'scenario generating' events and processes are
sometimes also referred to as 'initiating' events and processes.

Once FEPs are assigned to the Process System, then their interactions need to be
considered in a logical manner, and, because these FEPs represent a description of
the disposal system, rather than 'external' influences upon it, it is not necessary
to produce a multiplicity of combinations. This considerably simplifies the
process of scenario generation. However, the main problem encountered with
'bottom-up' approaches based on the Sandia Methodology does remain as the
intrinsically large number of combinations of FEPs that could be considered (2" -



1, where n is the number of 'scenario generating' FEPs). For the SKI/SKB
exercise, even after removing inappropriate scenario generating FEPs so that
only 11 remained, this still produces 2047 possible combinations. A full
description of the procedures used in the SKI/SKB project is provided by
Andersson (op. cit.). A similar approach was being developed simultaneously in
Canada, also based on the Sandia Methodology, but making use of a Central
Scenario rather than a Process System (Stephens and Goodwin, 1989; Goodwin et
al, 1994a).

Having segregated the Process System and scenario generating FEPs, the SKI/SKB
team investigated a number of ways of producing scenarios. The findings of this
part of the exercise were:

• Application of the next stage of the Sandia Methodology to construct
scenarios was considered problematic, as it did not allow accounting for
the time-ordering of FEPs* and the binary 'yes /no' decisions required in
the logic diagrams (Figure 1.3) used to combine FEPs did not allow for
continuous variation between the extremes. Various means of
overcoming these problems were discussed, involving the insertion of
additional parameters into the logic diagrams.

• It could be useful to apply expert opinion to the FEP lists in order to
identify what are a priori critical issues, and to analyze these before
attempting to compile a 'complete' list of scenarios. Whilst this goes no
way towards solving the problem of being comprehensive, it is a
pragmatic method of shedding light on key issues.

• A 'top-down' method which came to be termed the 'barrier state approach'
was proposed as an alternative to continuing with the Sandia
Methodology. The disposal system is broken into individual barrier
components, and one of three behavioral or performance 'states' are
assigned to each, in various permutations. The Process System and the list
of external FEPs could then be used to discover circumstances under
which a specific barrier state may arise. A trial application of this approach
reduced the number of possible scenarios to 27.

• It was possible to separate a number of scenario generating FEPs as being of
little direct relevance to the interactions of FEPs in the Process System.
They described such extreme phenomena that an entirely different form of
consequence analysis to that involving most of the Process System
mechanisms would be required. These 'isolated scenarios' included events
such as operational accidents, sabotage, and human intrusion into the
repository. Specifically designed analyses would be required for each of
these scenarios.

"•Although Guzowski and Newman (op. cit.) report that this is now a computational option
in the application of the methodology to the WIPP site.
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At the end of the exercise no firm conclusions were drawn as to which technique
may be the most suitable, or as to how to address some of the critical problems of
probability and time frames for scenarios. However, considerable progress had
been made, and it was felt that the systematic methodology developed could
profitably be pushed further.

Meanwhile, UK Nirex were developing an approach based on the 'top-down'
approach (NEA, 1992). The UK approach began with a relatively short list of
'scenario elements', which comprised groupings of FEPs, and each element was
assigned a 'state' (generally speaking a description of different ways in which it
might behave) in an approach very similar to the 'barrier state' method already-
mentioned. An innovation was the use of influence diagrams to assemble these
elements logically and to allow the consideration of how the state of one element
might influence the state of another linked to it. This technique was also used to
allocate probabilities to each state.

,— 2.11

m

FEPs eipliolly/ implicitly
included in me base
assessment model

Unimportant FEPs

Reserve FEPs

Figure 1.4 Example influence diagram for the vitrified waste component of the Nagra disposal
system concept (Sumerling, et al, 1993).

The influence diagram approach has also been adopted in recent work by Nagra
in Switzerland (Sumerling, et al., 1993). In this programme, after identification
and screening of FEPs in the recognised fashion, they are assigned to a set of
influence diagrams (e.g. Figure 1.4) for each main component of the disposal
system, comprising the 'System Concept', a conceptual model of the repository
and its environmental setting which has some parallels with the Process System
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of SKI/SKB. In parallel, a 'Safety Assessment Concept' is drawn up, which
describes how all the FEPs in the System Concept are treated in the assessment;
included in a model, relegated as unimportant, left as an open question, etc. As
will be seen in Chapter 6, this element of the Nagra approach has been paralleled
to some extent by the AMF concept developed in the SITE-94 study. This also acts
as a test for the completeness of the assessment modelling chain. In the Nagra
approach, after carrying out this exercise for a Reference Scenario (the 'normal
evolution' approach), Alternative Scenarios are generated by postulating
extremes of behaviour of each FEP in the System Concept influence diagrams
and tracing the impact of this behaviour to connected FEPs. In order to reduce
the possible number of scenarios which could be generated, a 'Robust' version of
the Safety Assessment Concept was produced which incorporates deliberate
conservatisms into the analysis. As will be seen, there are close parallels between
some of the concepts being developed by Nagra, and the approach adopted in the
SITE-94 exercise.

1.4 Application of the Systematic Approach in
Project-90

The lessons learned from the SKI/SKB project were incorporated into the latter
stages of SKI's Project-90, the trial performance assessment project which
preceded the current SITE-94 exercise (SKI, 1991). Time and resource constraints
meant that it was not possible to repeat the whole FEP analysis programme of the
SKI/SKB exercise (indeed this was not necessary at this early stage), nor was it
feasible to analyze a very wide group of scenarios in depth. The position adopted
in Project-90 was thus one of using a top-down approach to select a few 'critical'
or interesting scenarios from among the 'scenario generating' FEP combinations
of SKI/SKB, taking account of the best information on the likely geological and
climatic evolution of the hypothetical site being studied, and to evaluate the
consequences of these few scenarios. This approach, one of those explored briefly
by the SKI/SKB group, met the project objectives of devising and testing an
integrated assessment approach, but did not develop the basic ideas of the
SKI/SKB work much further. The main advance made in Project-90 was in the
experience gained from trying to handle the Process System and produce well-
defined cases for calculation of radiological consequences.

1.4.1 Applying the Process System

The complex interactions of FEPs within the Process System were considered
qualitatively, and a number of different techniques were applied to exploring
some of them in more quantitative detail (e.g. hydrochemical modelling, rock-
stress analysis, variable density ground water dynamics, etc). Eventual
consequence analysis was performed using two computer codes, one of which
described near-field releases, the other modelling far-field transport. Of necessity,
such 'assessment codes' always have to be relatively simple and confined in the
number of processes they address. Thus, although many of the critical and
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sensitive phenomena were considered to have been represented in the
assessment calculations, Project-90 did not attempt to address the Process System
rigorously. Indeed, at this stage the Process System was simply a listing of FEPs,
but it was clear that it could be organised to form the basis for constructing any
type of consequence analysis.

1.4.2 Constructing Scenarios and Calculation Cases

During the course of Project-90 the scenario-generating FEPs outside the Process
System came to be called 'external FEPs' or EFEPs, nomenclature which has been
passed through to SITE-94. The list of EFEPs derived by the SKI/SKB study was
rationalised by removing those with similar dominant effects, or of little
significance to the performance assessment development objective of the project.
A final list of ten scenarios (see Table 1.1) was produced.

Table 1.1 Scenarios analysed in Project-90

1

2

3

4

5

6

7
Q

9

10

Glaciation

Faulting

Permafrost

Sea-level change

Human induced charges in hydrogeology or hydrochemistry

Unsealed repository; poor buffer; open boreholes

Stray material left in the repository

Early canister failures

Late canister failures

Direct human intrusion into the repository

Calculation cases for the whole performance assessment exercise were configured
by combining the near and far field code outputs for a variety of sensitive
parameter variant cases. Sixteen cases were produced reflecting variants for the
near-field model, and eight for the far-field model. Eleven combinations of these
were run to produce integrated assessment output designed to test overall
sensitivity of the system model. All of these analyses addressed a repository
system unperturbed by any external influences; effectively they were sensitivity
studies of what, in other projects may have been called a 'central' scenario or a
'normal evolution' scenario. These variants were lined-up against the detailed
descriptions of the ten EFEP scenarios, and calculation cases were then defined in
terms of:

• Scenarios where an existing near-field, far-field or integrated variant case
would be adequate to reflect scenario impact

12



• Those where a separate case would need to be constructed, or where a very-
simple analytical model would suffice.

The scenario calculation case results were then presented alongside the sensitive
parameter variant cases. In concluding the project it was stated that the largely
judgemental approach adopted had been adequate given the stage of
development of systematic scenario analysis, but that further development was
clearly required.

1.4.3 Position at the Conclusion of Project-90

The scenario analysis component of Project-90 was, admittedly, a limited
exercise. The lessons learned in using a systematic approach were, however, very
useful and allowed a number of requirements for further work to be defined at
the beginning of SITE-94:

• The Process System must be dealt with formally by a thorough review of
the FEPs it contained and by structuring these FEPs in some logical form
that would allow the organised evaluation of their interactions.

• The mechanism for constructing scenarios from EFEPs had to be
considered further and formalised.

• A methodology for applying EFEPs to the Process System in order to
construct calculation cases for consequence analysis needed to be
developed and tested.

• The issues of system evolution with time, time dependency, event timing
and transient effects should be incorporated into future exercises.

• Further effort was required to ensure transparent documentation of the
scenario analysis process. Because it is not possible to produce a 'complete'
set of scenarios, the methodology developed should be sufficiently friendly
that future users can use it to build or test their own scenarios.

These considerations formed the basis on which the current SITE-94 exercise set
out its programme. The next Chapter outlines in more detail the specific
objectives that were set for the Project, and the subsequent Chapters describe in
detail the progress that has been made over the three years of SITE-94.
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Chapter 2

Objective and Conceptual Basis
of the Current Study

At the initiation of SITE-94, thought was given as to how to address the issues
that remained at the end of Project-90. Apart from finding answers to the
technical problems raised, there was also a need for a stronger conceptual basis to
guide the work, central to which was a desire to begin to account for the many
types of uncertainty involved in the performance assessment process.

In SKI's future assessment work it is likely that all consequence analyses will be
driven by, and directly related to, scenarios of future disposal system behaviour.
Consequently, having a transparent, repeatable and upgradeable methodology
was seen as important. In addition, owing to the time-consuming nature of
much of the evaluation and sorting work, it was important to have a modular
approach which would not require the frequent complete repetition of similar
exercises, and which would make it easy to amend and update information in
future.

The approach eventually adopted, focussed around a thorough description and
analysis of the Process System, its evolution and interactions with the natural
environment, owes much to the fields of systems engineering and systems
analysis. It was recognised that this Systems Approach to the production of
scenarios had wider applications, in that it could be used in any type of repository
performance assessment. The first major step forward from Project-90 was thus
to define and thoroughly to describe the system itself.

2.1 Identifying the System

Identifying the relevant system, or System Identification, is an important
initialising activity in using systems engineering methods for problem solving.
Performance assessment 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; Checkland, 1981; Flood & Carson, 1988). Everything outside
the system boundary by definition belongs to the system environment.
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Here, system identification is termed 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 also appropriate methodological tools. In most
earlier studies, system identification has been informal and implicit. The system
representing the repository was described by a schematic picture of the repository
showing water flow lines around canisters embedded in solid rock. System
boundaries and relationships were implicit from the use of models and from the
generation of scenarios from external influences. The major reason for this was
the lack of suitable methodological tools.

In SITE-94, system identification is formalised. Through this formalisation,
system boundaries and relationships can be explicitly identified. System
identification becomes a definable level of analysis, separate from measurement
of component properties, modelling and evaluation of external influences. This
improves the control over model linking, model use and scenario generation.
Formalised system identification is possible through two methodological
landmarks: the use of 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 that directly or indirectly
influence the release and transport of radioactivity from the repository to the
environment and to people. Following the vocabulary introduced in Project 90
(SKI, 1991), the system is called the Process System. 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 EFEPs. This
implies that the system identification with the definition of the Process System
will affect the classification and treatment of uncertainty. This aspect is further
elaborated in section 2.3.

The Process Influence Diagram is a network diagram showing the
interdependencies between the FEPs. The design of this diagram, and its role in
soliciting expert judgement, aiding scenario generation, controlling model
linking and use, and supporting documentation and quality control is described
in Chapter 4.
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2.1.1 The System Boundary

It is very important to set a clear system boundary- The alternative would be to
model the entire universe. 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 requirements 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), etc.

• defensibility of analysis: Even if quantitative evaluations are only needed
for a limited system there may be a strong motivation to analyze a larger
system, as the part of the system where predictions are needed will be less
sensitive to external influence or to correlations between EFEPs.

• complexity of the analysis: A large system is obviously more complex and
also 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 futur< climate evolution in the analysis (Sumerling, 1992), while the
approach taken recently in Canada has been not to account quantitatively for
climate change beyond 10,000 years into the future (AECL, 1994).

2.1.2 The SITE-94 Process System

The SITE-94 Process System comprises the geosphere and the repository, together
with the processes of radionuclide mobilisation and transport within them (see
Figure 2.1).

The only part of the SITE-94 Process System that is directly related to radiological
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 feasible, was not
considered practical within SITE-94. However, the decision to exclude the
biosphere from the Process System made at this stage should be re-evaluated in
subsequent applications of the SITE-94 methodology in future assessment
exercises.
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Figure 2.1 The SITE-94 System

The physical extent of the SITE-94 Process System can be described briefly in
terms of the following components.

• The Engineered Barrier System (EBS): The engineered barriers consist of
the canister, the buffer, backfill and repository 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 EBS can be determined and such
that relevant transport paths and transport processes of both near-field
geosphere and far-field are determined in space and time. Part of the
information concerning the state of the geosphere is obtained from site
characterization but generic information based on overall knowledge of
geology, hydrogeology, geochemistry and rock mechanics must also be
used. The interaction with site characterization is iterative as the analysis
of geosphere processes should identify the parts of the system that need to
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be characterized. Site characterization should provide information on the
geosphere (together with associated uncertainties) based on measurements
performed at the site. An important part of site characterization is thus to
analyze information and errors in performed experiments-

The biosphere: In principle, biosphere processes could also be described as
an integrated system to be used for evaluating the state of the biosphere
and its evolution and an extensive PID could be developed to characterise
this2. The biosphere system should be described such thai relevant
biosphere interactions with the repository, as well as relevant transport
pathways starting from the interface with the geosphere, can be
determined.

Near-field transport: Near field transport describes the transport of
radionuclides from the spent fuel in the near-field (fuel dissolution etc) to
the near field interface with the far-field. 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 held transport describes the transport of
radionuclides from the near-field interface to the biosphere interface or
other relevant endpoints.

2.2 Analysis Levels & the Treatment of
Uncertainties

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

In the nuclear waste community it is common to discriminate between scenario
uncertainty, conceptual model uncertainty, and parameter uncertainty (Koplik et
al, 1982). These 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),

2Such an approach has been taken in the current B1OMOVSII exercise, where the FEPs and
interactions are being modelled using the RES matrix approach as an alternative to the use of PIDs
(BIOMOVS II, 1994).
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and speculation about external influences on the modelled components and
relations (scenario uncertainty).

The distinction between these kinds of uncertainties is not always clear and
depends 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
uncertainties 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. This is discussed in section
23.2 below. Second, an uncertainty may be reinterpreted at another level of
analysis. For example, uncertainty about rock permeability (parameter
uncertainty) maybe reinterpreted as conceptual model uncertainty (porous
medium or channel network). Such re-interpretations are to be expected in a
hierarchical analysis and re-emphasise the need to record and track the origins of
uncertainties within each different analysis level throughout the performance
assessment. Careful re-interpretations can also be very useful tools to estimate
the effects of different uncertainties through calculational cases, as discussed in
Chapter 7.

2.2.1 The Issue of '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 three
types of uncertainty discussed above. It is particularly evident for scenario
uncertainty as it is impossible to prove that all the relevant EFEPs that directly
influence the Process System have been identified. Completeness is also an issue
inside the Process System. On a system description level the completeness
concerns whether all relevant FEPs and links between FEPs have been identified.
With regard to conceptual model uncertainty, 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 implies a divergence
from the Sandia Methodology, which imposes a mathematical formalism on the
steps whereby scenarios are constructed in an attempt to be comprehensive.
Cranwell et al (op. cit) propose that the combination, by means of their logic
diagram, of all 'disruptive' events and processes (which would be the EFEPs in
our terminology) that survive screening should define all possible future states
of the disposal system. They further state that this is a conservative assumption,
since not all combinations will have an adverse effect of performance, and the
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estimated probabilities of any one scenario are actually higher than they should
be, since those with no potential effects have been removed from the sum of
probabilities (which is 1). The Sandia Methodology has been constructed with
the express purpose of addressing US regulatory requirements, which stipulate a
probabilistic approach be taken, with the consequence that the scenarios analysed
should be mutually exclusive. In addition, the scenarios only look into the next
10,000 years. These requirements were considered to be inappropriate to the
regulatory situation in Sweden, and the assertion of completeness and mutual
exclusivity was felt to be unrepresentative of the way in which a natural system
would behave. The two main arguments against proceeding with the Sandia
Methodology are:

• The 2n - 1 combinations may be the mathematically complete set, but they
take no account of time sequences of impacts, time intervals between
impacts, the possibility of repeated impacts of the same event or process,
and the possibility of cycling of processes. Taken together, over a time
period of 100,000 to one million years, the possible combinations become
infinite.

• There is no a priori requirement and, as discussed in section 1.1.1, we
believe there is no .eal possibility of calculating scenario probabilities,
which is a central motivation for the Sandia Methodology.

The Sandia logic diagram approach was not, however, dismissed out of hand. As
discussed in Chapter 8, it was considered further as a potentially useful means of
organising thought when it comes to selecting 'interesting' scenarios for
illustrative purposes. Thus, an important part of the conceptual basis of the
current study is that 'completeness' (in the sense of attempting to define and
analyze all possible combinations of EFEPs ) was identified as an unobtainable
goal. This lack of absolute proof is general to most decision making problems and
should always be made very clear to all decision makers.

The primary ambition with regard to the completeness of a performance
assessment is thus to be able to judge whether more effort is 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 be as comprehensive as
possible (even though not all issues may be analysed in any given assessment),
but the question of how much effort is needed to allow this is always
judgemental.

2.2.2 The Quantification of Uncertainty

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, among other things, of
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ranking different problems. A simple example of a quantified uncertainty is a
frequentist-based probability of canister failure during a certain time period (even
though this probability is difficult to estimate). A more complex uncertainty is a
degree-of-belief 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. Even less well defined is 'expert opinion', for
example, whether process A is more important than process B. Consequently,
when propagating impacts of uncertainty through an assessment, care must be
taken that the relevant aspects of the uncertainty are maintained.

When dealing with several uncertain quantities it is also necessary properly to
treat the issue of statistical dependence or correlations. For example, if a
postulated fracture zone does exist in the rock, or if particular chemical processes
do occur, will this have direct implication 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 The SITE-94 Approach to Uncertainty
Treatment in System Analysis

The SITE-94 approach to the completeness problem was to develop a
methodology for the systematic use of expert judgement in defining the system,
identifying and classifying FEPs and their interactions and to document these
judgements in a traceable and transparent form which would allow review and
potential updates of the decisions made. Furthermore, the way an uncertainty is
described as well as its correlation with other phenomena both affect how the
uncertainty is defined and quantified and how the impact of the uncertainty is
propagated 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 has been
to advance the capability of handling these matters by:

developing a new technique for system identification through expert
judgement, using PIDs, 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
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different FEPs and their interactions. This contributes to a quantification of
system uncertainty, although not in a frequentist sense.

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

In developing this approach, the concept of a performance assessment involving
a number of levels of analysis , as discussed above, was adopted. In SITE-94 the
levels were defined as:

• LEVEL 1: System Identification and Definition

• LEVEL 2: Scenario Definition

• LEVEL 3: Model selection

• LEVEL 4: Consequence Analysis

As discussed above, each level has its own associated types of uncertainty. The
treatment of the four analysis levels and the associated categories of uncertainty
within SITE-94 are discussed in the following sections. An additional category of
system uncertainty , is introduced, as discussed below. The techniques developed
are described in detail in Chapters 4, 6 and 7. Apart from providing a logical
structure they are also believed to enhance the possibilities for review, iterative
update and quality assurance.

2.3.1 System Uncertainty

The system identification described in section 2.2 has not only led to a more
rigorous definition of the boundaries for the Process System, it has also
considerably widened these boundaries. It should, therefore, not come as a
surprise that many of the FEPs which, in earlier studies were considered as
generators of scenarios (and, consequently, scenario uncertainties; see section
2.3.2), are now found inside the SITE-94 Process System. With the help of the PID
it has been possible to internalise many of the earlier scenario uncertainties. This
makes it easier to test and document hypotheses about causes and consequences
of different uncertainties. Internalisation of uncertainties in this way increases
their visibility in the performance assessment. Examples of internalised
uncertainties concern canister failure rates, the uneven swelling of the buffer
and the geochemical effects of saline or fresh water intrusion.

The question then arises as to how to categorise the internalised uncertainties.
Since they cannot be classified as conceptual model or parameter uncertainties, it
is necessary to introduce a new category of uncertainty. In section 2.2, it was
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argued that one category of uncertainty must be associated with each level of
analysis. The earlier classification into scenario, conceptual and parameter
uncertainties established such associated categories. However, as the PID now
provides a formal tool for the characterisation of the Process System, system
identification can be treated at a separate level of analysis, instead of being split
between the scenario and conceptual modelling levels (which would make it
very difficult to define the relevant system). The price for such a stringent system
identification is the recognition of a category of uncertainty, associated with the
new level of analysis within the Process System, called 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 extent and content
of the Process System is not fully known: FEPs may be missing in the PID,
improperly linked to other FEPs, or the importance of a linking may be
misjudged. It follows, from the discussion above, that system uncertainty
contains elements that earlier may have been classified under scenario or
conceptual model uncertainty.

The PID is open to systematic expert review as described in more detail in
Chapter 4. Specifically, it is possible to invite expert opinions on the importance
of the links between different FEPs. The view that has been taken is that, for each
and every decision, the choices that could be made can be categorised, by expert
judgement, according to the possibility of them being correct. Conversely, one
can ask how reasonable it would be for an assessment to ignore a particular
choice. For each decision, this categorisation will result in a central set of choices
which are deemed to be fully possible, i.e., which it would not be justifiable to
ignore. Outside these choices, expert opinion will be divided and the
justification for ignoring choices will increase. For very extreme choices, all
experts will agree that these choices need not be considered. Note that this is not
a categorisation 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.

To return to the specific question as to how much of the PID it is necessary to
include in an assessment, each decision to model an influence represented in the
diagram in a particular way (including by asserting that the influence is
insignificant) can be assigned a category according to how unreasonable it would
be to ignore this in an assessment.

Within SITE-94, the decision for each influence was simplified to a choice
between including it or treating its influence as negligible. A category (taken as
an integer in the range 0-10) called an importance level (II) was assigned to each
link. A category 10 influence is one which it would be completely unreasonable
to ignore in an assessment. The other categories are defined as follows:
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IL Value

10

8

6

Significance of an influence on a full-system PA

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

For each influence, a view was taken of the appropriate category in the context of
the Reference Case. Where it was felt that the category would change for other
scenarios, this was noted. This process is described fully in the following
Chapters.

Within SITE-94, the assigned importance levels were used in a very limited way
by reducing the influence diagram to those links considered to be category 10. By
selecting parameters according to a similar scheme, i.e., considering a central
range judged to be undeniably possible, the range of calculated consequences are
those which cannot be argued against, given the current state of knowledge. In
order to produce the next category of consequences, links at the next lower
importance level would be included and wider parameter ranges considered.

2.3.2 Scenario Uncertainty

The definition of any specific scenario has to be closely related to the definition of
the Process System and the relevant EFEPs. However, the following general
working definition of a scenario w?s defined and adopted in SITE-94:

A scenario is a hypothetical sequence of processes and events, and is one of
a set devised for the purpose of illustrating the range of future behaviours
and states of a repository system, for the purpose of making or evaluating
a safety case. It is not necessary, or indeed possible to describe individually
all possible scenarios. However, consideration of the complete set devised
should provide an adequately robust test of repository safety by addressing
the most likely features of widely acknowledged concern

This definition can be seen to be based largely on the one originally proposed by
Kahn and Wiener (op. cit), and, in the spirit of their work, advances scenarios as
being simply illustrations which will help the regulatory authority, or any other
user, to reach informed decisions.
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In SITE-94 the concept of the Process system has been used to generate scenarios
from the 'top-down' by letting FEPs 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, such as permafrost, acts on the Process System the interaction
(for example, changes in temperature that cause changes in permeability) is
spread through different FEPs and links in the Process System. These interaction
may ultimately be modelled. In addition, by attaching an EFEP onto the Process
System, FEPs and links 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 Chapter
5.

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 on when, or how frequently, the EFEP will occur
over a certain time period and quantitative estimates of the magnitude of the
impact. For permafrost, an example of the latter could be estimates of the Earth's
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.

It should also be noted that the Process System will evolve even without changes
in the external environment as the system itself contains time-dependent
processes. This warrants analysis of a Reference Case, which concentrates on the
internal evolution of the Process System. In fact, the wide system boundaries
adopted in SITE-94 are chosen in order to make the system relatively insensitive
to outside disturbances, even if major changes of the external environment may
certainly have an impact on the system. The wide system boundaries may
consequently minimize the scenario uncertainty, but at the price of an increased
system uncertainty, which was discussed in the previous section.

For sake of simplicity, the specific definition of the rather wide term scenario
uncertainty adopted in SITE-94 is thus the uncertainty related to the EFEPs. This
uncertainty concerns both the completeness problem (have all relevant EFEPs
been identified) and the quantification of the impact, time of occurrence,
frequency, or other relevant measures of the identified EFEPs. The SITE-94
approach to identify relevant EFEPs is discussed in Chapter 8. It is evident that,
when considering issues such as times of occurrence, much uncertainty will
inevitably remain, even after precise definition of the EFEPs. However, as
scenarios have been identified as largely illustrations, a certain amount of
uncertainty in these areas is quite acceptable. Furthermore, the evolution of the
scenario may still be uncertain even after precise definition of the EFEP, since the
Process System is subject to system uncertainty, conceptual model uncertainty
and parameter uncertainty.
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Finally, it can be noted that with the influence diagram concept it is also possible
to envisage scenarios being generated in a 'bottom-up' fashion. In a bottom-up
approach a certain status of a critical FEP inside the Process System is assumed.
By tracing through its interdependencies using a PID, potential reasons for the
FEP to attain this status can be identified. The possibility of generating such
'internal scenarios' has been discussed in SITE-94, but not pursued. Furthermore,
scenarios generated in this way would require a new definition of scenario
uncertainty; a definition which, in fact, would be almost indistinguishable from
conceptual model uncertainty.

2.3.3 Conceptual Model Uncertainty, Verification 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. The purpose of models is to obtain a quantitative estimate of the influence
of FEPs. The mapping of PID into models and model chains is described in detail
in Chapter 6. Such mapping (of one formal 'language' into another) should not
generate any uncertainty related to empirical knowledge, but does represent a
mechanism for re-interpretation.

Ideally, modelling can be seen as a two-step process. In a conceptual model, the
FEPs and links are described as relationships between physical entities that are
measurable, or can be reduced to measurable entities. A simple conceptual model
of water flow through rock would be:

Water flow is driven by hydraulic head differences and dependent on the rock
properties and is sufficiently slow that inertial effects can be ignored.

A mathematical model is a system of mathematical relations representing the
conceptual model. A mathematical model representing our simple conceptual
flow model would be:

(Water flow) = (a material property) * (hydraulic head gradient)

Checking that the mathematical model really represents the conceptual model is
one part of a procedure called verification., the other part involving
confirmation that the solution (e.g. a computer code) actually represents the
mathematical model correctly. Translating a complex conceptual model into a
mathematical model may, technically, be a complicated task but, provided the
conceptual model is well specified, verification should not entail any
uncertainties beside those generated by numerical inaccuracies, which are, in
principle, controllable.

Conceptual model uncertainty is connected with model validation, but includes
more than uncertainty about whether a model is properly validated or not.
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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 earlier 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 ...". However, it has to be
recognised that modelling of natural environments often involves extrapolating
beyond conditions that are directly observable. There is thus always a
judgemental aspect to validation.

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 we have been able to make until now.
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, that is,
uncertainty about the proper range of application of a model.

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 validation uncertainties for 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. With regard to ground water
flow one of the currently discussed uncertainties regards models for the
'constant' in Darcys law. Examples of alternative groundwater flow models
include porous medium, discrete fracture network or fractal geometries.
Different models for describing rock surface/radionuclide interactions (sorption,
surface complexation, precipitation, etc) are examples of conceptual model
uncertainties in the geochemical area. There has been a considerable amount of
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discussion on the validation process in recent years, much of it centred around
activities to develop and test alternative groundwater flow models in the
INTRAVAL project (see Chapman et al, 1995, for a summary).

Alternative models have been used in a number of areas of the SITE-94 analyses.
The initial assumption was that all of these alternative models are equally
plausible. The ambition was to trace the influence from a specific conceptual
model uncertainty on the overall results. If the influence is significant, expert
judgement was then used to estimate the plausibility of the alternative models.

2.3.4 Parameter Uncertainty

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: in which case there may be uncertainty about what should
be the relevant parameter.

If the conceptual model in the example water flow in rock in section 2.3.3 is that
the rock is homogeneous, then the constant '(a material property)' is a parameter
whose value can be inferred by applying the model to pairs of measurements of
hydraulic head and flow. However, it may not, in practice, be possible to perform
the measurement. One reason is that the rock should be as little disturbed as
possible, another is that the required value may refer to calculations for an
evolved situation in the far future. Accepting the applicability of the model, we
know that there is a specific value for the parameter, but this value remains
unknown. From measurements in similar rocks, we can define a probability of
finding the value inside a given interval.

Parameter uncertainty has been extensively investigated in radioactive waste
programmes in Canada, Sweden, the UK and elsewhere (see, for example,
Goodwin et al, 1994b). 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 using, for
instance, the Monte Carlo technique. The ambition in SITE-94 was to trace the
influence of specific parameter uncertainty. This is described in detail in the
SITE-94 Summary Report (SKI, 1995).

Parameter uncertainty should not be confused with parameter variability. In the
former case the parameter has a unique, 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 some cases the choice of conceptual model will determine whether variability
has to be considered. In the case where the conceptual model in the example of
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water flow is that the rock is heterogeneous, the material property must be
specified as being spatially varying. Even in this case, however, the model will
have parameters that are uncertain, although these will not be directly
measurable since they relate to statistical properties of the rock (averages,
variances and correlations).

2.3.5 Propagation of Uncertainties

The overall aim of SITE-94 was to follow the effects of uncertainties through the
Process System. 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. Propagation through the levels of analysis has been
discussed above. The principal uncertainties in this logical space and the levels at
which they originate, are illustrated in Figure 2.2. 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 at the subsequent levels of analysis. Such tracking is also necessary to
handle correlations between different uncertainties.

At the System Identification level, all uncertainties originate from the
identification of the relevant system through the PID, but, for each of the three
other levels, we find two types of uncertainty: those which originate at that level,
and those which are re-interpretations of uncertainties from previous levels.
Examples of the two types were given in section 2.3.3. Conceptual model
uncertainty may be due to insufficient validation, but such uncertainty may also
arise because the boundary conditions for the part of the Process System that
should be analysed by the model are uncertain. The origin of the uncertainty
may, in the latter case, be found in the PID; that is, on the System Identification
level.

Propagation of uncertainty through the analysis levels has not been
systematically studied in SITE-94. It has, however, been accounted for in the
scenarios studied.

The propagation through the Process System can be followed on those levels
where there is a complete representation 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 Chapter 6 and
the specific mechanisms for propagating uncertainties through to the fourth
level of Consequence Analysis, by using the AMF 'clearing houses', is discussed
in section 6.4. Re-interpreting uncertainties at the Consequence Analysis level,
for example, in the form of parameter distributions, is a powerful way of
obtaining quantitative estimates of the effect of an uncertainty, but it must be
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done with great care. The distribution of a particular parameter value may be
used to mimic the effects of several different uncertainties originating at the
previous levels. This does not, however, imply the same role for the
uncertainties in the safety assessment. Although the effects on single parameters
are similar, re-interpreting the different uncertainties may give rise to quite
different correlations between model parameters. The consequences for the
performance of the Process System may be different, depending on the
correlations. Without knowledge about the importance of the correlations, it is
difficult, therefore, to draw general conclusions from the analysis of individual
uncertainties.

Analysis Levels Principal Uncertainties

System Identification Level
System Boundaries and PID

f
Scenario Identification Level

EFEPs and Scenario
Screening & Selection

> Completeness
• Strength of Influences
1 Structure & Content
> Boundaries

«Completeness
> Combination of EFEPs
> Probability of Occurrence
> Times & Frequencies of Occurrence

Modelling Level
Model Selection for

Performance Assessment

i.
Consequence Analysis Level

Parameter Selection

• Alternative Conceptual Models
> Verification
> Validation

1 Parameter Values
• Parameter Distributions
1 Spatial Variability

Figure 2.2 Schematic illustration of the four levels of analysis adopted in SITE-94 and the
uncertainties related to each level which needed to be propagated through the complete

assessment.
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Chapter 3

Preparing and Auditing the FEP List

A preliminary but essential stage of the SITE 94 level one systems description
and level two scenario development process was the identification of all features,
events, and processes (FEPs) which were considered important to assessing the
disposal of spent fuel at the Äspö site. This Chapter documents the specifications
and methodology by which an independent FEP list was generated for audit
purposes, and the methodology of the ensuing audit (Stenhouse, et al., 1993).
The intention of the audit was to ensure that as many relevant FEPs as possible
were identified at an early stage of system identification.

3.1 Description of the Methodology

A preliminary list of FEPs was already in use when the audit work began. This
preliminary list was largely based on that published by the SKI/SKB working
group (Andersson, op.cit.). The objective was to audit this in order to ensure that
nothing relevant that had been identified by any other programmes had been
omitted. This approach was considered a superior alternative to assembling a
group of experts and constructing a new list from scratch. 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.

The methodology adopted was to produce an independent and internally
consistent 'audit list' of FEPs from the work of other groups, and audit the
existing preliminary list already in use against it. Producing the FEP audit list
involved the following tasks:

• Compilation of a 'raw' FEP list
• Categorise the FEPs and add screening criteria
• Consolidation coding of screened lists
• Perform FEP audit

The overall process in developing the FEP audit list is shown schematically in
Figure 3.1.

3.1.1 Compilation of the Raw FEP List

Identification of FEPs 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
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Categorise and
Add Screening

Arguments

Individual
National
FEP lists

8 FEP
Lists by
category

8 Lists of Screened FEPs

Add
Consolidation

code

8 Lists of Screened-out FEPs
sorted according to category

and screening argument

CONSOLIDATE

8 Lists of Screened FEPs, each
with consolidation code and

reduced list of new FEPs

Figure 3.1 Schematic diagram of the FEP audit list generation stages (after Stenhouse et al, 1993).
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point for the FEP audit list, the FEP lists from the following published national
exercises were compiled as an electronic spreadsheet/database:

• Atomic Energy of Canada Limited (AECL): spent fuel; 275 entries;
Goodwin, et al. (1991)

• U.K. Department of Environment Dry Run 3; 305 entries; Thome (1992)
• International Atomic Energy Agency (IAEA): Safety Series; general

treatment: 56 entries; IAEA (1981)
• Nagra, Switzerland: Project Gewähr: high level waste (HLW); 44 entries;

Nagra (1985)
• SKI/SKB: Swedish scenario development; spent fuel; 157 entries;

Andersson (op. cit.)
• Sandia National Laboratory, U.S.A.: HLW; 29 entries; Cranwell, et al.

(1982)
• U.K. Nirex: L/ILW; 131 entries; Hodgkinson and Sumerling (1989)
• U.K. Department of Environment: Sellafield Assessment: L/ILW; 79

entries; Miller and Chapman (1992)
• Nuclear Energy Agency (NEA): Systematic Approaches to Scenario

Development; 122 entries; NEA (1992)

The final compilation comprised over 1200 entries and is listed in Stenhouse, et
al. (1993). The level of FEP detail for each national list was highly variable, as
indicated above by the respective number of entries, and reflects differing degrees
of generalisation. However, no screening or additional reductions were
performed during this stage. For some entries, text was added to provide
additional description to FEPs, the meaning of which would otherwise have
been too vague for subsequent screening.

3.1.2 Categorising FEPs and Adding Screening Criteria

The 'raw' list of over 1200 FEPs contained numerous entries which were not
relevant to the Swedish disposal concept or to the site, or which were
duplications. Thus, to make the subsequent screening process easier, the first
stage of this task was to separate entries into arbitrary categories. Eight categories
were selected:

• Waste [W]
• Container [C]

Buffer/Backfill [B]
• Repository [R]
• Far-field [F]
• Biosphere [L]
• Human actions [H]
• Geological /climatic evolution [G]

The letters in parentheses were used to code individual entries, and an attempt
was made to classify FEPs according to where the FEP occurs (W; C; B; R; F; L) or
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which category is the responsible agent (G; H). Occasionally, it was difficult to
categorise FEPs in this way, in which case the coding was applied more to the
category which is affected by the FEP. In addition, more than one code letter was
applied to a FEP if it was considered to apply to one or more of the categories
designated. It should be emphasised that assigning FEPs to the above categories
was performed as a matter of convenience, and that this separation process is
relatively arbitrary, given the different origins of the original FEP list.

Screening criteria were then added to identify and subsequently remove those
FEPs which are irrelevant to the Swedish disposal concept, or to the Äspö site or
to the basis on which the SITE-94 assessment is being performed. The criteria
which were used are based on those applied by Några (Sumerling, et al., 1993),
and are referred to in the present work as screening 'arguments'. They are
presented in full in Stenhouse, et al. (op. cit.)-, and summarised below.

Code Screening Argument
Examples of phenomena excluded by

the screening arguments: those
related to :-

Site & Disposal Concept

2.1

2.2

2.3

2.4

2.5

Waste form and packaging

Emplacement and repository

Host geology

Local and regional surface environment

Geo-ciimahc development

L/ILW, organic wastes; vitrified wastes

cemenhtious backfill;

salt deposits; clays; near-surface disposal
phenomena

thick soil /sediment sequences; large
topographic influences; oceanic processes

arid climate; coastal, fluvial erosion

Assessment Basis

3.1

3.2

3.3

3.4

3.5

3.6

3.7

Repository design/closure

Global/regional disasters

Acts of war/sabotage

Deliberate intrusion

Future human society

Post-closure radiological assessment

Future life evolution

operational phase issues; rerrievability;
major design changes

meteorite impacts

nuclear war; terrorism

waste retrieval

futuristic assumptions about human
behaviour and technology (e.g. cancer
cures)

chemical toxicity impacts to flora and
fauna

radiation sensitivity changes; metabolism
changes

Other

4 General issues items which are too vague, general;
incomprehensible; philosophical

As examples of the effects of using these screening arguments, FEPs were
removed if they were related lo cement waste forms rather than spent-fuel, if
they were related to host-rocks and geological or topographic environments very
different from Äspö, if they were related to desertification, if they assumed that
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the repository is not operated as planned or that attempts are made to retrieve
the waste, etc. A particular omission concerns FEPs associated with human
intrusion into the repository, which were ruled out on the 'assessment basis'
argument. Within the SITE-94 assessment it had been decided not to analyse this
particular group of scenarios.

The screening process was performed on the eight category lists of FEPs to
separate entries with screening codes from those without.

3.1.3 Consolidation Coding of Screened Lists

Eight lists of screened FEPs were produced from the screening process. In order
to consolidate these, an additional consolidation code was added, the purpose of
which was to create a reduced set of 'processes' which included all screened FEPs,
but which had a sufficiently small number to be manageable. Reduced sets in the
range 10-15 'processes' were considered an acceptable compromise: small enough
to be manageable, but large enough to retain specific characteristics of the
individual FEPs; that is, not too general.

3.1.4 The FEP Audit

The FEP lists produced in the previous stage were used to perform an audit of
the preliminary list of FEPs (based on the SKI/SKB exercise) which was being
used to construct the initial version of the universal process system PID. The
objective of this exercise was to ensure that all relevant features, events and
processes had either been incorporated in the sections of the PID already
generated (principally of the waste and the engineered systems), or were
available for construction of influence diagrams of other parts of the Process
System.

During the audit, each FEP in the audit lists was examined within each category.
The FEP was checked to make sure that it had been included in the PID, either as
a FEP or as a link between two FEPs. Duplicates in the audit list were eliminated
at this stage, and EFEPs were identified and tabulated separately. For each FEP
which was identified for inclusion in the PID, either as a new FEP or new link, a
note was made of the addition, together with its cause and effect.

At the time of the audit, the near-field FEPs had been identified and fully
documented, and the audit list categories which were used for comparison were
WASTE, CANISTER, BUFFER/BACKFILL and REPOSITORY. Similar
treatments for the far field and biosphere systems were incomplete, although the
format of the influence diagram was expected to be similar to that of the near
field. As a result, all audit FEP categories except BIOSPHERE were examined in
detail. For the biosphere, duplicates were identified and eliminated.
Occasionally, where two slightly different FEPs overlapped in terms of
description, they were combined, thereby reducing the overall number.
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The end product of the audit was a final list of all FEPs, still retained under the 8
categories, which have to be considered in the SKI scenario development work.
The main headings for these FEPs are shown in the Table below.

FEPNAME: HEADER

•L WASTE CATEGORY

Waste characteristics: initial (SYSTEM DESCRIPTION)

Radionuclide decay and growth

Radiological/radiation effects

Gas generation and effects

Heat generation

Thermo-mechanical effects

Thermo-chemical effects

Electro-chemical effects

Waste degradation/corrosion/dissolution

Geochemical reactions/regime

Radionuclide chemistry

Specific factors

2. CANISTER CATEGORY

Canister materials/construction (SYSTEM DESCRIPTION)

Corrosion/degradation processes

Gas production and effects

Microbiological effects/microbial activity

Thermo-mechanical effects

Electro-chemical effects

Stress/mechanical effects

Geochemical reactions /regime

Radionuclidc transport through containers

Specific factors

3. BUFFER/BACKFILL CATEGORY

Buffer/backfill characteristics (SYSTEM DESCRIPTION)

Resaturation/desaturation

Mechanical effects

Thermal effects

Electro-cherr.ical effects

Gas effects
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Microbiological effects/microbial activity

Backfill degradation

Geochemical regime

Radionuclide transport processes

Radionuclide chemistry

Specific factors

4. REPOSITORY/NEAR-FIELDROCK CATEGORY

Near-field rock; repository elements/materials (SYSTEM DESCRIPTION)

Repository degradation

Hydraulic effects/ground water flow

Mechanical effects

Thermal effects

Gas effects and transport

Microbiological /biological activity

Geochemical regime

Radionuclide chemistry

Radionuclide transport processes

Specific factors

5. FAR FIELD CATEGORY

Rock properties (SYSTEM DESCRIPTION)

Hydrogeological effects

Physical /mechanical effects

Thermal effects

Gas effects and transport

Microbiological/biological activity

Geochemical regime

Radionuclide chemistry

Radionuclide transport processes

Specific factors

6. BIOSPHERE CATEGORY

Human considerations

Ecological factors

Soil/sediment effects

Surface/near-surface water processes

Coastal water /ocean processes
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Gas effects

Microbiological/biological activity

Geochemical regime (general)

Radionuclide chemistry

Radionuclide transport processes

Radiological factors

Specific factors

7. GEOLOGY/CLIMATE CATEGORY

Seismic events/major land movement

Rock deformation

Metamorphic processes

Erosion /weathering (surface)

Groundwater flow and effects

Surface water flow and effects

Sea-level effects

Magnetic effects

Glaciation/glacial effects

Climate effects (natural)

Specific factors

8. HUMAN INFLUENCES CATEGORY

Inadvertent intrusion into repository

Surface activities

Subsurface activities

Water use

Agricultural and fisheries practices

Specific factors
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Chapter 4

Level One: System Identification

Building Process influence Diagrams
Chapter 2 explained the rationale behind the choice of the influence diagram
approach for the level one system identification exercise, and the decision to
build, first of all, a Process Influence Diagram (PID) for a general version of the
process system, incorporating aTl the FEPs which had been identified as relevant
to the disposal system and which it would consequently be necessary to consider
at some point.

The first step in system identification 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. As discussed in Chapter 2
(see also Figure 2.1), the SITE-94 Process System contains the repository and its
engineered barrier system, the geosphere (far-field), and all the processes of
radionuclide release and migration within these boundaries. The KBS-3 concept
was used as the basis for repository and engineered barrier components of the
process system, with the exception of substituting a composite steel and copper
canister for the pure copper canister. 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.

4.1 Constructing the General Version of the PID

To facilitate construction of the PID, the Process System was divided into five
main regions representing the different barriers in the KBS-3 disposal concept.
The main components represented in each of these regions are as follows:

Region

Fuel and Canister

Bentonite Buffer

Tunnel Backfill

Near-Field Rock

Far-Field Rock

siutcipAi cowpon£Afs .>

Fuel elements, including metallic parts
Canister filling material
Steel container
Copper canister

Compacted bentonite in canister deposition hole

Sand/bentonite mix in tunnels above deposition holes

Rock surrounding deposition holes and runnels which is disturbed by
excavation and presence of the repository

Geosphere, and some features of the biosphere
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The outline structure of the general PID incorporating these five regions is
shown in Figure 4.1. All subsequent PIDs were developed from the general PID.

Fuel

Far-

& Canister

Field Rock

Tunnel Backfill

Bentonite Buffer

Near-Field Rock

Figure 4.1 Structural layout of the PIDs

FEPs from the unscreened list in the SKI/SKB report (Andersson, op. cit.) were
then introduced into the PID as boxes with a FEP name, in each of the five
regions where they could occur.

The FEP boxes in each region were then ordered so that those affecting barrier
performance lay 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 (Figure 4.2).

Within each region, interactions between FEPs were identified and represented
on the PID by arrows linking pairs of FEPs and showing the direction of the
influence. Having established interaction within regions, the next step was to
include all the influences from one region (barrier) to another, using the same
methodology. Some of the FEPs from the SKI/SKB list are represented as
influences, rather than as boxes. In some cases there are influences in both
directions between two FEPs, which are represented by separate arrows. There
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may also be different types of influences between two FEPs, again represented by
separate arrows. Each influence arrow was designated with a unique code.

It is important to ensure that 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). During this stage it was found that
more FEPs than those present in the SKI/SKB list had to be introduced to
describe the behaviour of the process system. The preliminary version of the PID
for the general process system was then audited against an extended FEP list, as
described in Chapter 3, and additional FEPs included as either new FEP boxes or
new influences. Appendix 1 provides a complete list of all the FEPs which were
eventually included in the general version of the PID, while Appendix 2 shows
all the influences. Appendix 3 indicates briefly the nature of these influences.

Barrier degradation; temperature;
water and gas movement

^

t i
Water chemistry;
barrier properties

Radionuclide transport &
retardation processes

Radionuclide
release from

barrier

Figure 4.2 Organisation of FEPs within each barrier region of the PID.

The PID was constructed using commercial project management and business
development software. The Business Modeler code was selected for this exercise,
although a number of similar packages would also provide appropriate tools.

In order to maintain a comprehensive record, and to avoid confusion or
misinterpretation, a set of FEP documents was 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
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the modelling software, to form a FEP database. Similarly, each influence was
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 sections
4.2 and 5.2). Figure 4.3 shows the general structure of the database supporting the
PID and its constituent files, which are also listed in Table 4.1. Some of the files
contain information on where in the AMF the FEPs and influences are taken
care of (see Chapter 6). Figures 4.4 to 4.6 show examples of typical FEP and
influence records from this database.

information

Scenario definition

Expert Group
identity

- I " "

ider

Central
scenario

: file marking

Figure 4.3 Summary structure of the database supporting the PID. The constituent files are listed in
Table 4.1.
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Table 4.1 The files contained within the PID database.

File 0: Summary SITE-94

Expert Group identification
Group identification for Scenario Working Group Meeting
Group identification for AMF Working Group Meeting

Scenario definition
Reference Case
Central Scenario

List of Links and FEPs in PIO
List of Links and FEPs in the Reference Case (full, IL=10, IL=8, IL=6)
List of Links and FEPs in the Central Scenario (full, IL=10, IL=8, IL=6)

File 1: Description of FEPs

Description of FEPs coupled with PIO, Reference Case
List of FEPs and filenames
FEP descriptions

Description of external FEPs coupled with PID, Central Scenario
List of FEPs and filenames
FEP descriptions

File 2: Link description and protocols (Fuel and canister)

Fuel
Short description of Links/influences for fuel
Protocols for Links/infiuences for fuel, Reference Case and Central Scenario

Canister
Short description of Links/influences for canister
Protocols for Links/influences for canister, Reference Case and Central Scenario

File 3: Link description and protocols (Bentonite buffer and tunnel
backfill)

Bentonite buffer
Short description of Links/influences for Bentonite buffer
Protocols for Links/influences for bentonite buffer, Reference Case and Central Scenario

Tunnel backfill
Short description of Links/influences for tunnel backfill
Protocols for Links/influences for tunnel backfill, Reference Case and Central Scenario

File 4: Link description and protocols (Near-field rock, geosphere
and external Links)

Near-field rock
Short description of Links/influences for near-field rock
Protocols for Links/influences for near-field rock, Reference Case and Central Scenario
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Geosphere
Short description of Links/influences for geosphere (far-field rock)
Protocols for Links/influences for geosphere (far-field rock), Reference Case and Central Scenario

External Links
Short description of external Links/influences for Central Scenario
Protocols for external Links/influences for Central Scenario

File 5: AMF Protocols, Reference Case, FEPs

List showing the coupling of FEPs in PID to AMF for the Reference Case (IL=10)
List of FEPs and filenames in the database
AMF protocols coupled with PID for the FEPs

File 6: AMF Protocols, Reference Case, Links

List showing the coupling of Links in PID to AMF for the Reference Case (IL=10)
AMF protocols coupled with PID for the Links

File 7: AMF Protocols, Central Scenario, Links & FEPs

List showing the coupling of Links in PID to AMF for the Central Scenario (IL=10)
List showing the coupling of FEPs in PID to AMF for the Central Scenario (IL=10)
AMF protocols coupled with PID for the Links - Central Scenario *
AMF protocols coupled with PID for the FEPs - Central Scenario *

* Please note: in addition to protocols in this file also consider all Links and FEPs in the Reference
Case

Table 4.1 (continued)
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FEP: Chemical alteration of buffer/backfill

Description: Interactions with components in the groundwater, chemical reactions with dissolved species
from canister corrosion and concrete leaching and thermal load may chemically alter the buffer/backfill material
and thereby lead to changes in physical and chemical properties. The effects of thermal load are covered in
FEP Thermal degradation of buffer/backfill material'.

Replacement of sodium in the bentonite by calcium in the water by ion-exchange will lead to a decrease in
plasticity and swelling ability of a sodium-based bentonite. Calcium in the water may together with carbonate
dissolved from the bentonite form precipitates of calcite. The possibility of this process is highest during the
high temperature period since the solubility of calcite decreases with increasing temperature. Precipitation of
calcite, cementation, may lead to a blocking of pores in the buffer/backfill and to a reduction in elastic
properties.

Copper and iron dissolved during the corrosion of the canisters may interact with the bentonite in the buffer by
ion-exchange where sodium is replaced by copper or iron. These processes occur in competition with sodium-
calcium exchange and are expected to have a similar effect on the physical properties of the bentonite buffer
as the sodium-calcium exchange. In addition, copper and iron may precipitate in the buffer leading to reduced
porosity but also to a reduction in elastic properties of the buffer.

If the water in contact with the bentonite buffer/backfill is affected by concrete leaching, hydroxide ions in the
water may interact with smectite forming zeolites and hydrosilicates which will reduce the elastic properties of
the buffer. However, smectite has a high pH-buffering capacity.

Precipitation in the buffer/backfill of elements leached from the spent fuel will reduce the porosity of the buffer
and may also cause cementation and reduction in plasticity.

Chemical degradation could also be caused by material deficiencies or by unexpected chemical composition of
the groundwater.

Cause: Interaction between buffer/backfill and dissolved elements in the water and changes in chemical
conditions causing precipitation of elements.

Effect: The result of chemical degradation could be a reduction of swelling capability leading to increased
hydraulic conductivity or cementation and reduction in plasticity which increases the risk for channelling
effects. Precipitation in the pores could result in a reduction of the permeability of the material.

Modelling aspects: No entry.

Others: The FEP was renamed at SKI/Kemakta meeting, September 9,1993, from 'Chemical degradation of
buffer/backfill' to 'Chemical alteration of buffer/backfill'.

References:
FEPs 3.1.1, 3.1.7 and 3.1.10 in SKI/SKB Scenario Development Project, SKI Technical Report 89:14.

Pusch, Kärnland; Preliminary report on longevity of montmorillonite clay under repository related conditions,
SKB Technical Report 90-44.

Pusch, Börgesson; Performance assessment of bentonite clay barrier in three repository concepts: VDH, KBS-
3 and VLH, SKB Technical Report 92-40

Birgersson, Skagius, Wiborgh, Widen; Project Alternative System Study - PASS: Analysis of the long-term
safety of repository concepts, SKB Technical Report 93-43.

Figure 4.4 Example of a FEP record in the database
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I

Influence no: GE12

Surface water chemistry - Groundwater chemistry

Specification

Influence of the chemistry of recharging surface water on the chemical composition of the groundwater, e.g. pH,
redox conditions and content of complexing agents.

Protocol

Decisions:

Include i L

Reference Case Yes 8

Central Scenario
Sea-level changes Yes 8
Permafrost Yes 10
Glaciation Yes 10

Group ID

Far-field

SKI/Kemakta
SKI/Kemakta
SKI/Kemakta

Date

May 24,1993

September 30, 1993
September 30,1993
September 30,1993

Figure 4.5 Example of an influence record on the database. The record comprises a number of
sections: the influence specification and a Protocol which describes the decisions taken for that

influence in the Reference Case and Central Scenario.
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GE 12: Reference Case

Group ID: Far-field

Decision Keywords

IL = 8

Date: May 24.1993

Knowledge
Well-known: Limited: X Poorly known:

Experimental evidence:
Conservative estimate:
Speculation:

Fast:

High:X

Kinetics

Time scale: X

Scales of impact on target FEP

Spatial variation:

Synergy (link effects the importance of other links): X

Sensitivity to EFEPs

Always: Sometimes: X

Considered in other assessments

Always: Some:

Group consensus

Yes: X No (Majority opinion):

Expertise

Expertise: Educated guess: X

Non-physical:

Slow:

Low:

Never:

None:

No expertise:

Free text (decision explanation, suggestions for changes in commentary):

Surface water chemistry obviously influences the groundwater chemistry but the scale of impact depends on
groundwater flow paths and timescales. For the reference case, the scale of impact could be low. It is also very
much EFEP dependent.

Figure 4.6 Example of the record made for an influence (GE 12) by the group considering the
Reference Case (see section 4.2).
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The general PID eventually constructed contained 161 FEP boxes and 668
influences, and comprised a complex and extensive diagram requiring a printed
size of about 2m2 to be viewed and used manageably.

A part of the bentonite buffer region of the PID for the Reference Case (see
section 4.2 for a full description) is shown in Figure 4.7. The boxes in the upper
part of the figure represent FEPs which affect the performance of the bentonite
buffer, for example. 'Bentonite swelling', 'Thermal degradation' and 'Chemical
alteration'. Boxes representing FEPs which affect radionuclide transport in the
buffer, such as 'Sorption', ' Diffusion' and 'Anton exclusion', are found in the
bottom part of the figure, below the boxes representing 'Water chemistry
bentonite buffer' and 'Properties of bentonite buffer'. The coded arrows between
the FEP boxes symbolise identified interactions between the FEPs.

To clarify the meaning of FEPs and links in the PID, each FEP and link is defined
in documents coupled to the PID. For example, consider the FEP 'Chemical
alteration of buffer' in Figure 4.7, which is an example of a FEP affecting barrier
performance. The FEP description coupled to the FEP box in the PID is given in
Figure 4.4. This FEP interacts with the FEP "Water chemistry, bentonite buffer'
through links BE24 and BE19 (Figure 4.7). The arrow coded BE24 is defined as
the influence of water chemistry, for example pH, concentration of calcium,
carbonate, potassium, iron, copper etc, on chemical alteration of the buffer, and
the arrow coded BE19 as the influence of chemical alteration of the buffer on
water chemistry, for example on the concentration of sodium, calcium,
carbonate, iron, organic compounds, sulphate, sulphide etc.

The FEP 'Chemical alteration of buffer' also influences the FEP 'Properties of
bentonite buffer'. The impact on buffer properties is described by three links:
BE60, BE61 and BE86 (Figure 4.7). The link BE60 is defined as reduced plasticity of
the buffer due to cementation effects, and the link BE61 as changes in buffer
porosity due to precipitation and dissolution of precipitates in the pores in the
buffer. The arrow coded BE86 is specified as the influence of chemical alteration
on mineralogical properties of the buffer of importance to sorption.

'Sorption, buffer' is an example of a FEP which affects radionuclide transport in
the buffer, and this influence is described by the link BT8 in the PID (Figure 4.7).
Other possible effects of sorption are:

• radiolytic decomposition of water in the buffer caused by radiation from
sorbed, decaying radionuclides, link BE144 to 'Radiolysis, buffer' and

• changes in sorption capacity of the buffer (saturation effects), link BE90 to
'Properties of bentonite buffer'.

FEPs potentially affecting sorption are: 'Water chemistry bentonite buffer',
'Properties of bentonite buffer', 'Temperature bentonite buffer', and 'Microbial
activity, buffer". The impact from water chemistry are defined in links BE82 and
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BE102, where BE82 represents the influence of redox, pH, complexing agents,
competing cations etc, on sorption, and BE102 the influence of dissolved
radionuclides originating from other sources than the spent fuel (isotopic
dilution). The 'Properties of the bentonite buffer' affect sorption through links
BE84 and BE143. Link BE84 defines the influence of mineralogical properties and
BE143 the influence of accessible surfaces in the buffer on sorption. The link
BE132 defines the influence of 'Temperature' on sorption kinetics, and link
BE 105 the influence of 'Microbial activity' in terms of effects on sorption by
microbes attached to mineral surfaces in the buffer.

The influences between FEPs differ in importance, but in constructing the
general version of the PID, the aim was to identify as many as possible of the
interactions between FEPs and include them as links in the PID without
considering their importance. Since the importance of an influence may be
scenario dependent, the scenario premises have to be defined before judging the
importance of the links. The numbers given within brackets after the link codes
in Figure 4.7 are the importance levels (II values) ascribed to the influences for
the Reference Case. This scoring of the importance of the influences is described
in section 4.2.

4.2 Development of the PID for the Reference
Case

The general PID formed the basis from which all subsequent scenario and
performance assessment calculation case development could take place. The first
step was the definition of a Reference Case which would incorporate a number of
basic assumptions about the state of the disposal system immediately after
repository closure, and which would be applicable to all scenarios subsequently
considered. Amongst these was the assumption of some initially failed canisters,
effectively meaning that all processes affecting radionuclide mobilisation and
transport would be effective in the early post-closure period. In some scenario
terminologies, this assumption might be called an 'initiating FEP'.

In SITE-94 it was decided to view the Reference Case as a set of assumptions,
rather than a realistic example of external conditions. This avoids the necessity of
discussing whether it should include the 'known' time evolution of climate and
other external conditions. Instead, the effect of climate evolution is handled by
the Central Scenario (see Chapter 5). However, the evolution of the repository
barriers under the Reference Case assumptions may not differ much from their
evolution in the Central Scenario. The difference between system behaviour in
each case should give information on how sensitive the disposal system might
be to external influences. If the system is robust, the differences may be small. In
summary, the Reference Case assumptions were defined as follows:
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An unspecified number of the emplaced canisters have a pin-hole in the
outer copper canister. The pin-holes have not penetrated the inner steel
container, and the identity of the 'initially failed' canisters is not known.
The remaining canisters comply with manufacturing and acceptance
specifications.

The bentonite buffer is unsaturated at the time of closure.

Tunnels are backfilled and sealed according to specification but remain
unsaturated until repository closure.

4 Present day climate and surface environment persist indefinitely, and
there is no human interference with the process system.

5 Biosphere receptors are discharge to the sea and to a drinking water well.

Using this definition it was then possible to convert the PID for the general
process system into one which described the Reference Case. A formal symbolic
notation was adopted, and this version was denoted as the PID, RF. The
mechanism for making this conversion was via a three day expert group
meeting, whose objectives were to:

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

• to prepare the PID, RF by attributing 'importance levels' (II values) to each
of the influences in the general PID for the Reference Case assumptions.
This would 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 earlier in Section 2.3.2.

The participants split into two groups, one dealing with the near-field, the other
with the far-field. The groups met in separate rooms, with frequent brief plenary
sessions to compare notes on how the task was proceeding. Each group worked
around a plasticised paper wall-chart version of the complete general PID which
allowed easy tracing of influences and marking-up of completed sections of the
diagram using coloured pens. The basic steps in the evaluation process were to:

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

From this record it would then be possible to construct various versions of the
PID, RF which incorporated only those influences relevant to different I I
degrees of belief. The review and auditing of the general PID and the
construction of the PID, RF effectively took place simultaneously. On the audit
side, modifications which would improve the PID were identified, such as
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defining some of the FEPs as influences, combining influences with similar
meaning and adding new influences and FEPs. In addition, improvements to the
FEP database descriptions and influence definitions were proposed. The complete
diagram for the PID, RF is presented in the pocket at the end of this report.

It is worth recording the procedure adopted in some detail. Each group selected a
specific FEP from which to start their evaluation. The near-field group began
with 'radioactive decay' where it occurred in that part of the general PID affecting
the waste and the container. This was a convenient starting point as no
influences entered the radioactive decay FEP box on the diagram. The far-field
group began with 'groundwater flow'. Each influence exiting from the FEP was
discussed, using the brief influence descriptions from the database. The impact
on the 'target' FEP was considered in the context of the reference state being
addressed in the PID, RF . An I I value was attributed to each influence for this
context, using the 0, 2, 4, 6, 8,10 scale values described in Section 2.3.1. The
groups had to be reminded frequently when assigning these values that they
should only be considering the direct impacts on the target FEP and not trying to
guess too far ahead what the overall significance of an influence would be in the
whole Process System. Equally, they should not be trying to think how the
influence might be evaluated or modelled. The reason for assigning the I I
value chosen was recorded on a protocol sheet for each influence. The principal
items recorded were:

• the state of overall knowledge about the mechanisms concerned
• the expertise base of the group on that issue
• whether the value was agreed or a majority opinion
• whether the influence was likely to be susceptible to the impacts of EFEPs.

In addition, where necessary, a few sentences were added to the protocol sheet to
explain the reasoning of the group. An example of a protocol sheet for an
influence is given in Figure 4.6.

All influences entering or exiting from a FEP were completed before an adjacent
FEP was considered. Where several influences connected two FEPs these were
first considered as a group to see whether the diagram could be simplified, and
also to ensure that all potential for interactions between 'parallel' influences was
being evaluated. The wall-chart was marked up to show progress. Influences
which had been scored greater than 5 were marked blue; those less than 5, and
hence to be excluded from the PID, RF , were marked red. Completed FEPs were
marked blue, or red if they were to be excluded on the grounds that all
influences exiting from them had been scored less than 5 (in other words the FEP
had no influence on other FEPs leading to radionuclide release). New influences
were marked in orange (with a red or blue flash to denote scoring), and
influences which had been modified in some way (e.g. re-routed) were marked
green, again with scoring flashes. In this way it was possible to track progress and
organise the discussion logically.
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Ideally, the end result of the exercise should be a peer reviewed influence
diagram (i.e. with obvious errors corrected) and influence levels ranging from 0-
10, valid for the Reference Case assumptions. This rather general PID was
designated PID, RF. If only the influence levels above a certain value were to be
considered the influence diagram would be reduced (containing less links and
FEPs). It was anticipated that some of the influence levels would potentially
change if the Central Scenario, or other external FEPs, were applied, but the
influences as such were not expected to be altered.

At the end of two and a half days (about 20 hours of useful work) the far-field
group had completed its evaluation of the whole of the far-field component of
the general PID and, in constructing the PID, RF, had added substantially to the
influences originally marked. The near-field group had completed about half of
their section of the diagram. Having started by looking at FEPs related to the
waste and effectively 'moving out' through the engineered barriers, the group
had just 'emerged' from the copper canister at the end of the meeting. Some
influences had been excluded altogether or corrected during the exercise. A large
number of influences scored below 5 and even more scored below 10, thus
allowing for considerable simplification of the reduced influence diagrams for
the Reference Case. Both groups worked at about the same rate, dealing with
between 6-10 influences an hour.

A full range of scores was used by both groups. At the outset it had been feared
that the breadth of scoring options might prove difficult to use, or have little
real meaning. The protocol sheets proved useful, but many of the reasons
'available' on them for attributing a score had not been used at all, and a
simplified free text description version was used for subsequent work. In fact, it
turned out afterwards that this simple free text was essential in order to
understand how the group had reasoned and, thereby, to maintain confidence in
the decisions of the group. The inclusion of new influences and connections
arose informally, largely as a result of lateral thinking by the groups. A
formalised elicitation approach to seeking new influences for each FEP studied
was not attempted as it was considered that the very slow and deliberate process
of evaluating the diagram as it existed channelled thought in this direction in a
sufficiently rigorous manner. However, as with the earlier FEP audit, the
possibility of unenvisaged FEPs and influences being identified later by other
groups obviously exists. The influence diagram approach does, however, allow a
structured method for incorporating any such arisings and allowing
consideration of their impacts. The size and composition of the groups had been
ideal to promote discussion and reach consensus in most cases. Subsequently,
using a smaller group, it took a further 6 meetings and 6 days to complete the full
PID, RF.

Following the meetings, reduced versions of the PID, RF were prepared for two
importance levels, 6 and 10, denoted PID, RF (IL = 6) and PID, RF (IL = 10)
respectively. This was done simply by removing all influences with lower I I
values, and all FEPs which thereby became completely disconnected. These
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diagrams contain substantially less information than the full PID. Whilst the full
PID, RF contains 668 influences, the PID, RF (IL = 6) contains 469, and the FID, RF
(I I = 10) only has 257, consequently being substantially more manageable. Both
the PID, RF and the PID, RF (IL = 10) are presented in full in the back pocket of
this report.

The same extract of the PID for the Reference Case as shewn in Figure 4.7 is
depicted in Figures 4.8 and 4.9 for importance levels 6 and 10, respectively. A
comparison of Figure 4.8 with Figure 4.7 illustrates the effects of removing
influences with IL values less than 6 from the PID, RF to obtain the PID, RF (IL =
6). Some examples of influences with I I values less than 6 and the reasons
behind their scoring are given below.

Link BE135 between the FEPs 'Microbial activity, buffer' and 'Properties of
bentonite buffer' (see Figure 4.7) represents a reduction in permeability and
secondary porosity of the buffer due to clogging of microbes. This influence was
ascribed I I = 0, since it is believed that the microbial population will probably not
be high enough to cause clogging and, furthermore, disregarding the effect is
conservative. Another example of an influence which could be disregarded at I I
= 6 is radiolytic decomposition of bentonite water caused by radiation from
sorbed decaying radionuclides (link BE144 from 'Sorption, buffer' to 'Radiolysis,
buffer' in Figure 4. 7) . This effect was judged to be less than the effect of
precipitated radionuclides and therefore ascribed I I = 2, while the effect of
precipitated radionuclides (link BE42 from 'Precipitation/dissolution, buffer' to
'Radiolysis, buffer') was assigned I I = 6. Thus, the effect of sorbed, decaying
radionuclides (link BE144) could be disregarded while the effect of precipitated,
decaying radionuclides on radiolytic decomposition of bentonite water (link
BE42) should be considered at I I = 6 (see Figure 4.8).

By removing influences scored less than 6 a number of FEPs became
disconnected. One such example is 'Gas generation, buffer' (see Figure 4.7). Gas
generation could be caused by radiolytic decomposition of bentonite water (link
BE11 in Figure 4.7) and by microbial activity in the buffer (link BE16 in Figure
4.7). Both these sources were scored less than 6 which implies that gas generation
in the buffer could be disregarded at I I = 6 in the Reference Case.

The PID, RF ( I I = 10), shown in Figure 4.9, only contains influences with I I = 10,
and is obtained from the PID, RF ( I I = 6) by removing all influences with I I
values 6 and 8. 'Sorption' and 'Precipitation/dissolution' are examples of FEPs
that should be included in an analysis of the radionuclide transport through the
buffer in the Reference Case at IL = 10 (links BT7 and BT8 in Figure 4.9). In
evaluating the extent of sorption, the mineralogical properties (link BE84) and
the amount of accessible surfaces (link BE143) in the bentonite buffer should be
considered as well as the water chemistry in terms of redox, pH, complexing
agents, competing cations, etc (link BE82).
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The water chemistry and the establishment and propagation of a redox front in
the buffer (links BE46 and BE45) are important aspects to be considered in
estimating the possibility and extent of precipitation/dissolution in the buffer.
The influence of the concentration in the water of the same elements,
originating from other sources than the spent fuel (isotopic dilution), on
sorption in the buffer (link BE102 in Figure 4.8) and on precipitation/dissolution
in the buffer (link BElOl in Figure 4.8) are examples of effects that should be
considered at I I = 6, but could be disregarded at I I = 10.
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Figure 4.9 The same part of the PID, Reference Case shown in Figure 4.7,
but for IL = 10.
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I
Chapter 5

Level Two: Scenario Identification

The Central
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. It was
decided that, for the SITE-94 analysis, a full account must be taken of predicted
changes in the climate of Sweden, and that a deterministic description of the
impact of the most likely sequence of climatic events on repository evolution
should be analysed. This Chapter describes the first step in the level two analysis
of scenario identification based on this concept; the remainder of level two is
described in Chapter 8.

For this reason it was decided to develop a 'Central Scenario' which incorporated
climate change, and that an appropriate version of the PID should be constructed
which took account of a prescribed climate and surface environment model. This
Central Scenario PID (the PID, CS) would then form the basis from which all
other scenarios (termed Supplementary Scenarios in SITE-94: see Chapter 8)
would be developed. In other words, if a scenario to evaluate, say, the impact of
mining needed to be developed, then its timing and impacts should be
superimposed on the central, climate change scenario.

The Central Scenario thus required the following main components:

• a deterministic description of the most probable climate state for Sweden,
with special reference to the Äspö 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, RF could be identified and
impacts tracked quantitatively through the influence diagram to produce a
PID,CS.

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
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description which also extended some 10,000 years into the past (see King, et al,
1994).

5.1 Description of the Central Scenario

The climate models used for this study suggest glaciations at c. 5,000, 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 Björck & Svensson (1992) with some
modifications due to input from Me Ewen and de Marsily (1991) and Svensson
(1989). The proposed evolution of the future climate is presented briefly, in note
form, below:

0-10 000 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 c. 1000 m - no ice in Stockholm or southwards. Crustal
downwarping of c. 300 m 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 Äspö 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 decreases.

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 perhaps 5000 years. The ice sheet is estimated to reach
the Stockholm area but probably not the Äspö region. Ice thickness in the central
part of the ice sheet will be c. 1500 m, while the ice sheet thickness in the
Stockholm region will be c. 800 m. Crustal downwarping of about 500 m in the
central part of the ice sheet and c. 60 m in the Stockholm latitude. During
deglaciation, when the ice front is located at the Stockholm region, the sea-level
is estimated to be c. 25 m below present day sea-level. At Äspö sea-level will drop
to c. -50 below present day sea-level. The total effect of the glacial loading at Äspö
is difficult to evaluate, but probably not large. Permafrost conditions down to
southern Sweden. The water in the Baltic will be fresh, but probably in level with
the oceans due to erosion at its outlets.

30 000 - 50 000 years. Interstadial with a dry and cold climate (like the climate
today on Greenland). Glaciers in the Swedish mountains and permafrost in
northern Sweden. In the Stockholm region the eustatic rise of sea-level and
decreasing isostatic uplift will result in a sea-level c. 30-40 m below present day
sea-level. At Äspö not much isostatic uplift but a eustatic sea-level rise of maybe
10-20 m. Thus the sea-level will be at c. 30-40 m below present day level. The
Baltic will be mainly fresh, but some saline water will probably enter.

50 000 - 70 000 years. Full glacial conditions. Due to the previous cold conditions
the ice sheet will respond more rapidly. The glacial culmination will be around
60,000 years. The ice sheet will cover whole of Sweden down to north Germany,
comparable to the maximum of the Weichselian glaciation. Ice sheet thickness in
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the central part c. 3000 m. In the Stockholm region the ice thickness will be c.
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 c. 700 m in
the central part of the ice sheet, c. 600 m in the Stockholm area and at Äspö the
downwarping could be c. 500 m. During deglaciation, when the ice front is
located at the Stockholm region, the sea-level is estimated to be c. 150 m at
Stockholm and at the same time c. 80 m above present day coastline at Äspö.
There could also be a damming of the Baltic to 10-30 m above ocean level. The
Baltic is mainly fresh but during deglaciation saline water may enter the Baltic
through isostatically depressed areas. Permafrost 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 c. 700 m
in the central parts of the previous ice sheet, c. 600 m at Stockholm and 500 m at
Äspö. 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 in the very north. Parts of southern Sweden could be
resettled and farming might be possible. Sea-level and salinity similar to present
day all over and the land uplift will restore the land-surface to approximately its
present state. Permafrost 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 in large areas outside the ice-margin. In the
Stockholm region maximum ice thickness is estimated to be c. 1500 m, and at
Äspö c. 1000 m. Downwarping of the ground with c. 500 m at Stockholm during
the main phase of the glaciation. At Äspö the maximal downwarping will be a
little less than at Stockholm, maybe 400 m. The relative sea-level at Stockholm at
deglaciation will be c. 100 m above present day coastline. The sea-level at Äspö at
deglaciation may be c. 80 m above present day sea-level, but damming of the
Baltic to 10-30 m above ocean-level is possible. The Baltic is mainly fresh but
during deglaciation saline water may enter the Baltic through isostatically
depressed areas.

120 000 -130 000 years. Interglacial. The next warm period with a climate similar
to the present in whole Scandinavia. Sea-level and salinity in the Baltic similar
to the present.

The Central Scenario developed comprises a sequence of scenarios 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 5.1.

5.2 Construction of the PID, CS

Armed with the detailed description of the Central Scenario, the next step was to
produce a modified version of the PID, RF which reflected impacts of the EFEPs
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contained within the central scenario description.

In SITE-94, the Central Scenario was being developed in parallel with the
production of the various PIDs. The PID, CS was thus constructed with only a
very sparse description of the time sequencing of changes in surface
environment available: the impacts on bedrock processes and properties had not
been considered at this stage. Thus only the broad EFEP titles available from the
FEP audit, such as 'Glaciation', 'Permafrost' and 'Sea-Level Change', were applied.
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Figure 5.1. Predictions and observations of global eustatic sea-level and, locally for Äspö; sea-level
variations, ice cover, glacio-isostasy, and Baltic salinity comprising the Central Scenario for

SITE-94 (King, et al, 1994).

In reality, the fully developed scenario description contains very much more
detail than these simple EFEP descriptions. In the Central Scenario, these general
EFEPs are effectively divided into a somewhat larger number with substantially
more description of their impacts on the Äspö site. For example, the 'permafrost'
EFEP was analysed in some detail when constructing the Central Scenario, to the
extent that the depths and times of penetration of freezing into the bedrock wei3
well characterised. This would enable a more qualified application of this EFEP to
the PID. The full descriptions of quantitative impacts were, however, available by
the time that performance assessment calculation cases were being developed
(see Chapter 7).

58



The general version of the PID, RF was taken as the starting point for this
exercise. The modus operandi was the same as that described in the previous
Chapter for the production of the PID, RF, using small expert working groups,
and documenting each decision on protocol sheets as the work progressed.

The EFEPs selected for the Central Scenario were 'Sea-Level Change', 'Permafrost'
and 'Glaciation'. First, those FEPs within the PID, RF which would be the initial
impact points for the EFEPs ('primary target FEPs') were identified. The primary
target FEPs identified for the EFEPs were:

• Permafrost:
- surface water chemistry
- external flow boundary conditions, and
- temperature, far-field

• Sea-level changes:
- surface water chemistry, and
- external flow boundary conditions

• Glaciation:
- surface water chemistry
- external flow boundary conditions, and
- stress field, far-field

The impacts were defined and recorded in the database in the same way as was
done previously with the influences.

Second, the influences downstream of each primary target FEP were re-
evaluated, considering the potential disturbances which could be caused by the
EFEP. The importance levels attributed to each influence in the PID, RF were
changed as necessary. Clearly, this re-evaluation was 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, knowledge of the maximum thickness of permafrost and whether the
repository is ever frozen (McEwen and de Marsily, 1991), affected judgements on
the importance of several influences.

Where I I values leaving the primary impact FEP were found to be the same as
those in the PID, RF then there was no further re-evaluation of impacts further
along this particular chain of FEPs and influences. Otherwise, the sequence
would be followed until this condition was met. In some circumstances it was
found to be important to continue examination of influences beyond those
whose I I values had not changed. This occurred in circumstances where the
nature of the influence had been changed by the EFEP. If neither the nature of
the influence nor the score changed, then the impact of the EFEP was considered
not to propagate further in the direction being evaluated.
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It was assumed that any influences which had already been ascribed I I = 10 in the
PID, RF would not be altered in significance by an EFEP. In other words, if there
were already such vital influences for the PID, RF, they should be included in
any influence diagram affected by any EFEP.

The production of the PID, CS was done in an expert group which met on several
occasions. To facilitate the procedure and show progress, a wall-chart version of
the PID, RF was used. The EFEPs were added to this version of the PID, RF by
drawing boxes, one for each EFEP. The impacts on the primary target FEPs were
marked on the PID, RF by drawing links between the EFEPs and the primary
target FEPs. Different colours were used to separate the impacts of the different
EFEPs.

All influences leaving each primary target FEP were then re-evaluated,
considering the potential disturbances which could be caused by the EFEP. Each
influence was discussed to answer the question of whether the impact of the
EFEP would change the I I value or the nature of the influence. The answer to
the question and the motivations behind the answer were documented in
influence protocols for the Central Scenario. If impacts of more than one EFEP
had to be considered, one influence protocol was prepared for each EFEP. In
addition, the result of the evaluation was marked on the wall-chart version of
the PID, RF. Influences which did not change in score or in nature were marked
half-way along their route, using the colour representing the EFEP which causes
the impact. Influences which did change in score or nature were colour marked
all the way to the next FEP.

When all the influences leaving the primary target FEPs were evaluated, the
same procedure was repeated, stepwise, for all the FEPs downstream of the
primary target FEPs which were entered by a coloured influence line. In this
way, the 'routes' followed through the PID during the evaluation were
highlighted and the additional influences and FEPs which were activated by
imposing the Central Scenario EFEPs were easily identified.

It was found to be a relatively rapid process to produce the PID, CS compared
with the effort which had been required to put the original I I values into the
PID, RF. The majority of paths traced away from the primary impact FEPs did
not extend far into the PID.

Removing influences with I I values below 10 and 'dead-end' FEPs resulted in a
reduced version, the PID, CS ( I I = 10), which is presented in the folder at the end
of this report. An extract of the PID, CS ( I I = 10) is shown in Figure 5.2,
displaying a part of the far-field rock. The FEP boxes in the upper left corner
represents the Central Scenario EFEPs 'Glaciatiori, 'Permafrost' and 'Sea-level
changes'. These are via arrows linked to their primary target FEPs in the Process
System. The influences and FEPs which were affected by imposing the Central
Scenario EFEPs are bold in the figure. The I I values ascribed to the influences
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Figure 5.2 Part of the PID, Central Scenario (IL = 10).
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are given within brackets after the link codes. The first number is the Reference
Case I I and the remaining numbers are the Central Scenario I I where G stands
for 'Glaciatiori', P for 'Permafrost' and S for 'Sea-level changes'. A change in
nature of the influence is marked with a star after the I I value.

One primary target FEP for all three EFEPs is 'External flow boundary conditions'
This primary target FEP affects the FEP 'Groundwater flow, far-field' through
link GE93. This influence was already in the Reference Case ascribed I I = 10,
shown in the figure by the first number within brackets after the link code. No
change in nature of the influence due to the impact of 'Sea-level changes' was
identified, and consequently, it was not necessary to evaluate the impact of sea-
level changes on FEPs downstream of the FEP 'Groundwater flow, far-field'.
However, the impact of the EFEPs 'Permafrost' and 'Glaciation' would change
the nature of this influence. During permafrost, regional groundwater flow
could be much more important and, during glaciation, other ranges of pressure
heads and transient effects have to be considered compared with the Reference
Case.

The re-evaluation of the influences leaving the FEP 'Groundwater flow, far-
field' revealed that many of these influences would increase in importance or
change in nature due to the impact of 'Glaciation' and 'Permafrost'. One
influence whose score was increased to IL= 10 was the effect of groundwater
flow on rock stress (link GE59), since large variations in groundwater pressure
can occur during glaciation, and high groundwater pressures can significantly
reduce stress in joints and fissures. No change in importance or nature of this
influence compared to the Reference Case was identified due to impact of
permafrost.

Compared with the PID, RF ( I I = 10), the PID, CS ( I I = 10) contains 22 additional
influences 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. The reason for this is that all the primary
target FEPs for the Central Scenario EFEPs are found in the far-field. For the
canister, none of the influences between the FEPs had its score increased to I I =
10, and only one influence changed in nature. The number of FEPs increased by
11, of which 5 are far-field FEPs, 2 are near-field FEPs, 2 are bentonite buffer FEPs
and 2 are tunnel backfill FEPs.
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Chapter 6

Level Three: Modelling

Using PIDs in Performance
Assessment

The PID expresses the processes and links that should be considered in the
performance assessment for a certain importance level (II) and is thus a
structured approach to treating system uncertainty. However, the PID 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 level of analysis (the modelling level,
described in section 2.3) was to develop a methodology for incorporating the FEPs
and links of the PID into the PA component of SITE-94 and using the
judgemental information contained in the PID importance levels to account for
conceptual model uncertainty. The methodology must also be able to incorporate
parameter uncertainty into the definition of calculation cases for consequence
analysis.

6.1 The Assessment Model Flowchart

In order to address these issues the concept of the Assessment Model Flowchart
(AMF) was developed. The AMF was devised as a tool which would organize the
models, ideas, elaborations or computer codes that are used within the
assessment in the form of a flow chart, showing how information is treated in a
model and how the information would move from one model into another. In
SITE-94 the issues raised above have been 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

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

An additional motivation was to use the AMF to define the practical limitations
on information treatment that constrained 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
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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 proved
an ideal tool for doing this, by identifying modelling needs. In addition, the AMF
is a good tool for designing information processing. In SITE-94 the AMF-concept
has been used for such design purposes and the final AMF used is the result of
an iterative process.

6.2 Structure of the AMF

As with the PID, the AMF is represented as a relational data base 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. A portion of the general version of the AMF is shown
in Figure 6.1

I Radionuclide I
J thermodynamic
t database I

I I

Figure 6.1 A small section of the general version of the AMF, showing clearing houses (shaded),
modelling requirements (plain) and information sources (dashed).
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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 is a less formal means of processing information. It represents a
situation where input to a model is not made according to a pre-defined 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.

In developing the AMF for SITE-94 it was directly 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, openness of information transfer. Where clearing houses interact with
other clearing house there was found to be a risk of blurring information to an
unacceptable level.

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 receiving model or 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:

• it discusses how links and FEPs in the PID are handled in the assessment

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

• it identifies the people responsible for decisions

Figure 6.2 shows the structure of the documentation system supporting the AMF
and Table 6.1 shows the contents of the relevant files. This database is linked to
that for the PID, described in Chapter 4 in Figure 4.3 and Table 4.1.

Graphical information

I Expert group identity]

: file marking

Figure 6.2 Structure of the database underlying the AMF
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File A: Assessment Mode! Flowchart
List showing the coupling of Links and FEPs in the PID to the AMF for the Reference Case (l(_ =10)

List showing the coupling of Links and FEPs in the PID to the AMF for the Central Scenario (IL = 10)

AMF Protocols for Reference Case and Central Scenario

List of Sources in the AMF
Protocols for the Sources

List of Clearing Houses in the AMF
Protocols for the Clearing Houses

List of Models in the AMF
Protocols for the Models

List of Links in the AMF
Protocols for the Links

The AMF Flowchart

Table 6.1 Content of the AMF datafile

6.3 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 I I value. This problem was addressed by mapping the FEPs
and links in the PID onto the AMF.

The mapping was achieved through a series of documented meetings with
experts within the SITE-94 project. For practical reasons the mapping exercise
was, in the first iteration, limited to the PID, RF (IL=10).

A draft version of the AMF had been completed before the first mapping
meeting. The final version of the AMF is included in the pocket at the end of
this report and a list of the clearing houses, models and data sources it contains is
provided in Table 6.2. At the mapping meetings all FEPs and links of the PID
were treated one at a time, in a systematic fashion. Clearly, particularly at the
initial stages, the mapping discussions often resulted in modifications to the
AMF.

The procedure for the mapping was as follows. As each FEP or link was
evaluated, a check was made as to whether it was an obvious component of
either a model, a source or a clearing house in the AMF (see Table 6.3 for an
illustration of how this was recorded). If this was the case, then the FEP/link was
mapped to this AMF element. If it was not, then the FEP/link was mapped to the
most appropriate clearing house, and a short discussion included in the
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Table 6.2 Components of the AMF for the Reference Case

Clearing Houses

Boundary Conditions

Geology

Geochemistry

Hydrology

Rock Mechanics

Temperature

Gas

Buffer & Backfill
Analysis

Hydrogeochemical
Consistency

Geochemical Parameters
to Radionuclide Transport

Hydrological Parameters
to Radionuclide Transport

Rock Mechancial Impact
on the Near-Field

Canister Analysis

Inventory

Fuel Degradation and
Radionuclide Release

Colloid Transport of
Radionuclides

Biosphere Analysis

Radionuclide Transport
Results & Presentation

Models 1 Data Sources

Water Chemistry & Mineralogy-

Barrier System Water Chemistry

End-Member Waters

Surface Complexation

Discrete Fracture Network (simple
and detailed)

Early Flow Estimates

Statistical Flow Analysis

Stochastic Continuum

Flow-Wetted Surface

Regional Hydrology

Large-Scale Rock Mechanics

Deposition Hole Mechanics

Disturbed Zone Around Tunnel

Alpha Decay

Radionuclide Inventory

Continued Failure of Canister with
Pinhole

Helium Gas Generation

Oxidant Production Rate

Near-Field Radionuclide Transport

Far-Field Radionuclide Transport

Far-Field Colloid Transport of
Radionuclides

Well Doses

Dose Conversion

Thermodynamic Database

Temperature Studies
(Previous)

Site Specific Data

Repository Layout
Specification

Bentonite (Knowledge)

Kd Values (Knowledge)

Radionuclide
Thermodynamic Database

Corrosion Mechanisms
(Knowledge)

Microbial Activity
(Knowledge)

Radioactive Decay

Spent Fuel Characteristics

Spent Fuel Experiments

Canister and Barrier
Dimensions
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Table 6.3 Extract from the database recording how FEPs and links from the PID were accounted for
in the Reference Case AMF
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H19

H29

H19

LINKS and FEPs in PID, RF (IL= 10)

Gas Generation /Sources F-Field G E 5 6 O 0 ) Gas Flow & Transport F-Field

GroundwalerFlow-FarField G E 6 S ( 1 0 ) Grouyndwater Flow N-F Rock

Groundwater Flow-Far Field G E 7 K 1 0 ) Deep Saline Water Intrusion

Groundwater Flow-Far Field GE74(1O) Colloid GerVTrans. F-F.

Groundwater Flow-Far Field G E 7 5 I 1 0 ) Matrix Diffuvon F-F

Gru. idwater Flow - Far Field G E 7 6 (10) SorptJoo F-F

Properties ol Far Field Roc* G E 8 0 ( 1 0 ) StressFieW F-F

Stress Field-Far Field GE81( 10) Stress Field N-F

Temperature - Far Field G E 9 {10) Groundwanar cnemistry

External Flow Bound. Conditions GE93( 10) Groundwater Flow F-F

Diffusion • Far-Field G E 9 5 U 0 ) Groundwater Chemistry

Matnx Diffusion - Far-Field G E 9 6 ( 1 0 ) Groundwater Chemistry

Sorption - Far-Field G T l i ( i O ) Oebni Release of HNs from NF

Grounowater Flow - Far Field GT 15(10) Disbn t Release of RNs from NF

documentation on the possibility of improving the treatment of the FEP/link.
The options suggested were:

• items which could be dealt with in the clearing houses by carrying out
some form of scoping calculation

• items which could be addressed in clearing houses by making relatively
straightforward decisions or assumptions

• items not included in the AMF models (or clearing houses) and for which
no obvious easy assumption or scoping calculations could be suggested for
use in the SITE-94 assessment.

In practice, the distinction between these alternatives was somewhat arbitrary.
For each decision made, a protocol sheet was completed which included
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 could be suggested
for use in the SITE-94 assessment, then required specific attention. Once outlined
on the diagram, it was intuitively clear that these areas covered performance
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assessment issues which are widely acknowledged to be problematic, poorly
understood or generally rarely analysed. The following procedure was adopted to
handle these issues:

• a protocol sheet was completed for each item explaining the nature of the
problem (no conceptual model availab'e, 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 were made by the relevant clearing house as to how the issue
was 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. If the problem is significantly large, then this might
include some comment about whether the item ought to brought to the
attention of SKB as an unresolved but potentially important issue on
which they, rather than SKI, ought to focus resources.

The various decisions made during the mapping are central to the scientific basis
for the subsequent assessment and must be clearly documented in the AMF
database. The contents of each AMF component and of the accompanying text
documentation are shown in Table 6.4.

6.4 Information Transfer and Representation of
Conceptual and Parameter Uncertainty

The AMF is a tool to document the information transfer between various parts
of the assessment. This capability can be utilized to provide explicit
documentation of conceptual model uncertainty, including alternative
conceptual models, and parameter uncertainty. In summary the clearing houses
should contain (or provide proper reference to) the following information:

• 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.

• a discuss1 on of the quality of the information delivered

Each clearing house had the responsibility of providing uncertainty estimates for
all information that it delivered to other parts of the AMF. Where possible, this
uncertainty was quantified as correlated ranges o( the output parameters coupled
to a documented rationale for the selected ran^e?.. The ranges could then be used
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for formulating potential parameter variants to be considered for analyses by the
"receiving" models or clearing houses. (The concept and use of variants are
further discussed in the next chapter). If the uncertainties could not be quantified
into such parameter uncertainty, the clearing house documented the reasons, but
still provided a qualitative description of the uncertainty.

Table 6.4 Contents of AMF components and documentation

Component

Models

Clearing Houses

Links

Information
Sources

Content of Component

• literature reference to the
model

• list of FEPs/links required
by or covered in the model

• list of FEPs/links covered
by the clearing house

• discussion of how these
items are treated in SITE-
94

• parameter names of the
information being
transferred (input lists)

• a list of the information
that other AMF
components (users) require
from the source

Content of Accompanying Text
& Comments on Mapping

• No explanatory text accompanies
model descriptions

• All items must be discussed, with the
discussion in text or tabular form, or
linked to sections of the SITE-94
project report documentation.

• Where the treatment involves using
input from an information source, this
is recorded (which data; which
source)

• Where an item has also been mapped
to a model but included in a clearing
house owing to inadequate treatment
by the model, a discussion of the
problem is required.

• Record of items assigned to more than
one clearing house, and how
treatment has been co-ordinated.

• The sender is responsible for
providing the input list.

• PID influences are only mapped to
AMF links where there is one-to-one
correspondence.

• FEPs/links from the PID are not
mapped onto information sources.

One reason for parameter uncertainty could be differences in output from
different conceptual models that deliver information to the clearing house. If
there were alternative conceptual models that were intended to provide the
same information this could be displayed directly at the graphical interface of the
AMF. 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 found in Figure 6.3, which shows the alternative conceptual models available
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to the hydrology clearing house. The clearing house then had to decide how to
transmit the results of the alternative models further through the AMF. One
possibility could be to produce a suite of parameter variants representing ranges
produced by the different conceptual models.

H32

Discrate fracture
network; detailed

Statistical
analysis

Ecole des Mines

Stochastic
continuum

LBL

Hydrotogicar.
paraituAers-to.
fW-transporf •

Regional
hydrology

SUTRA

Figure 6.3 Part of the AMF representing the 'Hydrological Parameters to Radionuclide Transport'
Clearing House and the alternative conceptual models that deliver information to it.

When there were no good models available the clearing house had to provide
the output parameter ranges based on reasoning, previous information and
simplistic calculations. A variant of this situation was where one or more
models existed 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. An example of this condition is shown
in Figure 6.4, where 'Surface Cotnplexation Models' interact with the
'Geochemical Parameters to Radionuclide Transport' clearing house).
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Water chemistry
& mineralogy

PHREEQE
CRACKER G21

Barrier/water
system chemistry

EQ3/6

End-member
waters

PHREEQE
NETPATH

Radionuclide
thermodynamic

database

Figure 6.4 Iterative interaction of a model with a clearing house: surface complexation model
inputs and outputs to geochemical parameters to radionuclide transport clearing house.

The first step in producing the information needed was to identify individuals
responsible for a clearing house. Those individuals have conducted independent
work and organized meetings with different experts as well as with the
individuals responsible for other clearing houses.

Each clearing house first identified which information it needed to deliver by
searching through the outgoing links. Discussions with the receivers were used
to create a mutual understanding of the definition of the information and to
define a format including nomenclature, parameters and units, for the expected
data delivery. A typical example is that the 'Hydro-Parameters to Radionuclide
Transport' clearing house had to deliver one-dimensional near-field darcy flux
(m/yr) to the 'Near-field Transport' clearing house. The clearing house then
went through all incoming links in order to assemble the information which
could be used to produce the desired output. Procedures for abstracting the input
information to produce the desired output were then formulated. The specific
procedures and decisions needed varied between the different clearing houses
and also between different data and are discussed in more depth in Chapter 7.
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An important part of the abstraction work was to preserve correlations between
different parameters. Sometimes, this implied keeping track of conditions valid
in previous information processing steps, such as that solubilities for different
elements have to be consistent with the groundwater chemistry. It could also
mean exploring potential correlations between output parameters such as flow
and dispersion in the different detailed scaled hydrogeological models and then
make sure that the abstracted parameter sets delivered maintained the
correlations in the detailed models.

The clearing houses also had to deal with correlations between clearing houses.
Such correlations should, in principle, be explicitly displayed through the AMF
links, which show the PID correlations not covered in models or clearing houses.
Direct links between clearing houses resulted in discussions between the houses,
ensuring that consistent approaches were made. An example of such direct links
are those between the 'Geochemistry' and 'Hydrology' clearing houses. In
addition, attention was also directed the problem that the abstraction process may
"destroy" the knowledge contained in such links. Consequently, when two (or
more) clearing houses delivered information to the same model (or house) the
question was asked as to whether the delivering clearing houses were indirectly
linked through a suite of links and boxes in the AMF. If this was the case, the
clearing houses involved met and ensured that the abstracted parameters
delivered were consistent between houses. An important example of such an
indirect link is between 'Hydrogeological Parameters to Radionuclide Transport'
and 'Geochemical Parameters to Radionuclide Transport'. Hydrogeological
information showed that some geochemical variants were inconsistent with the
Reference Case hydrogeology but may, potentially, occur during the Central
Scenario. Parameter deliveries were adjusted accordingly.

Finally, the individuals responsible for the clearing houses went through the list
of items that was not considered to have been treated adequately during the PID
mapping exercises. The ambition was to address all these items in writing.
Formally, any such lack of consistency between the PID and the AMF may be
seen as identified, but unquantified, conceptual model uncertainty.

Most of the AMF documentation and information in the formal AMF database
usually consisted of references to relevant sections in research documents
supporting the SITE-94 project.

A description of how the clearing houses selected parameters and variants for
consequence analysis (the fourth level of analysis) is given in the next Chapter.

6.5 Adjusting the AMF to different PIDs

In SITE-94, both the Reference Case and the Central Scenario, with IL=10, were
formally mapped to the AMF. Had PIDs with lower I I values been mapped to the
AMF, the direct result could have been different AMFs, potentially containing
additional links. Some of the links or FEPs from the lower II version of a PID
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may correspond to existing AMF models, as they may actually contain more
links and processes than is required at the IL=10 level and some new AMF links
may result, but the main effect is likely to be more PID links and FEPs mapped to
different clearing houses. This could potentially imply that the resulting AMF is
then a poor representation of the PID and that model development would be
necessary in order to make the AMF consistent with the PID at that II level.

Scenario Definition

Generate and audit
appropriate FEP list

Structuring
the

Performance Assessment

Consequence
Analysis
for PA

SYSTEM
DEFINITION

Develop Proces-s System
8c EFEP list

^ - Produce AMF for
the System

Produce general PID
& Reference Case

PIDs with IL

Map PIDs onto AMF
for Reference Case

Define the Central
Scenario model

Produce PIDs

Central Scenario
Map PIDs onto AMF
for Central Scenario

Sort & Combine
EFEPs

Define other
Scenarios

Apply Scenarios to
PfD(CS) to produce

Scenario PIDs
Map PIDs onto AMF

for each Scenario

Figure 6.5 The overall sequence of treatment of the PIDs and AMFs

Owing to resource limitations there was no formal exercise in SITE-94 where the
AMF (RF, CS) was thoroughly evaluated in order to find out whether the Central
Scenario would imply additional modelling needs, rather than simply modified
input to the AMF models. Clearly, such an exercise could be carried out and
would not require undue effort. Nevertheless, on a less formal basis, the mere
knowledge that some of the PID links for the Central Scenario had changed in
character or importance was sufficient to allow identification of a number of
modelling requirements. Clearly, some of these needs were known before the
development of the Central Scenario, but the PID helped in drawing attention to
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their importance and in highlighting aspects such as the connection between
hydrogeology and geochemistry over long time periods. The Central Scenario
PID indicated that, apart from the models needed to describe system evolution
within the Reference Case, additional modelling capabilities were necessary.
These needs are specified in the SITE-94 Summary Report (SKI, 1995).

It is clearly desirable to establish a formal means of updating the AMF after
changes to the PID. Clearly, the mapping methodology described previously can
be used to map any PID for any combination of EFEPs and for any I I onto a
candidate AMF. In principle, it should also be possible to apply the concept of
importance levels, which concern expert opinion on confidence in the
assessment if a link is considered or not, to the PID/AMF mapping. The proper
question to ask would then be if the expert has confidence in the AMF treatment
of the PID/FEP or link which is consistent with the II value. If the answer is 'no',
then model development would be needed, otherwise the AMF would be
considered acceptable. However, such exercises were not conducted within the
SITE-94 framework.

The overall steps in the procedure described so far (including those which go
beyond work which was actually carried out in SITE-94) are shown schematically
in Figure 6.5.
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Chapter 7

Level Four: Consequence Analysis

Constructing Calculation Cases

The fourth level of analysis concerns the selection of parameter values for the
consequence analysis models. Ideally, parameter selection should reflect the
different analyses levels, such that the suite of consequence analysis results could
be used for a quantitative re-interpretation of system uncertainty, scenario
uncertainty, conceptual model uncertainty as well as parameter uncertainty and
variability. The quantitative assessment is based on the concept of a variant,
where a single variant is simply a set of parameter input values for the codes
used in the consequence analysis.

For a given system identification and scenario, the AMF displays the sources of
information for any assessment code used. In trivial cases the input can be
determined uniquely, but the more interesting parameter deliveries to an
assessment are usually processed in a clearing house. Consequently, it was
decided to give the clearing houses the responsibility of delivering sets of
variants that really reflect the uncertainties in the different analysis levels.

When a clearing house needs to deliver many parameters, or when many
clearing houses deliver parameters to the same model, the task is complicated by
the need to assure that the parameter values in a single variant are internally
consistent and not in conflict with known functional relationships or other
correlations. Furthermore, the number of variants can easily grow to
unmanageable numbers and there is a need to sample an illustrative subset of
variants. This problem was particularly acute for the SITE-94 near-field and far-
field radionuclide transport codes which, in the AMF, receive input from the six
different clearing houses listed in the table below.

Clearing houses that deliver parameters to CALIBRE/CRYSTAL

Geochemical Parameters to Radionuclide Transport

Hydrological Parameters to Radionuclide Transport

Biosphere Analysis

Fuel Degradation and Radionuclide Release

Inventory

Canister Analysis
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In order to handle this situation an approach has been developed which
identifies a relevant and manageable set of variants for each system
identification and scenario selected.

7.1 PRODUCING VARIANTS IN THE CLEARING
HOUSES

The procedure for producing variants starts at the clearing house level.

7.1.1 Procedure for defining output and the zero-variant

The first clearing house action required in order to produce a desired output was
to define how the output could be derived from the clearing house input. For
example, in SITE-94 the near-field flow to be used in the near-field transport
model was simply assessed by measuring the Darcy velocity in the different 3D
groundwater flow solutions which delivered information to the 'Hydrological
Parameters' clearing house. More complicated procedures were needed for other
parameters. Furthermore, some of the input conceptual models lacked
information which was available from others. For example, continuum
hydraulic models contain no information on fracture flow characteristics which
are needed for radionuclide transport modelling. Consequently, input derived
from such models had to be combined using reasoning and the application of
uncertainty ranges.

With the procedures for quantification of output defined, the clearing houses
first formulated a zero-variant. This 'reference within the reference' could be
seen as an origin for further variations. Its parameters values were usually
selected from a reasonable choice of conceptual model and for median spatial
variability values, when applicable. Furthermore, the parameter values were
selected such that they were consistent both with other parameter values
delivered from the same clearing house as well as with the parameter values
delivered from the other clearing houses. It should also be noted that the zero-
variant does not necessarily represents a 'best estimate' or 'the most realistic
estimate'. It is simply a common origin for the development of other variants.

7.1.2 Other variants

Apart from the zero-variant, each clearing house developed other variants
which accounted for different conceptual models, conceptual uncertainty and
variability.

In simple cases, the uncertainty in the output parameter could be interpreted
directly as a parameter uncertainty. In such cases, different variants were
produced by selecting parameter values over this range.
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It was usually more complex to derive variants representing spatial variability
since correlation would then usually need to be considered. The output range
owing to spatial variability was established for each conceptual model and
correlations between parameters were sought. In simple cases, such as near-field
Darcy velocity, output could be described with a distribution curve. The standard
method used in SITE-94 to find parameter variants representing spatial
variability for the'"" cases was simply to select the values for the 10th percentile,
50th percentile . a the 90th percentile. More often, the input models produced
intercorrelatf . arameters. However, for these cases it usually turned out that
certain pa .- -aer combinations, such as the Peclet-number and the ratio
between r.iw wetted surface and Darcy velocity, showed a much simpler
corrr-IP ion structure; in this example these two ratios turned out to be virtually
ur ;related. By such methods it was possible to define a limited set of

imeter variants that represented spatial variability for each conceptual model.

If conceptual model uncertainty was also involved, this uncertainty had to be
parameterized. For each parameter delivery the clearing house first identified if
there was more than one conceptual model that could be the source of input to
the parameter. This was the case, for example, for most parameters to be
delivered by the 'Hydrological Pafirameters to Radionuclide Transport' clearing
house, as can be seen from the AMF shown in Figure 6.3.

The procedure described above to produce variants representing parameter
uncertainty and variability was repeated for each conceptual model that provided
input to the clearing house. The suite of variants thus generated represents a
parameterization of the conceptual uncertainty. However, the number of
potential variants was judged to be too large to allow for consequence analysis of
all variants suggested, particularly as the parameter variants from one clearing
house had to be combined with variants from other clearing houses.
Consequently, means were sought to reduce the number of variants actually
propagated for further analysis.

The mair method used for reducing the number of variants was to try only to
propagate variants that were judged to produce different consequence analysis
output from any other variant. For a retained variant, a note was made
concerning which propagated variant it should resemble. The consequence of the
variants retained could then be obtained from this reference. Methods used for
retaining suggested variants included the simple inspection of values and
making use of knowledge of the sensitivity of the consequence analysis codes in
order to judge if a change in input parameter, or a change in a combination of
parameters, would have any effect on the resulting output.
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7.2 COMBINATION OF PARAMETERS FROM
DIFFERENT CLEARING HOUSES

Even after reductions within each clearing house there may still remain many
variants from the different clearing houses that deliver parameters to the
radionuclide release and transport codes. Furthermore, in SITE-94, the
consequence analysis had to be made for several individual radionuclides and
radionuclide decay chains. In this type of exercise, if the total number of
combinations is viewed to be too large, further reductions may be necessary.

In applying this methodology in practice in SITE-94 (SKI, 1995), it turned out that
inspection of potential correlations between clearing houses did not reveal any
further possibilities for the reduction of combinations. Consistency checks were
made, for example between hydrogeology and geochemistry in order to make
sure that groundwater chemistry was consistent with the different
hydrogeological variants. Such checks had, however, already been made at the
clearing house level.

A more promising rationale for omitting combinations was the application of
knowledge of functional behaviour. For example, analysing the consequence of
the hydrogeology variants (SKI, 1995), appears to reveal a clear picture of the
impact of these variations. Such observations may be used to make qualitative
assessments of what would be the result of variant combinations other than
those actually analyzed.

In fact, the principal approach used for combining parameters from different
clearing houses was for each clearing house to analyze all suggested variants,
combined with the zero variant assumptions from the other clearing houses.
The remaining potential variant combinations were only discussed in a
qualitative manner, apart from quantitative analysis of a few 'illustrative
combinations'. These latter combinations were selected manually, but with the
ambition of covering 'extreme points', such as the most pessimistic and the most
optimistic parameter combinations.

7.3 COMBINING SINGLE VARIANTS INTO
FULL REPOSITORY ANALYSES

The suite of variants for radionuclide release and transport calculations should,
in principle, span consequences representing all the kinds of uncertainty and
variability explored in the assessment. However, the repository consists of many
canisters, which means that the 'full' repository impact will depend on the
failure time and spatial distribution, as well as the conditions at the different
failed canisters. Furthermore, releases from different canisters may, in principle,
interact, but, in SITE-94, it was assumed that such interactions are negligible. This
means that single canister variants could be combined, through superposition, to
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give a consequence analysis for a complete repository'.

The basic approach taken was to assemble the effect of variability in the full
repository analyses, as variability is a property of the system. This was achieved
by combining the variants representing spatial variability for a specific scenario
and for a specific conceptual model. In principle, such a full repository analysis
should be considered for each scenario and each conceptual model analyzed.

When all canisters do not fail simultaneously, a full repository analysis is a
probabilistic problem concerning the joint probabilities of cansister failure time
and position in the repository. For the example of the SITE-94 consequence
analyses (SKI, 1995), this problem was largely simplified by an assumption that
only hydrogeology parameters vary in space and that canister failures are
uncorrelated with the hydrogeological and geochemical conditions that occur for
the Reference Case. These observations made it possible to assume that the
positions of the canister failures are totally random, which makes the joint
probability density functions to be simply the product of the time distribution
function and the spatial variability distribution function. Thus, the only
additional information needed for the full repository analysis was the canister
failure distribution function.

When combining the different variants it also had to be kept in mind that results
from a single analyzed variant may represent results from many potential
variants which could have been formulated, but which were omitted in the
process of reducing the analysis work. In practice, this was not a problem, but it
highlighted the need for proper book-keeping of all the motives behind any
given variant.
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Chapter 8

Constructing Other Scenarios

The Supplementary Scenarios

8.1 The EFEP List

The final list of FEPs (see Appendix) produced from the FEP audit described in
Chapter 3 contained 81 EFEPs. These form the basis for the construction of
scenarios by applying them singly or in groups to the Central Scenario PID in
order to produce calculation cases, as discussed in Chapters 6 and 7. Clearly, the
first requirement is a methodology for selecting from among this large set which
meets the requirements of the conceptual basis established in Chapter 2. Four
guidelines were erected for this purpose:

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.

Three screening decisions were also adopted which had the effect of eliminating
large categories of the 81 EFEPs from the analysis:

• DESIGN BASIS: Deviations from the proposed repository design and
operation, including the effects of poor QA on the wastes or near-field
engineered barriers, would not be evaluated in SITE-94. In fact, some account
is taken of the latter issues in terms of the variability in material properties
used in the assessment. These issues do need to be evaluated at some stage,
and SKI would expect SKB to address QA matters in their eventual
submission.

• HUMAN INTRUSION: As in Project 90, human intrusion was not
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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. For the time being it is accepted that it is
highly likely to occur, that the radiological consequences would inevitably be
high, and that there is nothing that can be done to ensure no intrusion occurs
at some time in the future.

• RELEVANCE: EFEPs which could be identified as having no relevance to the
repository or to the Äspö 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, would be removed.

8.2 Selection of EFEPs to Form Scenarios

The 81 EFEPs from the SITE-94 FEP audit list (Stenhouse et al, op cit) were re-
evaluated. They were first screened, using the decisions described above, and
then lumped into 10 categories, each of which contains EFEPs which are closely
related or similar in nature. Table 8.1 gives the names of these lumped
categories, which are divided into three groups on the basis of their principal
causes:

• Group W: Effects induced by the waste or the repository
• Group N: Natural phenomena and events
• Group H: Human-induced phenomena and features.

Table 8.1 also indicates those parts of the PID upon which the EFEP categories
would have a primary impact, coded as follows:

F Fuel (fuel elements and filling material)

C Canister (steel and copper container)

D

T

N

G

B

Buffer (bentonite surrounding the canister)

Tunnel backfill

Near-field rock (rock surrounding the repository
influenced by the excavation and the existence of
the repository)

Far-field rock (the undisturbed host rock)

Boundary conditions
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Table 8.1: External FEPs and their primary influence on features in PS.

Code
No.

Wl

Nl

N2

HI

H2

H3

H4

H5

Lumped EFEP Category Description •

- • •

Impact Points in AefID

F C

Sealing of repository j

Seismicity j X

Alternative climate ( e.g. no ice age; extremes
of precipitation )

Injection of liquid wastes

Human induced impacts on groundwater recharge

Altered surface water chemistry by humans

Resource mining X

Other future use (tunneling, construction, energy etc..) i

H6 Geothermal energy production

H7 Water producing well \

X

X

X

X

B

X

X

X

X

X

X

T

X

X

X

X

X

N

X

X

X

G | B

X

X

X

X

X

X

X

X X

X i X X

X

X

X

X

X

X

X

X

X

X | X

Table 8.2 shows how the 81 EFEPs were assigned to the lumped Categories of
Table 8.1. The first column indicates whether:

• the individual EFEP wa kept and assigned to one of these lumped Categories
(KEPT)

• it was screened out o? i t basis of the three decisions discussed above (i.e.
DB: design basis, HI rr an intrusion, REL: relevance),

• it was found to hav< ' a, incorporated into the PID, RF: when the FEP audit
list was first used to £ ;: truct the Process System, a number of EFEPs had
been included in th.' 17;,RF. This indicates the extensive nature of the PID
constructed in the S-c. - exercise. (PID)

• the EFEP had been • oorporated into the Central Scenario PID (CS).

The second column sh ^ vs the code for the Category to which the EFEP was
assigned (see Table 8.1 ->r codes)

Table 8.2. A> gnment of EFEPs to the lumped Categories of Table 8.1.

Screening
Decision

Category to which
Assigned &/or Comments

on Screening

EFEP name in FEP audit list
(see Appendix)

Canister

PID Container failure (early), "corrosion/degradation
processes"
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PID Container failure (early), "stress/mechanical effects"

PID ; Loss of ductility

PID

DB

PID

An initial condition of the Random canister defects - quality control
Reference Case

Common cause canister defects - quality control

An initial condition of the Material defects, e.g. early canister failure
Reference Case

Buffer/Backfill

KEPT

DB

HI

PID :

Transport of chemically active substances into the
near-field

Faulty buffer emplacement

Uneven swelling of buffer

DB | Inadequate backfill or compaction, voidage

Near-field rock

REL

KEPT

PID

PID

KEPT

REL

KEPT

KEPT

DB

PID

KEPT

DB

Compared to externally
induced seismicity

N l

Methane intrusion related
to permafrost included in
PID, RF in the FEP "Gas

generation and gas sources,
far-field"

W l

W l

W l

An initial condition of the
Reference Case

W l

Repository -induced seismicity

Externally - induced seismicity

Methane intrusion

Saline /fresh groundwater intrusion, "geochemical
regime"

Incomplete vault or borehole closure

Unmodelled design features

Inadequate design: shaft seal and exploration borehole
seal failure

Open boreholes

Poor quality construction

Material defects (e.g. early canister failure)

Abandonment of unsealed repository

Effects of phased operation "near-field"

84



Far-field rock

PID

REL

KEPT

PID

PID

KEPT

KEPT

PID

DB

KEPT

PID

PID

Compared to externally
induced seismicity

Nl

Saline (or fresh) groundwater intrusion,
"hydrogeological effects"

Repository -induced seismicity

Externally - induced seismicity

Saline/fresh groundwater intrusion, "geochemical
regime"

i Effects at saline freshwater interface

Wl

Wl

Wl

Included in PID, RF in the
FEP 'groundwater flow'.

Boreholes - unsealed

Incomplete vault closure

Rock properties undetected features

Inadequate design

Shaft seal or exploration borehole seal failure

Extreme channel flow of oxidants and nuclides

Undetected features (e g faults, fractures,)

Biosphere

KEPT H2 Land use changes/'human considerations"

Geology/Climate

KEPT

KEPT

REL

CS

REL

CS

CS

CS

KEPT

KEPT

KEPT

N l Externally-induced seismicity

N2, Nl J Natural seismicity

N2

N2

N2

Landslide

Sea level change

Changes in earth's magnetic field

Glaciation

Glaciation/interglacial cycling effects

Permafrost

No ice age

Climate change,"natural climate effects"

Pluvial periods /'natural climate effects"
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KEPT

KEPT

REL

REL

N2

N2

• Insolation /'natural climate effects"

Anthropogenic climate change (greenhouse effect)

Wind

Tsunamis

Human

HI

HI

HI

KEPT

HI

HI

HI

KEPT

KEPT

KEPT

KEPT

KEPT

KEPT

KEPT

KEPT

KEPT

KEPT

KEPT

KEPT

KEPT

KEPT

KEPT

KEPT

REL

KEPT

REL/DB

Split to make new EFEP
involving mining in the
vicinity, but no intrusion

H4

Archaeological investigations

Future intrusion: exploratory boreholes

Future intrusion: resource mining

Resource mining in vicinity of repository

Reuse of boreholes

H7

H7

H2

H2

H2, H3

H2, H3

H2

H5

H6

H5

H5

H5

HI

H2

H2

H2

H2,H3

Intrusion in accumulation zone in the biosphere

Explosions

Injection wells

Withdrawal wells

Earthmoving

Human induced changes in surface hydrology

Heat storage in lakes

Hydrological stresses: irrigation

Hydrological stresses: damming of streams or rivers

Heat storage underground

Geothermal energy production

Tunneling

Construction of underground storage/disposal facilities

Construction of underground dwellings/shelters

Injection of liquid waste

Human induced action on groundwater recharge

Reservoirs

Intentional artificial groundwater recharge or
withdrawal

Agricultural and fisheries practice changes

Demographic change, urban development

Undetected past intrusions (boreholes, mining)
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DB !

DB i

REL

DB i

DB ,

Stray materials left

• Decontamination materials left

Loss of records

\ Radioactive waste disposal error

Inadvertent inclusion of undesirable materials

The ten lumped categories were then considered with a view to forming
scenarios. For this purpose it was found convenient to group together those
categories involving undeground human activities (H4-H7) and the two
involving human induced changes in surface and groundwater properties (H2
and H3). Six lumped EFEPs remained after these processes:

• Poor/inadequate repository seals
• Seismic effects
• Alternative climate evolution (greenhouse, high rainfall, wanner climate)
• Mining /geothermal exploitation/water well in vicinity
• Human effects on surface and groundwater flow and chemistry
• Disposal of liquid waste in the vicinity

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. The decision was thus made to
apply it to the PID, RF to evaluate impacts. Other EFEPs would not be applied to
the alternative climate in SITE-94 as this was considered to be a less interesting
analysis than scenarios based on the the Central Scenario. Eventually, it may be
necessary to assess some of these other possibilities.

Similarly, seismic effects were 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 only (not in combination with the other EFEPs, as the additional
impacts of combinations were felt to be small and not particularly interesting at
this level of analysis) by applying seismicity to the PID, CS.

All the combinations of the remaining 4 EFEPs were then evaluated to select
interesting groups to apply to the Central Scenario. The full set of possible
combinations (similar in concept to a Sandia methodology logic diagram) is
shown below.
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Poor Seal
(PS)

Mining, Geothermal,
Water Well
(M)

Human Impacts on
Surface & Groundwater
(SGW)

Liquid Waste Disposal
(LW)

rombiiuUniK fVwiihi mtwwBf *

PS-M

SGW-PS
SGW-M

LW-PS
LW-M
LW-SGW

SGW-M-PS

LW-PS-M LW-SGW-M-PS
LW-SGW-PS
LW-M-SGW

Those combinations selected for evaluation are shown in bold. Most of the
combinations of human effects on groundwater and liquid waste injection were
removed as being of little additional impact to those for waste injection alone.
This effectively removed a combination of all four EFEPs from the analysis.

The most informative combination scenario identified was considered to be that
involving liquid waste disposal, a poor shaft seal and the presence of mining or
a large abstraction well in the vicinity. Analysis of this scenario would tend to
produce higher consequences than any of the pair combinations.

Geothermal exploitation was also removed from the Mining (etc) EFEP as being
of similar nature and equivalent or lesser impact than either mining or water
abstraction.

8.3 The SITE-94 Supplementary Scenarios

The SITE-94 Supplementary Scenarios which were thus selected for analysis as
being informative and illustrative included each of the EFEPs on its own, and
two combinations, as follows:

Scenario 1: The development of an alternative, warmer and wetter climate to
that considered in the Central Scenario: applied to the PID, RF.

Scenario 2: Large-scale tectonically induced seismicity.

Scenario 3: Operation of a large mine or abstraction water well in the vicinity
of the repository.

Scenario 4: Inadequate shaft seal.



Scenario 5: Liquid waste injection into a fracture zone close to the repository.

Scenario 6: Liquid waste injection into a poorly sealed shaft combined with
local groundwater pumping in a mine or well.

Scenario 7: Human impacts on surface and groundwaters.

Scenario 8: Mining impacts on surface and groundwater chemistry.

The issue of timing and time sequencing was considered and suggestions were
made as to the most interesting times in the future at which to apply the EFEPs
to the Central Scenario. These considerations were heavily biased by the time
sequence of the Central Scenario climate model. An alternative climate model
would require timings and sequences to be re-evaluated. At this stage it was not
possible to reach any useful conclusions on the most interesting timing for the
seismic impact scenario. This needs to be decided at the time at which the EFEP
is being applied to the PID and the influences are being discussed.

Each of the 8 scenarios was developed into a short description, including the
context and times in which the events might occur, for use when applying them
to the PID, CS. These are shown schematically in Figure 8.1, and the descriptions
are provided in the accompanying text boxes.

Figure 8.1 Schematic representation of the 8 scenarios developed
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Scenario 1: Alternative Climate Model

The Central Scenario is based on the widely accepted ACUN (astronomical climate
index) model as developed by Imbrie & Imbrie (1980) and Björk & Svensson (1992), in
which it is assumed that various natural forcing factors, dominated by the Earth's
position with respect to the Sun, will control future climates such that the current
glacial cycling conditions continue for at least the next million years. An alternative
model is that human-induced changes in atmospheric composition are superimposed on
this cycling and push the climate towards a general warming associated with the
build-up of greenhouse gases. A number of extrapolations of the rate of production of
greenhouse gases are available. Actual trends are unpredictable, depending heavily on
political and demographic controls, although it is certain that greenhouse gas
concentrations will continue to increase until at least the end of the century. Given the
unpredictability and widespread contention concerning both the future trend of
atmospheric composition and its impacts on global temperatures, for the purposes of
mis scenario a set of simple assumptions are made:

• global temperatures increase marginally such that a warmer, and consequently-
wetter climate prevails in Sweden. This climate is taken to be analogous to that of
central Europe, with annual precipitation a factor of two greater than at present.

• global sea-levels increase by 5m as a result of the retreat of the polar ice masses

• these conditions prevail unchanged from the time of repository closure for the
whole period of the safety assessment.

Clearly, there are many possible alternatives to this arbitrary model, including a more
rigorous superimposition on the ACLIN model. However, for current purposes any such
elaborations are conMueied to be uninteresting, as the simple model will test system
response adequately, without the need for additional detail.

Scenario 2z Tectonically Produced Sesimic Activity

Seismic activity unrelated to post-glacial neotectonics is uncommon in Sweden, and the
probability of a large, tectonically associated earthquake affecting a repository is
considered to be extremely small; below the normal screening-out level of 1O9 per
annum. However, it was thought interesting to assess the consequences of such an
unlikely event, simply to see whether the system design could cope adequately. In this
scenario a large magnitude earthquake with an epicentre close to the repository is
assumed to cause movement of some metres along a major fracture zone such as NE-1 or
the Ävrö zone, with minor adjustments of a few centimetres along some of the subsidiary
fractures in the repository zone. Transient impacts on groundwater flow and chemistry
are anticipated. Actual near-field impacts would be elaborated when this simple
description is applied to the PID, CS, as would the most interesting time of occurrence.
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Scenario 3: Mining er Water Abstraction Well

About 1000 yea's after repository closure adequate records of the repository position are
no longer maintained, and soceital changes are such that little notice is taken of the
obvious presence of earlier activity in the area when mining (for an unspecified
purpose) begins about lkm away from the repository edge. An extensive undergound
opening is constructed and pumped continuously at a rate of 10*m Va for a period of 20
years while the mine is open. This has the effect of focussing flow through the
repository into the mine sump. An equivalent scenario would be the construction of a
water production well in a large fracture zone near the repository. The time period of
1000 years is selected to allow time for the defective waste containers of the Central
Scenario to have failed.

This scenario is abo run with the mine constructioii taking place at a time of 125,000
years into the future. The motivation of this alternative is to explore the impact of
local flow focussing once a radionudide plume from the repository has had chance to
develop in the rock. It coincides with the period immediately after the last glaciation
in the Central Scenario when the surface environment is once more tenable, and thus
allows consideration of the impacts of the preceding glacial cycles on the disposition of
the pollution plume.

Scenario 4: Deficient Shaft Seal

Several decades into the next milleruuin, the repository will be approaching the end of
its useful life. During its operational period it has been managed to a very high quality-
standard and waste emplaced properly throughout, with concurrent backfilling.
However, at the final stages of its use, other social and political matters assume much
greater significance, and interest, controls and financing decline. It is decided to close
the repository. A hasty and ill-executed job is made of sealing the access shafts with a
loose rock fill and a short concrete plug at the surface. This causes no problems for many
hundreds or thousands of years until the onset of glacial conditions in about 50,000 years
time, when erosion destroys the concrete plug and ice-loading forces oxidising waters
down to disposal gallery level through the porous shaft fill. Note that the first
predicted period of cooling with limited permafrost development might occur in about
5000 years time. This may also destroy the concrete cap by repeated freezing and
thawing to depths of tens of metres-

Scenario 5: Liquid Waste Injection

Disposal of liquid industrial wastes is always a problem, and the cheapest solution is
to discharge them to the surface or into the underground. A situation might be envisaged
where industrial environmental controls have declined, and extensive environmental
pollution prevails again, as it did in some parts of Europe during tha last 40 years-
Using the same two times of occurrence as for scenario 3 (with the same motivation),
liquid wastes are injected via borehole into a fracture zone (e.g. NE-1 or the Ävrö zone)
at a depth of 300m immediately adjacent to the site- Liquids are injected at the
maximum rate possible with an imposed head of 100m at the input well, continuously
for a period of 10 years. They comprise a mixture of organics, acids and heavy metals .
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Scenario 6: Liquid Waste Injection in a Mining Area

A poor shaft seal exists, as described in Scenario 4. A very- long period of industrial
stagnation and poor environmental controls occurs. The repository surface facilities were
never entirely demolished, and the site has been used for a number of industrial
practices over some decades to hundreds of years. Environmental controls are still lax;
about the same as they were in the 1960s, or more recently in eastern Europe. The
existence of the repository shaft is known of, and at some point, say 1000 years from
now, an operator in the area with a difficult waste management problem drills into the
side of the shaft at a depth of 300m and injects liquid wastes into the large pore space
available. The types of waste which might be envisaged would be drawn from those
currently injected in liquid form: acids, organics and heavy metal solutions. This
continues for some years before the borehole is eventually sealed. The scenario is then
linked directly to Scenario 3 to evaluate the further evolution of the system as the
movement of liquid wastes through the repository is enhanced by pumping in a nearby
mine on the opposite side of the repository from the waste injection point.

Scenario 7: Surface and Groundwater Changes

Following the first major glacial period (50,000 years in the future: see Central
Scenario) land-use patterns are re-established in the area which are quite different to
those of today- A substantial population growth in Europe forces the maximum use to be
made of even marginal land. The relatively higher population density causes
increased use of groundwaters from even poor supply wells to support small farming
communities, dependent on intensive crop production. All water bearing fractures are
exploited to the maximum in terms of depth and volume of abstraction. Large areas of
the available land are covered in plant rearing greenhouse domes. Recharge and run-off
are highly focussed. In areas of reasonable soil there ic extensive and persistent use of
nitrate fertilsers over a period of more than one hundred years until the whole social
system becomes unsustainable and collapses. During this period groundwater recharge
and abstraction have been substantially changed, and the composition of groundwaters
has been modified substantially before a situation close to that of today returns. This
short-duration perturbation is superimposed on the relevant time interval of the
Central Scenario-

Scenario 8: Mining impacts on surface water chemistry

Based on Scenario 3, this scenario looks at a further perturbation to the natural system
which might be caused by the disposal at the surface of liquid effluents from mine
drainage. The waters pumpe 1 from the deep mine of Scenario 3 (using the same times of
occurrence) are both naturally saline and of low pH, containing large quantities of
sulphates (principally ferrous) from the oxidation of pyrite and other sulphides in the
mine. These waters are disposed in an infiltration pond at the surface, on the far side of
the repository from the mine. Infiltrating waters are thus drawn back towards the
repository by mine pumping.
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8.4 Treatment of the Supplementary Scenarios

In the SITE-94 project it did not prove possible to address the supplement ;y
scenarios in any detail. Consequently, the following is a description of the
handling of such scenarios that is envisaged forfeiture exercises.

With the exception of Scenario 1 (which would be applied to the PID, RF), each of
these scenarios would be applied to the PID, CS, as described in Chapter 5 for the
construction of the PID, CS itself. For each scenario this exercise would result in
the production of:

• A Table showing all the increased I I values, by category (those increased from
2 to 6, from 8 to 10, etc).

• A discussion of all the links which are increased to IL= 10.

• A discussion of all IL= 10 links where the nature of the influence is changed
significantly.

• A description of how time-sequencing (either as specified in the scenario
description, or as suggested at this stage of the work) should be taken into
account when the PID is being constructed.

The next step would be to use these Tables to audit the AMF, CS, IL= 10 for each
scenario to re-map all the altered IL= 10 influences (those increased to 10 and
those 10's which are changed in nature), thereby constructing an AMF, Scen X,
IL= 10 for each of the 8 scenarios.

Each new AMF then needs to be considered to see how the calculation cases for
the Central Scenario need to be modified for each specific scenario. This would
involve noting all the decisions taken, how the calculations are planned to be
done, and which areas cannot be handled adequately by available tools.

8.5 Discussion of the Scenario Group Selected

Throughout this report, emphasis has been placed on the illustrative nature of
the scenario analysis process. Thus, the group of scenarios described above reflect
issues, events and mechanisms which are currently of interest within SKI and
elsewhere. 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 generation should be seen as a dynamic process, responding to
the needs and the state of development of a waste disposal programme.

Apart from the climate change Central Scenario, almost all the remaining
scenarios selected for analysis within SITE-94 are concerned with the future
activities of people. This reflects a dominant concern that it is these activities
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which are most likely to affect a repository, and also to have the greatest impacts,
consequently being of most interest in safety and regulatory terms.

This list is not meant to be exhaustive or complete. 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, and the following points will need to be
considered further in future work by both SKI and SKB:

• Approaches to assessing and regulating the impacts of intrusion by people
into the repository or surrounding contaminated regions at depth.

• The impacts of EFEPs at various times in the future under the assumption of
an alternative (warmer, wetter) climate evolution model.

• Consequences of an unforseen reduction of operational standards or quality
controls at some time prior to repository closure.

The PID-based approach adopted in this study would form a sensible basis for
such evaluations.

Finally, it is apparent that none of the scenarios developed in this Chapter is
particularly site-specific with respect to Äspö. The Central Scenario was designed
specifically for a coastal site such as Äspö, but could, in many respects, be applied
to other coastal sites in the neighbouring region of southern Sweden. Moving to
a totally site-specific scenario evaluation is seen as a further step beyond what has
been done here. It would require more detailed consideration of the geological
structure of the site, local mineral deposits, etc. It is debateable whether such an
analysis would produce results which would vary significantly (i.e. outside the
already large uncertainty envelope) of a generic analysis. One effect may indeed
be to reduce rather than increase the number of scenarios. For example, better
knowledge of the mineral deposits of Småland might eliminate a mining
scenario on the grounds of likelihood.

8.6 Comments on the Scenario Selection
Methodology

The treatment of EFEPs described above is considered to be comprehensive, in
that all the EFEPs have been considered in some way, and has also provided a
traceable record of decisions on how to handle each EFEP in the framework of
SITE-94. Only 8 combinations of an initial list of 81 EFEPs was selected for
evaluation. Progressive screening and lumping has thus reduced the number of
possible (2n-1) combinations to select among from 2 x 1024 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 has effectively 'mopped up' a
large number of EFEPs into the Process System and the Central Scenario so
that interactions are considered via an influence diagram

• slavish adherance to mathematical completeness was eliminated from the
objectives of a scenario definion programme at the outset, as discussed in
Chapter 2. The objective, instead, is to use the assembly of EFEPs to allow
intelligent interogation 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 has been 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 we have 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.
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Chapter 9

Conclusions and Prospects
The SITE-94 project has resulted in the development of a comprehensive
methodology for structuring and guiding performance assessment, for
constructing scenarios and for defining and constructing calculation cases for
consequence analysis which takes full account of the uncertainties involved.
Although the exercise began with the objective of rationalising vagueness and
inconsistency in scenario methodology, the largest part of this development
work has actually been focussed on producing a consistent systems approach to
designing and managing a safety assessment exercise. In fact, most of the work
described in this report could be regarded as rather generic in nature and
applicable to almost any type of assessment: it is not appropriate solely to a
scenario-based approach.

The value of the work is thus seen to have been in the development of:

• a workable definition of the disposal system and its boundaries, devised with
PA in mind and capable of application to many deep geological disposal
concepts

• a rigorous methodology for defining and managing all the FEPs which any
assessment must account for, for evaluating these FEPs and assigning them to
the relevant part of the PA exercise

• a quantitative technique for incorporating expert judgement of uncertainty
into the structure of the system being assessed

• 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)

• 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 in, or relegated from the assessment are recorded

• a method for defining a practical number of calculation cases for an
assessment which deal comprehensively with the major types of uncertainty
and variability in the system

• an approach to incorporating key aspects of time-dependency of processes and
events into assessments, largely by the use of a central, time-dependent
climate evolution scenario
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• a limited set of supplementary scenarios, principally reflecting the impacts of
future human activities on a repository, and a simple technique for defining
their impacts on the disposal system and evaluating the uncertainties in
system behaviour that these produce.

In doing this, the project has moved a long way forward from the position at the
end of Project-90. In parallel to this, SKB has also been developing and carrying
out preliminary tests of a number of similar concepts, evaluating both the
influence diagram and the RES matrix methodology for representing FEP
relationships (Eng et al, 1994).

Owing to these rapid developments in concept and technique, it has not been
possible by any means to test all aspects of the methodology developed by SKI
within SITE-94. As a result, there are a number of issues which must be followed
up in future work before the total approach can be said to be in a suitable state for
application. These include:

• The PIDs and AMFs developed should be evaluated independently by other
groups of experts, particularly in terms of the definition of importance levels.
This would provide a good QA and consistency check.

• Issues which were identified in the AMFs, but which it was not possible to
analyse in the assessment, should be evaluated and recommendations made
for their future treatment.

• The assessment work should be repeated, with more time and resources
available, for a wider range of PIDs and AMFs than was possible in SITE-94.
Although several versions of the PIDs were produced, it was not possible to
evaluate more than two; the PID, RF (IL = 10) and the PID, CS (IL = 10). As a
consequence, the full capabilities of the quantitative treatment of uncertainty
in expert judgement which the method makes available were not evaluated.

• The actual impacts and consequences of the group of scenarios identified now
requires evaluation. In SITE-94 it was only possible to specify these subsidiary
scenarios, not to study their impacts in depth.

• The issue of time sequencing and succession has been partially addressed and
a methodology developed, but the approach needs further study if it is to
prove credible under various scenario conditions.

Further useful outcomes of the SITE-94 work have been to answer some of the
rather long-standing problems inherent in scenario development. Specifically,
the project has resolved the issue of scenario 'completeness', arguably by defining
the problem out of existence, but certainly in a way which satisfies the regulatory
application of scenarios. A spin-off is the assertion that, whilst it may be possible
to specify the probability of a given event occurring and to build a scenario based
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upon that event, probabilistic treatment of a comprehensive scenario set is not
possible.

Future developments of the approach are forseen which would build on the
graphically based database approach, making more use of object-oriented
software for information management within the computer model of the
disposal system and, perhaps, developing an expert system interface to allow
easier access to other users who may wish to test ideas of their own. This latter
aspect is seen as a powerful property of the methodology developed. It is hoped
that a refined version of the SITE-94 approach might be accessible enough for
other groups to test out their own ideas, incorporate their own knowledge and
understanding of uncertainties, and evaluate what lies behind and produces the
ranges of consequence that can be calculated in a performance assessment
exercise.
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Appendix 1
Complete list of FEPs in PID

Reference Case and Central Scenario

(FEPs included only in the Central Scenario are marked with *)

Alteration/weathering of flow paths, far-field
Alteration/weathering of flow paths, near-field rock
Anion exclusion, backfill
Anion exclusion, buffer
Anion exclusion, far-field
Anion exclusion, near-field rock

Bentonite swelling, buffer

Cave in
Changes in radionuclide inventory
Chemical alteration of backfill
Chemical alteration of buffer
Coagulation of bentonite, backfill
Coagulation of bentonite, buffer
Colloid generation and transport, far-field
Colloid generation and transport, near-field rock
Colloid generation-source, backfill
Colloid generation-source, buffer
Colloids / particles in canister
Corrosion of copper canister
Corrosion of metal parts
Corrosion of steel vessel
Corrosion prior to wetting
Creeping of rock mass, near-field
Creeping of steel / copper
Criticality

Deep saline water intrusion
Degradation of fuel elements
Degradation of hole and shaft seals
Degradation of rock reinforcement and grout
Differential thermal expansion of near-field barriers
Diffusion in and through failed canister
Diffusion, backfill
Diffusion, buffer
Diffusion, far-field
Diffusion, near-field rock
Dilution of backfill
Dilution of buffer
Dispersion, backfill
Dispersion, far-field
Dispersion, near-field rock
Distribution and release of nuclides from the geosphere
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Earth tides
Electrochemical effects, canister
Electrochemical gradients, backfill
Electrochemical gradients, buffer
Electrochemical gradients, far-field
Electrochemical gradients, near-field rock
Enhanced rock fracturing, near-field
Erosion of backfill
Erosion of buffer
Excavation effects on nearby rock
Expert group identifications
External flow boundary conditions

Failure of copper canister
Failure of steel vessel
Faulting, far-field
Faulting,near-field rock
Flow through backfill
Flow through buffer
Fuel dissolution and conversion

Gap and grain boundary release
Gas escape from canister
Gas flow and transport, buffer
Gas flow and transport, far-field
Gas flow and transport, near-field rock
Gas flow and, transport, backfill
Gas generation and gas sources, far-field
Gas generation, backfill
Gas generation, buffer
Gas generation, canister
Gas generation, near-field rock
Glaciation*
Groundwater chemistry
Groundwater flow, far-field
Groundwater flow, near-held rock

I, Cs migration to fuel surface
Interaction with corrosion products
Interface different waters
Internal pressure

Matrix diffusion, backfill
Matrix diffusion, buffer
Matrix diffusion, far-field
Matrix diffusion, near-field rock
Mechanical impact on canister
Mechanical impact/ failure, backfill
Mechanical impact/ failure, buffer
Microbial activity, backfill
Microbial activity, buffer
Microbial activity, can
Microbial activity, far-field
Microbial activity, near-field rock
Movement of canister in buffer
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Pennafrost*
Precipitation/ dissolution, backfill
Precipitation/ dissolution, buffer
Precipitation/ dissolution, canister
Precipitation/ dissolution, far-field
Precipitation/dissolution, near-field rock
Preferential pathways in canister
Properties of far-field rock
Properties of bentonite buffer
Properties of failed canister
Properties of near-field rock
Properties of runnel backfill

Radiation effects on backfill
Radiation effects on buffer
Radiation effects on canister
Radioactive decay of mobile nuclides, backfill
Radioactive decay of mobile nuclides, buffer
Radioactive decay of mobile nuclides, canister
Radioactive decay of mobile nuclides, far-field
Radioactive decay of mobile nuclides, near-field rock
Radioactive decay, fuel
Radiolysis prior to wetting
Radiolysis, backfill
Radiolysis, buffer
Radiolysis, canister
Radiolysis, near-field rock
Reconcentration, far-field
Reconcentration, near-field rock
Redox front, backfill
Redox front, buffer
Redox front, far-field
Redox front, near-field rock
Reduced mechanical strength, canister
Release from metal parts
Release from fuel matrix
Resaturation of bentonite buffer
Resaruration of tunnel backfill
Resaturation, near-field rock

Scenario definitions
Sea-level changes*
Sedimentation of bentonite, backfill
Sedimentation of bentonite, buffer
Soret effect, backfill
Soret effect, buffer
Sorption on filling material
Sorption, backfill
Sorption, buffer
Sorption, far-field
Sorption, near-field rock
Stress field, far-field
Stress field, near-field rock
Surface water chemistry
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Swelling of runnel backfill

Temperature, bentonite buffer
Temperature, tunnel backfill
Temperature, canister
Temperature, far-field
Temperature, near-field rock
Thermal degradation of backfill
Thermal degradation of buffer
Total release from fuel elements
Transport and release of nuclides, bentonite buffer
Transport and release of nuclides, failed canister
Transport and release of nuclides, near-field rock
Transport and release of nuclides, runnel backfill

Volume increase of corrosion products

Water chemistry, bentonite buffer
Water chemistry, canister
Water chemistry, near-field rock
Water chemistry-, tunnel backfill
Water turnover, copper canister
Water turnover, steel vessel
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Appendix 2
Complete list of Influences in PID

Reference Case and Central Scenario

Influences fuel, FE + FT
Changes in radionuclide inventory FT12
Corrosion of metal parts FE16
Corrosion of metal parts FE19
Corrosion of metal parts FE30
Corrosion of metal parts FE36
Corrosion of metal parts FE45
Corrosion of metal parts FE46
Corrosion prior to wetting FE39
Corrosion prior to wetting FE40
Corrosion prior to wetting FE42
Criticality FE50
Criticality FE51
Degradation of fuel elements FE22
Degradation of fuel elements FE24
Degradation of fuel elements FE4
Degradation of fuel elements FE48
Degradation of fuel elements FE8
Fuel dissolution and conversion FE64
Fuel dissolution and conversion FT2
Gap and grain boundary release FT7
Gas generation, canister FE17
Gas generation, canister FE18
I, Cs migration to fuel surface FE5
Radioactive decay, fuel FE13
Radioactive decay, fuel FE14
Radioactive decay, fuel FE21
Radioactive decay, fuel FE3
Radioactive decay, fuel FE37
Radioactive decay, fuel FE49
Radioactive decay, fuel FE55
Radioactive decay, fuel FE56
Radioactive decay, fuel FE57
Radioactive decay, fuel FE62
Radioactive decay, fuel FE63
Radioactive decay, fuel FE66
Radiolysis prior to wetting FE31
F^adiolysis prior to wetting FE32
Radiolysis, canister FE29
Radiolysis, canister FE41
Release from metal parts FT6
Release from fuel matrix FT5
Temperature, canister FE20
Temperature, canister FE25
Temperature, canister FE26
Temperature, canister FE27

Total release from fuel elements
Release from metal parts
Gas generatior, canister
Water chemistry, canister
Radiolysis, canister
Properties of failed canister
Degradation of fuel elements
Corrosion of metal parts
Release from metal parts
Gas generation, canister
Changes in radionuclide inventory
Temperature, canister
Radiolysis, canister
Fuel dissolution and conversion
I, Cs migration to fuel surface
Criticality
Gap and grain boundary release
Radiolysis, canister
Release from fuel rratrix
Total release from fuel elements
Degradation of fuel elements
Degradation of fuel elements
Gap and grain boundary release
Gas generation, canister
Temperature, canister
Radiolysis, canister
Degradation of fuel elements
Radiolysis prior to wetting
Changes in radionuclide inventory
Radiolysis, buffer
Radiation effects on canister
Degradation of fuel elements
Radiation effects on buffer
Degradation of fuel elements
Microbial activity, can
Corrosion prior to wetting
Gas generation, canister
Water chemistry, canister
Gas generation, canister
Total release from fuel elements
Total release from fuel elements
I, Cs migration to fuel surface
Fuel dissolution and conversion
Corrosion of metal parts
Corrosion of copper canister
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Temperature, canister
Temperature, canister
Temperature, canister
Temperature, canister
Temperature, canister
Temperature, canister
Temperature, canister
Temperature, canister
Total release from fuel elements
Total release from fuel elements
Total release from fuel elements
Total release from fuel elements

Influences canister, CE + CT
Colloids/particles in canister

Corrosion of copper canister
Corrosion of copper canister
Corrosion of copper canister
Corrosion oi copper canister
Corrosion of copper canister
Corrosion of steel vessel
Corrosion of steel vessel
Corrosion of steel vessel
Corrosion of steel vessel

Corrosion of steel vessel
Corrosion of steel vessel
Corrosion prior to wetting

Creeping of steel /copper

Differential thermal expansion of near-
field barriers
Differential thermal expansion of near-
field barriers
Differential thermal expansion of near-
field barriers
Differential thermal expansion of near-
field barriers
Diffusion in and through failed canister
Diffusion in and through failed canister
Diffusion in and through failed canister

Electrochemical effects, canister
Electrochemical effects, canister
Electrochemical effects, canister
Electrochemical effects, canister
Electrochemical effects, canister

Failure of copper canister
Failure of copper canister
Failure of steel vessel
Failure of steel vessel

FE35 Water chemistry, canister
FE43 Water turnover, steel vessel
FE44 Corrosion of steel vessel
FE47 Creeping of steel / copper
FE53 Temperature, bentonite buffer
FE60 Interaction with corrosion products
FE61 Sorption on filling material
FE65 Microbial activity, can
FE52 Criticality
FE58 Gas generation, canister
FT11 Precipitation/ dissolution, canister
FT9 Transport and release of nuclides,

failed canister

CT12

CE52
CE56
CE67
CE74
CE75
CE16
CE18
CE24
CE27

CE36
CE71
CE22

CE29

Transport and release of nuclides,
failed canister
Volume increase of corrosion products
Failure of copper canister
Water chemistry, canister
Properties of failed canister
Properties of failed canister
Water chemistry, canister
Gas generation, canister
Failure of steel vessel
Reduced mechanical strength,
canister
Volume increase of corrosion products
Properties of failed canister
Reduced mechanical strength,
canister
Reduced mechanical strength,
canister

CE118 Mechanical impact on canister

CE119 Mechanical impact on canister

CE120 Properties of failed canister

CE121
CE102
CE86
CT5

CE108
CE109
CE110
CE111
CT15

CE60
CE73
CE44
CE70

Properties of failed canister
Water chemistry, bentonite buffer
Water chemistry, canister
Transport and release of nuclides,
failed canister
Water chemistry, canister
Corrosion of steel vessel
Corrosion of copper canister
Corrosion of metal parts
Transport and release of nuclides,
failed canister
Water turnover, copper canister
Properties of failed canister
Water turnover, steel vessel
Properties of failed canister
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Fuel dissolution and conversion
Gas escape from canister

Gas generation, canister
Gas generation, canister
Interaction with corrosion products
Interaction with corrosion products
Interaction with corrosion products

Internal pressure
Internal pressure
Internal pressure
Internal pressure
Internal pressure
Internal pressure
Internal pressure
Internal pressure
Mechanical impact on canister
Mechanical impact on canister

Mechanical impact on canister
Mechanical impact on canister
Mechanical impact on canister
Mechanical impact on canister
Mechanical impact on canister
Mechanical impact on canister
Microbial activity, can
Microbial activity, can
Microbial activity, can
Microbial activity, can
Microbial activity, can
Microbial activity, can
Microbial activity, can
Precipitation/ dissolution, canister
Precipitation/ dissolution, canister

Preferential pathways in canister

Properties
Properties
Properties
Properties
Properties
Properties
Properties
Properties

of failed
of failed
of failed
of failed
of failed
of failed
of failed
of failed

canister
canister
canister
canister
canister
canister
canister
canister

Properties of failed canister

Radiation effects on canister

Radioactive decay of mobile nuclides,
canister

Reduced mechanical strength, canister

CE92
CT16

CE126
CE17
CE12?

cm
CT3

CE21
CE32
CE34
CE45
CE46
CE61
CE84
CE91
CE104
CE106

CE133
CE134
CE35
CE41
CE58
CE72
CE122
CE123
CE128
CE96
CE97
CE98
CE99
CT10
CT2

CT14

CE107
CE132
CE76
CE78
CE80
CE82
CE85
CE89

CT13

CE105

CT6

CLiO

Water chemistry, canister
Transport and release of nuclides,
failed canister
Water chemistry, canister
Internal pressure
Fuel dissolution and conversion
Colloids/particles in canister
Transport and release of nuclides,
failed canister
Water turnover, steel vessel
Mechanical impact on canister
Mechanical impact on canister
Corrosion of metal parts
Corrosion of steel vessel
Water turnover, copper canister
Gas escape from canister
Radiolysis, canister
Movement of canister in buffer
Reduced mechanical strength,
canister
Creeping of steel/copper
Corrosion of copper canister
Corrosion of steel vessel
Failure of steel vessel
Failure of copper canister
Properties of failed canister
Interaction with corrosion products
Sorption on filling material
Properties of failed canister
Water chemistry, canister
Water chemistry, canister
Gas generation, canister
Colloids/particles in canister
Colloids/particles in canister
Transport and release of nuclides,
failed canister
Transport and release of nuclides,
failed canister
Preferential pathways in canister
Bentonite swelling, buffer
Water turnover, steel vessel
Water turnover, copper canister
Interaction with corrosion products
Internal pressure
Sorption on filling material
Diffusion in and through failed
canister
Transport and release of nuclides,
failed canister
Reduced mechanical strength,
canister

Transport and release of nuclides,
failed canister
Failure of steel vessel
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Reduced mechanical strength, canister
Sorprion on filling material
Sorption on filling material

Temperature, canister

Temperature, canister
Temperature, canister
Temperature, canister

Temperature, canister
Transport and release of nuclides, failed
canister
Volume increase of corrosion products
Volume increase of corrosion products
Volume increase of corrosion products
Water chemistry, canister
Water chemistry, canister
Water chemistry, canister
Water chemistry, canister
Water chemistry, canister
Water chemistry, canister
Water chemistry, canister
Water chemistry, canister
Water chemistry, canister
Water chemistry, canister
Water chemistry, canister
Water chemistry, canister
Water chemistry, canister
Water chemistry, canister
Water chemistry, canister
Water chemistry, canister
Water turnover, copper canister
Water turnover, copper canister
Water turnover, copper canister
Water turnover, copper canister
Water turnover, steel vessel
Water turnover, steel vessel
Water turnover, steel vessel
Water turnover, steel vessel
Water turnover, steel vessel
Water turnover, steel vessel
Water turnover, steel vessel
Water turnover, steel vessel
Water turnover, steel vessel

Influences bentonite buffer, BE + BT

CE59
CE13Ö
CT4

CE117

CE124
CE125
CE88

CE9

CT8
CE37
CE39
CE94
CE100
CE114
CE115
CE116
CE12
CE13
CE131
CE135
CE14
CE49
CE62
CE63
CE64
CE66
CE87
CE95
CE103
CE113
CE127
CE50
CE10
CE112
CE4
CE43
CE5
CE6
CE7
CE93
CT7

Failure of copper canister
Fuel dissolution and conversion
Transport and release of nuclides,
failed canister
Differential thermal expansion of
near-field barriers
Failure of steel vessel
Failure of copper canister
Diffusion in and through failed
canister
Precipitation/ dissolution, canister

Total release from fuel elements
Mechanical impact on canister
Mechanical impact on canister
Bentonite swelling, buffer
Colloids/particles in canister
Precipitation/ dissolution, canister
Interaction with corrosion products
Sorption on filling material
Corrosion of metal parts
Corrosion of steel vessel
Fuel dissolution and conversion
Electrochemical effects, canister
Fuel dissolution and conversion
Radiolysis, canister
Precipitation/ dissolution, canister
Interaction with corrosion products
Corrosion of copper canister
Sorption on filling material
Water chemistry, bentonite buffer
Microbial activity, can
Water chemistry, bentonite buffer
Electrochemical effects, canister
Water turnover, steel vessel
Corrosion of steel vessel
Water chemistry, canister
Electrochemical effects, canister
Corrosion of metal parts
Corrosion of steel vessel
Radiolysis, canister
Fuel dissolution and conversion
Gap and grain boundary release
Criticality
Transport and release of nuclides,
failed canister

Anion exclusion, buffer
Anion exclusion, buffer
Bentonite swelling, buffer
Bentonite swelling, buffer
Bentonite swelling, buffer
Bentonite swelling, buffer
Bentonite swelling, buffer

BT16 Matrix diffusion, buffer
BT2 Diffusion, buffer
BE 122 Properties of tunnel backfill
BE128 Properties of near-field rock
BE129 Stress field, near-field rock
BE13 Gas How and transport, buffer
BE137 Water chemistry, canister
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Bentonite swelling, buffer BE2
Bentonite swelling, buffer BE39
Bentonite swelling, buffer BE51
Bentonite swelling, buffer BE62
Chemical alteration of buffer BE19
Chemical alteration of buffer BE60
Chemical alteration of buffer BE61
Chemical alteration of buffer BE86
Coagulation of bentonite, buffer BE55
Coagulation of bentonite, buffer BE57
Coagulation of bentonite, buffer BE68
Colloid generation-source, buffer BE126

Colloid generation-source, buffer BT12

Corrosion of copper canister BE36
Differential thermal expansion of near-
field barriers BE104
Differential thermal expansion of near-
field barriers BE124
Diffusion, buffer BE92
Diffusion, buffer BT10

Dilution of buffer BE54
Dilution of buffer BE56
Dilution of buffer BE66
Dilution of buffer BE67
Electrochemical gradients, buffer BE116
Electrochemical gradients, buffer BT19

Erosion of buffer BE53
Erosion of buffer BE97
Flow through buffer BE107
Flow through buffer BE120
Flow through buffer BE136
Flow through buffer BE75
Flow through buffer BE78
Flow through buffer BT15

Flow through buffer BT18

Gas escape from canister BE14
Gas flow and transport, buffer BE109
Gas flow and transport, buffer BE118
Gas flow and transport, buffer BE12
Gas flow and transport, buffer BE125
Gas flow and transport, buffer BE134

Gas flow and transport, buffer BE79
Gas flow and transport, buffer BT20

Gas generation, buffer BE 15
Matrix diffusion, buffer BT21

Mechanical impact/ failure, buffer BE138

Mechanical impact on canister
Properties of failed canister
Dilution of buffer
Properties of bentonite buffer
Water chemistry, bentonite buffer
Properties of bentonite buffer
Properties of bentonite buffer
Properties of bentonite buffer
Erosion of buffer
Sedimentation of bentonite, buffer
Properties of bentonite buffer
Colloid generation and transport,
near-field rock
Transport and release of nuclides,
bentonite buffer
Water chemistry, bentonite buffer

Properties of bentonite buffer

Mechanical impact/ failure, buffer
Water chemistry, bentonite buffer
Transport and release of nuclides,
bentonite buffer
Coagulation of bentonite, buffer
Sedimentation of bentonite, buffer
Properties of bentonite buffer
Properties of bentonite buffer
Corrosion of copper canister
Transport and release of nuclides,
bentonite buffer
Dilution of buffer
Colloid generation-source, buffer
Matrix diffusion, buffer
Water turnover, copper canister
Water turnover, steel vessel
Water chemistry, bentonite buffer
Corrosion of copper canister
Transport and release of nuclides,
bentonite buffer
Transport and release of nuclides,
bentonite buffer
Gas flow and transport, buffer
Properties of bentonite buffer
Water chemistry, bentonite buffer
Gas escape from canister
Gas flow and, transport, backfill
Gas flow and transport, near-field
rock
Flow through buffer
Transport and release of nuclides,
bentonite buffer
Gas flow and transport, buffer
Transport and release of nuclides,
bentonite buffer
Cave in
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Mechanical impact/ failure, buffer
Mechanical impact/ failure, buffer
Microbial activity, buffer
Microbial activity, buffer
Microbial activity, buffer
Microbial activity, buffer
Microbial activity, buffer
Microbial activity, buffer
Movement of canister in buffer
Precipitation, dissolution, buffer
Precipitation/ dissolution, buffer
Precipitation/ dissolution, buffer
Precipitation/ dissolution, buffer

Properties of bentonite buffer
Properties of bentonite buffer
Properties of bentonite buffer
Properties of bentonite buffer
Properties of bentonite buffer
Properties of bentonite buffer
Properties of bentonite buffer
Properties of bentonite buffer
Properties of bentonite buffer
Properties of bentonite buffer
Properties of bentonite buffer
Properties of bentonite buffer
Properties of bentonite buffer
Properties of bentonite buffer
Properties of bentonite buffer
Properties of bentonite buffer
Properties of bentonite buffer
Properties of bentonite buffer
Properties of bentonite buffer
Properties of bentonite buffer
bentonite buffer
Radiation effects on buffer
Radioactive decay of mobile nuclides,
buffer

Radioactive decay of mobile nuclides,
buffer

Radiolysis, buffer
Radiolysis, buffer
Redox front, buffer
Redox front, buffer
Resaturation of bentonite buffer
Resaturation of bentonite buffer
Resaturation of bentonite buffer
Resaturation of bentonite buffer
Resaturation of bentonite buffer
Sedimentation of bentonite, buffer
Soret effect, buffer
Soret effect, buffer

Sorption, buffer

BE147
BE73
BE105
BE135
BE16
BE34
BE35
BE96
BE71
BE42
BE47
BE64
BT7

BE108
BE111
BE112
BE113
BE115
BE119
BE130
BE131
BE143
BE149
BE5
BE70
BE72
BE74
BE76
BE77
BE84
BE93
BE94
BT13

Mechanical impact on canister
Properties of bentonite buffer
Sorption, buffer
Properties of bentonite buffer
Gas generation, buffer
Water chemistry, bentonite buffer
Water chemistry, bentonite buffer
Colloid generation-source, buffer
Properties of bentonite buffer
Radrolysis, buffer
Water chemistry, bentonite buffer
Radiation effects on buffer
Transport and release of nuclides,
bentonite buffer
Matrix diffusion, buffer
Flow through buffer
Diffusion, buffer
Matrix diffusion, buffer
Electrochemical gradients, buffer
Gas flow and transport, buffer
Stress field, near-field rock
Groundwater flow, near-field rock
Sorption, buffer
Swelling of tunnel backfill
Bentonite swelling, buffer
Movement of canister in buffer
Mechanical impact/ failure, buffer
Mechanical impact on canister
Flow through buffer
Flow through buffer
Sorption, buffer
Diffusion, buffer
Anion exclusion, buffer
Transport and release of nuclides,

BE63 Properties of bentonite buffer

BE65 Radiation effects on buffer

BT11 Transport and release of nuclides,
bentonite buffer

BE11 Gas generation, buffer
BE37 Water chemistry, bentonite buffer
BE142 Colloid generation-source, buffer
BE45 Precipitation/ dissolution, buffer
BE1 Bentonite swelling, buffer
BE139 Properties of near-field rock
BE3 Thermal degradation of buffer
BE8 Temperature, bentonite buffer
BE81 Water chemistry, bentonite buffer
BE69 Properties of bentonite buffer
BE146 Water chemistry, bentonite buffer
BT14 Transport and release of nuclides,

bentonite buffer
BE144 Radiolvsis, buffer
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Sorption, buffer
Sorption, buffer

Temperature, bentonite buffer

Temperature, bentonite buffer
Temperature, bentonite buffer
Temperature, bentonite buffer
Temperature, bentonite buffer
Temperature, bentonite buffer
Temperature, bentonite buffer
Temperature, bentonite buffer
Temperature, bentonite buffer
Temperature, bentonite buffer
Temperature, bentonite buffer
Temperature, bentonite buffer
Temperature, bentonite buffer
Temperature, bentonite buffer
Thermal degradation of buffer
Thermal degradation of buffer
Transport and release of nuclides, failed
canister

Water chemistry,
Water chemistry,
Water chemistry,
Water chemistry.
Water chemistry,
Water chemistry,
Water chemistry,
Water chemistry,
Water chemistry,
Water chemistry,
Water chemistry,
Water chemistry,
Water chemistry,
Water chemistry,
Water chemistry,
Water chemistry,
Water chemistry,
Water chemistry,

bentonite buffer
bentonite buffer
bentonite buffer
bentonite buffer
bentonite buffer
bentonite buffer
bentonite buffer
bentonite buffer
bentonite buffer
bentonite buffer
bentonite buffer
bentonite buffer
bentonite buffer
bentonite buffer
bentonite buffer
bentonite buffer
bentonite buffer
bentonite buffer

Influences tunnel backfill, TE + TT
Anion exclusion, backfill
Anion exclusion, backfill
Chemical alteration ot backfill
Chemical alteration of backfill
Chemical alteration of backfill
Chemical alteration of backfill
Coagulation of bentonite, backfill
Coagulation of bentonite, backfill
Coagulation of bentonite, backfill
Colloid generation-source, backfill

BE90
BT8

BE103

BE123
BE127
BE132
BE133
BE140
BE48
BE49
BE50
BE7
BE80
BE9
BE95
BE98
BE87
BE88

BT6

BE101
BE102
BE106
BE121
BE145
BE148
BE24
BE33
BE38
BE40
BE41
BE44
BE46
BE58
BE6
BE82
BE91
BE99

TT16
TT2
TE19
TE60
TE61
TE86
TE55
TE57
TE68
TE123

Properties of bentonite buffer
Transport and release of nuclides,
bentonite buffer
Differential thermal expansion of
near-field barriers
Temperature, tunnel backfill
Temperature, near-field rock
Sorption, buffer
Matrix diffusion, buffer
Bentonite swelling, buffer
Water chemistry, bentonite buffer
Precipitation/ dissolution, buffer
Temperature, canister
Resaturation of bentonite buffer
Flow through buffer
Thermal degradation of buffer
Diffusion, buffer
Soret effect, buffer
Properties of bentonite buffer
Properties of bentonite buffer

Transport and release of nuclides,
bentonite buffer
Precipitation/ dissolution, buffer
Sorption, buffer
Water chemistry, canister
Water chemistry, tunnel backfill
Anion exclusion, buffer
Electrochemical gradients, buffer
Chemical alteration of buffer
Microbial activity, buffer
Radiolysis, buffer
Thermal degradation of buffer
Thermal degradation of buffer
Redox front, buffer
Precipitation/ dissolution, buffer
Coagulation of bentonite, buffer
Corrosion of copper canister
Sorption, buffer
Water chemistry, near-field rock
Colloid generation-source, buffer

Matrix diffusion, backfill
Diffusion, backfill
Water chemistry, tunnel backfill
Properties of tunnel backfill
Properties of tunnel backfill
Properties of tunnel backfill
Erosion of backfill
Sedimentation of bentonite, backfill
Properties of tunnel backfill
Colloid generation and transport,
near-field rock
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Colloid generation-source, backfill

Differential thermal expansion of near-
field barriers
Differential thermal expansion of near-
field barriers
Diffusion, backfill
Diffusion, backfill

Dilution of backfill
Dilution of backfill
Dilution of backfill
Dilution of backfill
Dispersion, backfill

Electrochemical gradients, backfill

Erosion of backfill
Erosion of backfill
Flow through backfill
Flow through backfill
Flow through backfill
Flow through backfill
Flow through backfill
Flow through backfill
Flow through backfill

Gas flow and, transport, backfill
Gas flow and, transport, backfill
Gas flow and, transport, backfill

Gas flow and, transport, backfill
Gas flow and, transport, backfill
Gas flow and, transport, backfill

Gas generation, backfill
Matrix diffusion, backfill

Mechanical impact/ failure, backfill
Mechanical impact/ failure, backfill
Microbial activity, backfill
Microbial activity, backfill
Microbial activity, backfill
Microbial activity, backfill
Microbial activity, backfill
Microbial activity, backfill
Precipitation/ dissolution, backfill
Precipitation/ dissolution, backfill
Precipitation/ dissolution, backfill
Precipitation/ dissolution, backfill

Properties of tunnel backfill
Properties of tunnel backfill
Properties of tunnel backfill
Properties of tunnel backfill

TT12 Transport and release of nuclides,
tunnel backfill

TE104 Properties of tunnel backfill

TE121
TE92
TT10

TE54
TE56
TE66
TE67
TT18

TT19

TE53
TE97
TE107
TE114
TE122
TE133
TE142
TE75
TT15

TE109
TE118
TE131

TE18
TE79
TT20

TE15
TT21

TE134
TE73
TE105
TE132
TE16
TE34
TE35
TE96
TE42
TE47
TE64
TT7

TE108
TE111
TE112
TE113

Mechanical impact/ failure, backfill
Water chemistry, tunnel backfill
Transport and release of nuclides,
tunnel backfill
Coagulation of bentonite, backfill
Sedimentation of bentonite, backfill
Properties of tunnel backfill
Properties of tunnel backfill
Transport and release of nuclides,
tunnel backfill
Transport and release of nuclides,
tunnel backfill
Dilution of backfill
Colloid generation-source, backfill
Matrix diffusion, backfill
Dispersion, backfill
Flow through buffer
Resaturation of bentonite buffer
Dispersion, backfill
Water chemistry, tunnel backfill
Transport and release of nuclides,
tunnel backfill
Properties of tunnel backfill
Water chemistry, tunnel backfill
Gas flow and transport, near-field
rock
Gas flow and transport, buffer
Flow through backfill
Transport and release of nuclides,
tunnel backfill
Gas flow and, transport, backfill
Transport and release of nuclides,
tunnel backfill
Cave in
Properties of tunnel backfill
Sorption, backfill
Properties of tunnel backfill
Gas generation, backfill
Water chemistry, tunnel backfill
Water chemistry, tunnel backfill
Colloid generation-source, backfill
Radiolysis, backfill
Water chemistry, tunnel backfill
Radiation effects on backfill
Transport and release of nuclides,
tunnel backfill
Matrix diffusion, backfill
Flow through backfill
Diffusion, backfill
Matrix diffusion, backfill
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Properties of tunne! backfill
Properties of tunnel backfill
Properties of tunnel backfill
Properties of tunnel backfill
Properties of tunnel backfill
Properties of runnel backfill
Properties of tunnel backfill
Properties of tunnel backfill
Properties of tunnel backfill
Properties of tunnel backfill
Properties of tunnel backfill
Properties of tunnel backfill
Properties of tunnel backfill
Properties of tunnel backfill

Radiation effects on backfill
Radioactive decay of mobile nuclides,
backfill
Radioactive decav of mobile nuclides,
backfill

Radiolysis, backfill
Radiolysis, backfill
Redox front, backfill
Redox front, backfill
Resaturation of tunnel backfill
Resaturation of runnel backfill
Resaturation of tunnel backfill
Resaturation of runnel backfill
Resaturation of tunnel backfill
Sedimentation of bentonite, backfill
Soret effect, backfill
Soret effect, backfill

Sorption, backfill
Sorption, backfill
Sorption, backfill

Swelling of tunnel backfill
Swelling of tunnel backfill
Swelling of tunnel backfill
Swelling of tunnel backfill
Swelling of tunnel backfill
Temperature, runnel backfill

Temperature, tunnel backfill
Temperature, tunnel backfill
Temperature, runnel backfill
Temperature, tunnel backfill
Temperature, tunnel backfill
Temperature, runnel backfill
Temperature, tunnel backfill
Temperature, runnel backfill
Temperature, tunnel backfill
Temperature, tunnel backfill

TE115
TE119
TE127
TE128
TE136
TE13R
TE5
TE72
TE76
TE77
TE84
TE93
TE94
TT13

TE63

TE65

TT11

TEH
TE37
TE140
TE45
TE1
TE135
TE3
TE8
TE81
TE69
TE141
TT14

TE139
TE90

rre
TE125
TE126
TE13
TE51
TE62
TE103

TE17.0
TE124
TE129
TE130
TE48
TE49
TE7
TE80
TE9
TE95

Electrochemical gradients, backfill
Gas flow and, transport, backfill
Stress field, near-held rock
Groundwater flow, near-field rock
Bentonite swelling, buffer
Sorption, backfill
Swelling of tunnel backfill
Mechanical impact/ failure, backtill
Flow through backfill
Flow through backfill
Sorption, backfill
Diffusion, backfill
Anion exclusion, backfill
Transport and release of nuclides.
tunnel backfill
Properties of tunnel backfill

Radiation effects on backfill

Transport and release of nuclides,
tunnel backfill
Gas generation, backfill
Water chemistry, tunnel backfill
Colloid generation-source, backfill
Precipitation/ dissolution, backfill
Swelling of tunnel backfill
Properties of near-field rock
Thermal degradation of backfill
Temperature, tunnel backfill
Water chemistry, tunnel backfill
Properties of runnel backfill
Water chemistry, tunnel backfill
Transport and release of nuclides,
tunnel backfill
Radiolysis, backfill
Properties of tunnel backfill
Transport and release of nuclides,
tunnel backfill
Properties of near-field rock
Stress field, near-field rock
Gas flow and, transport, backfill
Dilution of backfill
Properties of tunnel backfill
Differential thermal expansion of
near-field barriers
Temperature, bentonite buffer
Temperature, near-field rock
Sorption, backfill
Matrix diffusion, backfill
Water chemistry, tunnel backfill
Precipitation/ dissolution, backfill
Resaturarion of tunnel backfill
Flow through backfill
Thermal degradation of backfill
Diffusion, backfill
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Temperature., runnel backfill
Thermal degradation of backfill
Thermal degradation of backfill
Transport and release of nuclides.
bentonite buffer

Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water

chemistry,
chemistry,
chemistry,
chemistry,
chemistry,
chemistry,
chemistry,
chemistry,
chemistry,
chemistry,
chemistry,
chemistry,
chemistry,
chemistry,
chemistry,
chemistry,

tunnel
tunnel
tunnel
runnel
runnel
tunnel
tunnel
tunnel
tunnel
tunnel
tunnel
runnel
tunnel
tunnel
tunnel
tunnel

backfill
backfill
backfill
backfill
backfill
backfill
backfill
backfill
backfill
backfill
backfill
backfill
backfill
backfill
backfill
backfill

TE98
TES7
TE88

TT6

TE101
TE102
TE106
TE137
TE143
TE24
TE33
TE38
TE40
TE41
TE44
TE46
TE58
TE82
TE91
TE99

Influences near-field rock, NE + NT
Alteration/weathering of flow paths,
near-field rock NE26
Alteration/weathering of flow paths,
near-field rock
Alteration/weathering of flow paths,
near-field rock
Alteration /weathering of flow paths,
near-field rock

Anion exclusion, near-field rock
Anion exclusion, near-field rock
Cave in
Cave in
Colloid generation and transport,
near-field rock

Colloid generation and transport,
near-field rock

Creeping of rock mass, near-field
Creeping of rock mass, near-field
Creeping of rock mass, near-field
Creeping of rock mass, near-field
Creeping of rock mass, near-field
Degradation of rock reinforcement and
grout
Degradation of rock reinforcement and
grout
Degradation of rock reinforcement and
grout

NE136

NT6

NE120
NE36
NE86
NE87

NE88

NE127

NE128

NE20

Soret effect, backfill
Properties of runnel backfill
Properties of tunnel backfill

Transport and release of nuclides,
tunnel backfill
Precipitation/ dissolution, backfill
Sorption, backfill
Water chemistry, bentonite buffer
Anion exclusion, backfill
Electrochemical gradients, backfill
Chemical alteration of backfill
Microbial activity, backfill
Radiolysis, backfill
Thermal degradation of backfill
Thermal degradation of backfill
Redox front, backfill
Precipitation/ dissolution, backfill
Coagulation of bentonite, backfill
Sorption, backfill
Water chemistry, near-field rock
Colloid generation-source, backfill

Water chemistry, near-field rock

NE39

NE40

NE61

NT17
NT4
NE46
NE91

Properties of near-field rock

Properties of near-field rock

Colloid generation and transport,
near-field rock
Diffusion, near-field rock
Matrix diffusion, near-field rock
Properties of near-field rock
Mechanical impact on canister

Colloid generation and transport,
far-field

Transport and release of nuclides,
near-field rock
Stress field, near-field rock
Properties of near-field rock
Mechanical impact/ failure, buffer
Mechanical impact/ failure, backfill
Mechanical impact on canister

Gas generation, near-field rock

Properties of near-field rock

Water chemistry, near-field rock
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Degradation of rock reinforcement and
grout
Degradation of rock reinforcement and
grout

Differential thermal expansion of near-
fieid barriers
Diffusion, near-field rock
Diffusion, near-field rock

Dispersion, near-field rock

Electrochemical gradients, near-field rock
Electrochemical gradients, near-field rock
Electrochemical gradients, near-field rock

Enhanced rock fracturing, near-field
Excavation effects on nearby rock
Faulting,near-field rock

Faulting,near-field rock
Faulting,near-field rock
Faulting,near-field rock
Faulting,near-field rock
Gas flow and transport, near-field rock
Gas flow and transport, near-field rock
Gas flow and transport, near-field rock

Gas flow and transport, near-field rock
Gas flow and transport, near-field rock
Gas flow and transport, near-field rock
Gas flow and transport, near-field rock

Gas generation, near-field rock

Groundwater flow, near-field rock
Groundwater flow, near-field rock
Groundwater flow, near-field rock
Groundwater flow, near-field rock

Groundwater flow, near-field rock
Groundwater flow, near-field rock
Groundwater flow, near-field rock

Groundwater flow,
Groundwater flow,
Groundwater flow,
Groundwater flow,
Groundwater flow,
Groundwater flow,
Groundwater flow,
Groundwater flow,
Groundwater flow,
Groundwater flow,

near-field rock
near-field rock
near-field rock
near-field rock
near-field rock
near-field rock
near-field rock
near-field rock
near-field rock
near-field rock

NE28

NE60

NE78
NE131
NT9

NT13

NE137
NE138
NTH

NE37
NE73
NE124

NE38
NE92
NE93
NE94
NE104
NE105
NE113

NE30
NE43
NE53
NT15

NE29

NE110
NE112
NE115
NE116

NE117
NE118
NE119

NE48
NE52
NE69
NE71
NE74
NE75
NE82
NE83
NE84
NE85

Water chemistry, near-field rock

Colloid generation and transport..
near-field rock

Stress field, near-field rock
Water chemistry, near-field rock
Transport and release of nuclides,
near-field rock
Transport and release of nuclides,
near-field rock
Electrochemical gradients, buffer
Electrochemical gradients, backfill
Transport and release of nuclides,
near-field rock
Properties of near-field rock
Properties of near-field rock
Colloid generation and transport,
near-field rock
Properties of near-field rock
Mechanical impact/ failure, buffer
Mechanical impact/ failure, backfill
Mechanical impact on canister
Gas flow and, transport, backfill
Gas flow and transport, buffer
Gas generation and gas sources, far-
field
Water chemistry, near-field rock
Properties of near-field rock
Groundwater flow, near-field rock
Transport and release of nuclides,
near-field rock
Gas flow and transport, near-field
rock
Dispersion, near-field rock
Groundwater flow, far-field
Temperature, near-field rock
Gas flow and transport, near-field
rock
Properties of near-field rock
Matrix diffusion, near-field rock
Colloid generation and transport,
near-field rock
Stress field, near-field rock
Resaturation, near-field rock
Dispersion, near-field rock
Water chemistry, near-field rock
Erosion of buffer
Erosion of backfill
Flow through buffer
Resaturation of bentonite buffer
Flow through backfill
Resaturation of tunnel backfill
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Groundwater flow, near-field rock

Matrix diffusion, near-field rock
Matrix diffusion, near-held rock

NT14 Transport and release of nuclides,
near-field rock

Microbial
Microbial
Microbial
Microbial
Microbial
Microbial

activitv,
activity,
activity,
activity,
activity,
activity,

near-field rock
near-field rock
near-field rock
near-field rock
near-field rock
near-field rock

Precipitation/dissolution, near-field rock
Precipitation/dissolution, near-field rock
Precipitation/dissolution, near-field rock
Precipitation/dissolution, near-field rock

Properties of near
Properties of near-
Properties of near
Properties of near
Properties of near-
Properties of near-
Properties of near
Properties of near

field rock
field rock
field rock
field rock
•field rock
•field rock
field rock
field rock

Properties of near-field rock
Properties of near-field rock
Properties of near-field rock
Properties of near-field rock
Properties of near-field rock

Properties of near-field rock
Properties of near-field rock
Properties of near-field rock
Radioactive decay of mobile nuclides,
near-field rock

Radiolysis, near-field rock
Radiolysis, near-field rock
Reconcentration, near-field rock

Redox front, near-field rock
Redox front, near-field rock

Redox front, near-field rock

Resaturation, near-field rock

Resaturation, near-field rock
Resaturation, near-field rock
Sorption, near-field rock
Sorption, near-field rock
Sorption, near-field rock

NE132
NT10

NE106
NE11
NE2
NE3
NE4
NE59

NE14
NE6
NT1
NT7

NE107
NE121
NE122
NE50
NE51
NE54
NE55
NE58

NE62
NE63
NE64
NE65
NE70

NE80
NE81
NE97

NT5

NE7
NE8
NT8

NE133
NE134

NE19

NE126

NE41
NE42
NE135
NE99
NT2

Water chemistry, near-field rock
Transport and release of nuclides.
near-field rock
Properties of near-field nxk
Sorption, near-field rock
Water chemistry, near-field rock
Water chemistry, near-field rock
Gas generation, near-field reck
Colloid generation and transport,
near-field rock
Water chemistry, near-field rock
Radiolysis, near-field rock
Reconcentration, near-field rock
Transport and release of nuclides,
near-field rock
Diffusion, near-field rock
Stress field, near-field rock
Cave in
Groundwater flow, near-field rock
Groundwater flow, near-field rock
Sorpfion, near-field rock
Sorption, near-field rock
Colloid generation and transport,
near-field rock
Anion exclusion, near-field rock
Matrix diffusion, near-field rock
Matrix diffusion, near-field rock
Matrix diffusion, near-field rock
Gas flow and transport, near-field
rock
Bentonite swelling, buffer
Swelling of tunnel backfill
Water chemistry, near-field rock

Transport and release of nuclides,
near-field rock
Gas generation, near-field rock
Water chemistry, near-field rock
Transport and release of nuclides,
near-field rock
Properties of near-field rock
Colloid generation and transport,
near-field rock
Precipitation /dissolution, near-field
rock
Gas flow and transport, near-field
rock
Water chemistry, near-field rock
Properties of near-field rock
Radiolysis, near-field rock
Properties of near-field rock
Reconcentration, near-field rock
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Sorption, near-field rock NT27

Stress field, near-field rock
Stress field, near-field rock
Stress fieid, near-fieid rock

Stress field, near-field rock
Stress field, near-field rock
Stress field, near-field rock
Temperature, near-field rock
Temperature, near-field rock

Temperature, near-field rock
Temperature, near-field rock
Temperature, near-field rock

Temperature, near-field rock
Temperature, near-field rock
Temperature, near-field rock
Temperature, near-field rock
Temperature, near-field rock
Temperature, near-field rock
Temperature, near-field rock
Temperature, near-field rock

Temperature, near-field rock

Transport and release of nudides,
bentonite buffer

NE114
NE123
NE125

NE31
NE32
NE34
NE100
NE101

NE102
NE103
NE109

NE111
NE129
NE45
NE47
NE49
NE76
NE77
NE79

NT26

NT21

Transport and release of nuclides,
tunnel backfill

Water chemistry, near-field rock
Water chemistry, near-field rock
Water chemistry, near-field rock

Water chemistry, near-field rock

Water chemistry, near-field rock
Water chemistry, near-field rock
Water chemistry, near-field rock
Water chemistry, near-field rock
Water chemistry, near-field rock

Water chemistry, near-field rock

Water chemistry, near-field rock

Water chemistry, near-field rock
Water chemistry, near-field rock
Water chemistry, near-field rock

Transport and release of nuclides.
near-field rock
Stress field, far-field
Mechanical impact on canistei
Alteration weathering of flow
paths, near-field rock
Creeping of rock mass, near-held
raulting.near-field rock
Enhanced rock frartunng, near-held
Sorption, near-held rock
Precipitation / dissolution, near-field
rock
Diffusion, near-field rock
Matrix diffusion, near-field rock
Alteration/weathering of f low-
paths, near-field rock
Temperature, far-field
Microbial activity, near-field rock
Stress field, near-field rock
Water chemistry, near-field rock
Groundwater flow, near-field rock
Temperature, tunnel backfill
Temperature, bentonite buffer
Differential thermal expansion of
near-field barriers
Transport and release of nuclides,
near-field rock

Transport and release of nuclides,
near-field rock

NT25

NE1
NE108
NE12

NE13

NE130
NE16
NE17
NE18
NE22

NE24

NE56

NE9
NE95
NE96

Transport and release of nuclides,
near-field rock
Microbial activity, near-field rock
Groundwater chemistry
Precipitation / dissolution, near-field
rock
Precipitation /dissolution, near-field
rock
Anion exclusion, near-field rock
Sorption, near-field rock
Sorption, near-field rock
Redox front, near-field rock
Degradation of rock reinforcement
and grout
Alteration/weathering of flow
paths, near-field rock
Colloid generation and transport,
near-field rock
Radiolysis, near-field rock
Water chemistry, tunnel backfill
Water chemistry, bentonite buffer
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Influences geosphere (far-field rock), GE + GT
Alteration.'Weathering of flow paths,
far-fieid GE40
Alteration/weathering of flow paths.
far-field GE42
Alteration/ weathering of flow paths,
far-fieid GE43
Alteration/weathering of flow paths,
far-field GE85

Anion exclusion, far-field GT13
Anion exclusion, far-field GT14
Colloid generation and transport, far-field GE97

Colloid generation and transport, far-field GT9

Deep saline water intrusion
Deep saline water intrusion
Deep saline water intrusion
Degradation of hole and shaft seals
Diffusion, far-field
Diffusion, far-field

Dispersion, far-field

Earth tides
Earth tides
Electrochemical gradients, far-field

Electrochemical gradients, far-field

External flow boundary conditions
Faulting, far-field
Faulting, far-field
Faulting, far-field

Gas flow and transport, far-field
Gas flow and transport, far-field

Gas flow and transport, far-field

Gas generation and gas sources, far-field
Gas generation and gas sources, far-held
Gas generation and gas sources, far-field
Groundwater chemistry
Groundwater chemistry

Groundwater chemistry
Groundwater chemistry

Groundwater chemistry
Groundwater chemistry
Groundwater chemistry
Groundwater chemistry
Groundwater chemistry

GE11
GE14
GE60
GE90
GE95
GT8

GT3

GE86
GE87
GE92

GT5

GE93
GE5
GE84
GE91

GE45
GE70

GT6

GE56
GE57
GE77
GE13
GE16

GE17
GE18

GE21
GE23
GE26
GE89
GE94

Ground'.vater chemistry

Properties of far-field rock

Properties of far-field rock

Colloid generation and transport,
far-field
Matrix diffusion, far-field
Diffusion, far-field
Colloid generation and transport,
near-field rock
Distribution and release of nuclides
from the geosphere
Groundwater chemistry
Interface different waters
Groundwater flow, far-field
Groundwater flow, far-field
Groundwater chemistry
Distribution and release of nuclides
from the geosphere
Distribution and release of nuclides
from the geosphere
Groundwater flow, far-field
Matrix diffusion, far-field
Electrochemical gradients, near-
field rock
Distribution and release of nuclides
from the geosphere
Groundwater flow, far-field
Properties of far-field rock
Faulting,near-field rock
Colloid generation and transport,
far-field
Properties of far-field rock
Gas flow and transport, near-field
rock
Distribution and release of nuclides
from the geosphere
Gas flow and transport, far-field
Groundwater flow, far-field
Groundwater chemistry
Water chemistry, near-field rock
Alteration/weathering of flow
paths, far-field
Microbial activity, far-field
Colloid generation and transport,
far-field
Redox front, far-field
Precipitation/ dissolution, far-field
Sorption, far-field
Degradation of hole and shaft seals
Anion exclusion, far-field
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Gioundwater flow, far-field
Groundwator flow, far-field
Groundwnter flow, far-field
Ground water flow, far held
Grouadwater flow, far-field
Groundwater flow, rar-field
Groundwater flow, far-field
Groundwater flow, far-field
Groundwater flow, far-field

Groundwater flow, far-field
Groundwater flow, far-field
Groundwater flow, far-field

Interface difrerent waters

Matrix diffusion, far-field
Matrix diffusion, far-field

Microbial activity, far-field
Microbial activity, far-field
Microbial activity, far-field

Microbial activity, far-field
Microbial activity, far-field
Precipitation/ dissolution, far-field

Precipitation/ dissolution, far-field
Properties of far-field rock
Properties of far-field rock
Properties of far-field rock
Properties of far-field rock
Properties of far-field rock
Properties of far-field rock
Properties of far-field rock
Properties of far-field rock
Properties of far-field rock

Properties of
Properties of
Properties of
Properties of
Properties of
Properties of

far-field rock
far-field rock
far-field rock
far-field rock
far-field rock
far-field rock

Radioactive decay of mobile nuclides,
far-field

Reconcentration, far-field

Redox front, far-field
Redox front, far-field

Redox front, far-field

GE54 Dispersion, far-field
GE55 Dispersion, far-field
GE59 Stress field, far-field
GE65 Groundwater flow, near-field rock
GE69 Groundwater chemistry
GE71 Deep saline water intrusion
GE72 Temperature, far-field
GE73 Properties of far-field rock
GE74 Colloid generation and transport,

far-field
GE75 Matrix diffusion, far-field
GE76 Sorption, far-field
CT15 Distribution and release of nuclides

from the geosphere
GE41 Colloid generation and transport,

far-field
GE96 Groundwater chemistry
GT7 Distribution and release of nuclides

from the geosphere
GE31 Groundwater chemistry
GE32 Groundwater chemistry
GE33 Colloid generation and transport,

far-field
GE34 Sorption, far-field
GE35 Properties of far-field rock
GT16 Distribution and release of nuclides

from the geosphere
GT18 Reconcentration, far-field
GE29 Sorption, far-field
GE30 Sorption, far-field
GE36 Groundwater chemistry
GE38 Diffusion, far-field
GE44 Gas flow and transport, far-field
GE46 Groundwater flow, far-field
GE47 Groundwater flow, far-field
GE48 Anion exclusion, far-field
GE49 Colloid generation and transport,

far-field
GE50 Matrix diffusion, far-field
GE51 Matrix diffusion, far-field
GE52 Matrix diffusion, far-field
GE61 Electrochemical gradients, far-field
GE80 Stress field, far-field
GE83 Gas generation and gas sources, far-

field

GT2 Distribution and release of nuclides
from the geosphere

GT12 Distribution and release of nuclides
from the geosphere

GE22 Precipitation/ dissolution, far-field
GE88 Colloid generation and transport,

far-field
GE98 Properties of far-field rock
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Sorption, far-field

Sorption, far-field
Stress field, far-field
Stress field, far-field
Stress field, far-field
Stress field, far-field
Surface water chemistry
Surface water chemistry
Temperature, far-field
Temperature, far-field

Temperature, far-field
Temperature, far-field
Temperature, far-field
Temperature, far-field
Temperature, far-field
Temperature, far-field
Temperature, far-field
Transport and release of nuclides,
near-field rock

GT11

GT17
GE2
GE3
GE81
GE82
GE12
GE15
GE1
GE39

GE53
GE58
GE66
GE78
GE79
GE8
GE9

Distribution and release of nuclides
from the geosphere
Reconcentration, far-field
Faulting, far-field
Properties of far-field rock
Stress field, near-field rock
Degradation of hole and shaft seals
Groundwater chemistry
Interface different waters
Stress field, far-field
Alteration/weathering of flow
paths, far-field
Matrix diffusion, far-field
Groundwater flow, far-field
Temperature, near-field rock
Degradation of hole and shaft seals
Microbiai activity, far-field
Diffusion, far-field
Groundwater chemistry

GT20 Distribution and release of nuclides
from the geosphere

Influences included only in the Central Scenario, Glac + Penna + Sea
Sea-level changes
Sea-level changes
Permafrost
Permafrost
Permafrost
Glaciation
Glaciation
Glaciation

Seal Surface water chemistry
Sea2 External flow boundary conditions
Permal Surface water chemistry
Perma2 External flow boundary conditions
Perma3 Temperature, far-field
Glacl Surface water chemistry
Glac2 External flow boundary conditions
Glac3 Stress field, far-field
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Appendix 3
Description of Influences in PID

Reference Case and Central scenario

Influences fuel, FE + FT

FE3 Radioactive decay, fuel •• Degradation of fuel elements
Destruction of fuel structure by high-energy alpha-particles.

FE4 Degradation of fuel elements -1, Cs migration to fuel surface
Cracking and fragmentation of the fuel may create paths through which I and Cs
could migrate from the fuel matrix to the surface.

FE5 I, Cs migration to fuel surface - Gap and grain boundary release
I and Cs migration from fuel matrix to fuel surface after canister emplacement may
increase the fraction of these elements which is rapidly released after canister
failure.

FE8 Degradation of fuel elements - Gap and grain boundary release
Cracking and fragmentation of the fuel may increase the contact between water and
grain boundaries thereby increasing the radionuclide release from grain boundaries.

FE13 Radioactive decay, fuel - Gas generation, canister
The formation of helium by alpha decay in the fuel.

FE14 Radioactive decay, fuel - Temperature, canister
Influence on temperature of heat generation during radioactive decay of the fuel.

FE16 Corrosion of metal parts - Release from metal parts
The corrosion rate will influence the release rate of nuclides in metal parts of the
waste

FE17 Gas generation, canister - Degradation of fuel elements
Cracking (fragmentation) of fuel and cladding due to helium formation.

FE18 Gas generation, canister - Degradation of fuel elements
Cracking (fragmentation) of fuel and cladding due to hydrogen formation by
radiolysis.

FE19 Corrosion of metal parts - Gas generation, canister
Hydrogen formation due to anaerobic corrosion of steel and zirkaloy.

FE20 Temperature, canister -1, Cs migration to fuel surface
High temperature may increase the migration to fuel surface.

FE21 Radioactive decay, fuel - Radiolysis, canister
Radiation from radioactive decay causes radiolysis.
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FE22 Degradation of fuel elements - Radiolysis, canister
Cracking and fragmentation of the fuel may increase the contact area between fuel
and penetrating water and thereby increase the amount of water exposed to
radiolysis.

FE24 Degradation of fuel elements - Fuel dissolution and conversion
Cracking and fragmentation of the fuel and cladding may increase the surface area
of the fuel accessible to penetrating water and thereby increase the
dissolution/conversion rate of the fuel.

FE25 Temperature, canister - Fuel dissolution and conversion
Influence of temperature on dissolution/conversion of the fuel.

FE26 Temperature, canister - Corrosion of metal parts
Influence of temperature on corrosion rate and mode.

FE27 Temperature, canister - Corrosion of copper canister
Influence of temperature on corrosion rate.

FE29 Radiolysis, canister - Water chemistry, canister
Influence of oxidant generation on redox conditions.

FE30 Corrosion of metal parts - Water chemistry, canister
Influence of corrosion on concentration of dissolved multivalent metal ions and redox
conditions.

FE31 Radiolysis prior to wetting - Corrosion prior to wetting
Corrosion by nitrous or nitric acids or ammonia formed by radiolysis prior to water
intrusion.

FE32 Radiolysis prior to wetting - Gas generation, canister
Hydrogen formation by radiolysis prior to canister failure.

FE35 Temperature, canister - Water chemistry, canister
Influence of temperature on the concentration of dissolved species.

FE36 Corrosion of metal parts - Radiolysis, canister
Corrosion of zircaloy cladding may change the water volume accessible to alpha-
radiolysis.

FE37 Radioactive decay, fuel - Radiolysis prior to wetting
Radiation from radioactive decay causes radiolysis.

FE39 Corrosion prior to wetting - Corrosion of metal parts
Influence of protective layers of oxides on corrosion after wetting

FE40 Corrosion prior to wetting - Release from metal parts
Influence of corrosion prior to wetting on element accessability to intruding water.

FE41 Radiolysis, canister - Gas generation, canister
Hydrogen formation by radiolytic decomposition of intruding water.

FE42 Corrosion prior to wetting - Gas generation, canister
Hydrogen formation by corrosion prior to canister failure.
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FE43 Temperature, canister - Water turnover, steel vessel
Influence of temperature gradient on water turnover.

FE44 Temperature, canister - Corrosion of steel vessel
Influence of temperature on steel corrosion rate and mode.

FE45 Corrosion of metal parts - Properties of failed canister
Influence of corrosion rate on amount of corrosion products with time.

FE46 Corrosion of metal parts - Degradation of fuel elements
Degradation of zircaloy cladding by corrosion.

FE47 Temperature, canister - Creeping of steel/copper
Influence of temperature on creep.

FE48 Degradation of fuel elements - Criticality
Degradation of zirkaloy cladding causing accumulation of fuel pellets to a critical
mass.

FE49 Radioactive decay, fuel - Changes in radionudide inventory
Change in radionuclide inventory with time due to radioactive decay

FE50 Criticality - Changes in radionudide inventory
Influence of criticality on radionuclide inventory.

FE51 Criticality - Temperature, canister
Influence of heat generation by fission reactions in the fuel on the temperature in the
canister.

FE52 Total release from fuel elements - Criticality
Influence of selective release or concentration of uranium over plutonium on the
possibility to obtain a remaining critical mass of plutonium.

FE53 Temperature, canister - Temperature, bentonite buffer
Influence of temperture in canister on temperature in bentonite.

FE55 Radioactive decay, fuel - Radiolysis, buffer
Influence of radioactive decay inside the canister on the extent of radiolytic
decomposition of bentonite water in the vicinity of the canister.

FE56 Radioactive decay, fuel - Radiation effects on canister
Damage to canister caused by radiation from decaying nuclides.

FE57 Radioactive decay, fuel - Degradation of fuel elements
Changes in chemical properties and fuel structure as a result of transmutation.

FE58 Total release from fuel elements - Gas generation, canister
The contribution of radioactive gases released from the fuel to the gas generation
inside the canister.

FE60 Temperature, canister - Interaction with coerosion products
Influence of temperature on radionuclide sorption/coprecipitation with corrosion
products (chemical equilibria and kinetics).
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FE61 Temperature, canister - Sorption on filling material
Influence of temperature on sorption on canister filling material (chemical equHbria
and kinetics).

FE62 Radioactive decay, fuel - Radiation effects on buffer
Structure damage of bentonite due to neutron flux from fuel.

FE63 Radioactive decay, fuel - Degradation of fuel elements
Additional embrittlement of fuel cladding by gamma and neutron flux.

FE64 Fuel dissolution and conversion - Radiolysis, canister
Increase in available surface area at the water-fuel interface due to fuel conversion
will increase accumulation of alpha-sources.

FE65 Temperature, canister - Microbial activity, canister
Influence of temperature on microbial activity.

FE66 Radioactive decay, fuel - Microbial activity, canister
Influence of radiation from decaying fuel on microbial activity in canister.

FT2 Fuel dissolution and conversion - Release from fuel matrix
The rate of fuel dissolution/conversion determines the liberation rate of uranium and
elements incorporated in the fuel matrix.

FT5 Release from fuel matrix - Total release from fuel elements
The release rate of all radionuclides in the fuel matrix influences the total release
from the fuel.

FT6 Release from metal parts - Total release from fuel elements
The release rate from metal parts influences the total release rate from the fuel.

FT7 Gap and grain boundary release - Total release from fuel elements
The gap and grain boundary release influences the total release from the fuel.

FT9 Total release from fuel elements - Transport and release of nudides, failed canister
Influence of the release of nuclides from the fuel on the transport and release of
nuclides from the failed canister.

FT11 Total release from fuel elements - Precipitation/dissolution, canister
Influence of the release rate of elements from the fuel on the extent of
precipitation/dissolution of the elements.

FT12 Changes in radionudide inventory - Total release from fuel elements
Influence of radionuclide abundances and distribution in the fuel, gTain boundaries
and metal parts after canister failure on the total release of radionuclides from the
fuel.
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Influences canister, CE + CT

CE4 Water turnover, steel vessel - Corrosion of metal parts
Water entering the steel vessel initiates corrosion of metal parts.

CE5 Water turnover, steel vessel - Radiolysis, canister
Water entering the steel vessel initiates radiolysis.

CE6 Water turnover, steel vessel - Fuel dissolution and conversion
Water entering the steel canister initiates dissolution of the fuel.

CE7 Water turnover, steel vessel - Gap and grain boundary release
Water entering the steel vessel initiates gap and grain boundary release.

CE9 Temperature, canister - Precipitation/dissolution, canister
Influence of temperature in canister on precipitation/dissolution of elements from
the fuel (kinetics).

CE10 Water turnover, steel vessel - Water chemistry, canister
Exchange of water in the canister influence the concentration of ions and complexes.

CE12 Water chemistry, canister - Corrosion of metal parts
Concentration of corrosive agents such as chloride, sulphate, nitrate etc, in natural
waters and modified due to radiolysis influences the corrosion rate and mode.

CE13 Water chemistry, canister - Corrosion of steel vessel
Concentration of corrosive agents such as chloride, sulphate, nitrate etc, in natural
waters and modified due to radiolysis influences the corrosion rate and mode.

CE14 Water chemistry, canister - Fuel dissolution and conversion
Concentration of carbonate, phosphate, organic complexes, etc, and redox conditions
affect the stability and dissolution rate of the fuel matrix.

CE16 Corrosion of steel vessel - Water chemistry, canister
Influence of corrosion on the concentration of dissolved iron.

CE17 Gas generation, canister - Internal pressure
Influence of gas generation rate on internal pressure.

CE18 Corrosion of steel vessel - Gas generation, canister
Hydrogen formation by anaerobic corrosion of steel

CE21 Internal pressure - Water turnover, steel vessel
The gas pressure inside the steel vessel will influence the inflow and outflow of
water from the steel vessel.

CE22 Corrosion prior to wetting - Reduced mechanical strength, canister
Influence of corrosion of steel vessel prior to wetting on its mechanical strength.

CE24 Corrosion of steel vessel - Failure of steel vessel
Influence of corrosion rate and mode on the characteristics of the penetration.

CE27 Corrosion of steel vessel - Reduced mechanical strength, canister
Influence of corrosion of steel vessel prior to failure on its mechanical strength.
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CE29 Creeping of steel/copper - Reduced mechanical strength, canister
Influence of creep in the material on its mechanical strength.

CE30 Reduced mechanical strength, canister - Failure of steel vessel
Influence of reduced mechanical strength on the resistance to failure by mechanical
impact.

CE32 Internal pressure - Mechanical impact on canister
Mechanical impact on steel vessel by hydrogen and helium pressure prior to and
after failure of the steel vessel..

CE34 Internal pressure - Mechanical impact on canister
Mechanical impact on copper canister by hydrogen and helium pressure.

CE35 Mechanical impact on canister - Corrosion of steel vessel
Stress corrosion caused by mechanical impact.

CE36 Corrosion of steel vessel - Volume increase of corrosion products
Amount of corrosion products formed influences the degree of volume increase.

CE37 Volume increase of corrosion products - Mechanical impact on canister
Mechanical impact on canister by volume increase of iron corrosion products.

CE39 Volume increase of corrosion products - Mechanical import on canister
Mechanical impact on canister by volume increase of copper corrosion products.

CE41 Mechanical impact on canister - Failure of steel vessel
Cracking/breaching of the canister prior to corrosion failure due to mechanical
impact.

CE43 Water turnover, steel vessel - Corrosion of steel vessel
Water intrusion into steel vessel will cause corrosion of inner surfaces of the vessel.

CE44 Failure of steel vessel - Water turnover, steel vessel
Failure of steel vessel initiates water intrusion into the vessel.

CE45 Internal pressure - Corrosion of metal parts
Influence of hydrogen pressure on corrosion rate

CE46 Internal pressure - Corrosion of steel vessel
Influence of hydrogen pressure on corrosion rate

CE49 Water chemistry, canister - Radiolysis, canister
Influence of water chemistry (carbonate, metal ions etc) on the radiolytic yield.

CE50 Water turnover, copper canister - Corrosion of steel vessel
Influence on corrosion of outer surface of steel vessel of mode of contact water-steel
due to water inflow/outflow in void between copper canister and steel vessel.

CE52 Corrosion of copper canister- Volume increase of corrosion products
Amount of corrosion products formed influences the degree of volume expansion.

CE56 Corrosion of copper canister - Failure of copper canister
Influence of corrosion rate and mode on the characteristics of the penetration.
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CE58 Mechanical impact on canister - Failure of copper canister
Cracking/breaching of the canister due to mechanical impact.

CE59 Reduced mechanical strength, canister - Failure of copper canister
Influence of reduced mechanical strength on the resistance to failure by mechanical
impact.

CE60 Failure of copper canister - Water turnover, copper canister
Failure of copper canister initiates water intrusion into the gap between copper
canister and steel vessel.

CE61 Internal pressure - Water turnover, copper canister
The gas pressure in the gap between the copper canister and the steel vessel will
influence the inflow and outflow of water in this gap.

CE62 Water chemistry canister - Precipitation/dissolution, canister
Changes in redox conditions or in the concentration of ions and complexing agents
may cause precipitation /dissolution of elements released from the fuel.

CE63 Water chemistry, canister - Interaction with corrosion products
Influence of redox conditions, complexing agents and ions, including competing ions,
on sorption/coprecipitation.

CE64 Water chemistry, canister - Corrosion of copper canister
Influence of the concentration of corrosive agents (sulphide, oxygen) in the water in
the canister on the corrosion of the interior of the copper canister.

CE66 Water chemistry, canister - Sorption on filling material
Influence of redox conditions, complexing agents and ions, including competing ions,
on sorption.

CE67 Corrosion of copper canister - Water chemistry, canister
Influence of corrosion of copper canister interior on the concentration of dissolved
copper in the canister interior.

CE70 Failure of steel vessel - Properties of failed canister
Influence of failure mode on size and location of initial hole/breach in steel vessel.

CE71 Corrosion of steel vessel - Properties of failed canister
Influence of corrosion rate and mode on physical and chemical characteristics of
failed canister.

CE72 Mechanical impact on canister - Properties of failed canister
Change in properties of failed canister due to mechanical impact.

CE73 Failure of copper canister - Properties of failed canister
Influence of failure mode on size and location of initial hole/breach in copper
canister.

CE74 Corrosion of copper canister - Properties of failed canister
Influence of corrosion rate and mode on physical and chemical characteristics of
failed canister.

CE75 Corrosion of copper canister - Properties of failed canister
Influence of corrosion rate on amount of corrosion products with time.
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CE76 Properties of failed canister - Water turnover, steel vessel
Influence of size and location of hole/breach in steel vessel and copper canister and
of internal void on inflow/outflow of water in steel vessel.

CE78 Properties of failed canister - Water turnover, copper canister
Influence of size and location of hole/breach in copper canister and void in gap
between copper canister and steel vessel on inflow/outflow of water in the gap
between copper canister and steel vessel.

CE80 Properties of failed canister - Interaction with corrosion products
Physical and chemical properties of the corrosion products of the failed canister
determines the nature and effectiveness of the interaction.

CE82 Properties of failed canister - Internal pressure
Influence of internal void in failed canister on internal gas pressure after failure

CE84 Internal pressure - Gas escape from canister
Influence of internal gas pressure in failed canister on the gas escape rate from the
canister.

CE85 Properties of failed canister - Sorption on filling material
Influence of type and amount of filling material on the sorption capacity.

CE86 Diffusion in and through failed canister - Water chemistry, canister
Influence of intransport of dissolved species by diffusion on the concentration of these
species in the water in the canister.

CE87 Water chemistry, canister - Water chemistry, bentonite buffer
Influence of the concentration of dissolved species in the water in the canister on the
concentration of these species in the bentonite buffer.

CE88 Temperature, canister - Diffusion in and through failed canister
Influence of temperature on the diffusivity.

CE89 Properties of failed canister - Diffusion in and through failed canister
Influence of size of hole/breach in the canister and internal void (porosity) on the
diffusive flux in and out from canister.

CE91 Internal pressure - Radiolysis, canister
Influence of hydrogen pressure on radiolytic yield.

CE92 Fuel dissolution and conversion - Water chemistry, canister
Influence of oxidation-reduction (redox) reactions of UO2 matrix on redox conditions
in the canister.

CE93 Water turnover, steel vessel - Criticality
Influence of amount of water inside canister on the possibility of the spent fuel to
become critical.

CE94 Volume increase of corrosion products - Bentonite swelling, buffer
Influence of volume expanding corrosion products on the swelling of bentonite.

CE95 Water chemistry, canister - Microbial activity, canister
Influence of nutrient (organic carbon etc) availability on microbial activity
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CE96 Microbial activity, canister - Water chemistry, canister
Influence of microbial activity on the concentration of corrosive agents (sulphide)

CE97 Microbial activity, canister - Water chemistry, canister
Influence of microbial activity on the concentration of complexing agents.

CE98 Microbial activity, canister - Gas generation, canister
Generation of carbon dioxide, hydrogen, methane in the canister by microbial
activity.

CE99 Microbiai activity, canister - Colloids/particles in canister
Formation of aggregates of microbes or of substances generated by microbes which
sorbes elements released from the waste.

CE100 Water chemistry, canister - Colloids/particles in canister
Influence of water chemistry (pH, ionic strength etc) on colloid generation and
stability.

CE102 Diffusion in and through failed canister - Water chemistry, bentonite buffer
Influence of diffusive release of dissolved species from the canister on the
concentration of these species in the bentonite water.

CE103 Water turnover, copper canister - Water chemistry, bentonite buffer
Influence of displacement or outflow of water from the canister on the concentration
of dissolved species in the bentonite water.

CE104 Mechanical impact on canister - Movement of canister in buffer
Mechanical impact causing movement of the canister in the bentonite buffer.

CE105 Radiation effects on canister - Reduced mechanical strength, canister
Reduced mechanical strength due to embrittlement of the canister material.

CE106 Mechanical impact on canister - Reduced mechanical strength, canister
Mechanical impact on the canister may lead to reduced mechanical strength.

CE107 Properties of failed canister - Preferential pathways in canister
Inhomogeneities in failed canister acting as preferential pathways for
radionuclides.

CE108 Electrochemical effects, canister - Water chemistry, canister
Influence of electrochemical gradients on the distribution of charged species in the
water in the canister.

CE109 Electrochemical effects, canister - Corrosion of steel vessel
Galvanic corrosion of steel in contact with copper and electrochemical effects on
localised corrosion of steel.

CE110 Electrochemical effects, canister - Corrosion of copper canister
Galvanic corrosion of copper in contact with steel and electrochemical effects on
localised corrosion of copper.

CE111 Electrochemical effects, canister - Corrosion of metal parts
Galvanic corrosion of zirkaloy cladding due to contact between different metals.
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CE112 Water turnover, steel vessel - Electrochemical effects, canister
Water intrusion into steel vessel is required to initiate electrochemical effects.

CE113 Water turnover, copper canister - Electrochemical effects, canister
Water access through failed copper canister is required to initiate electrochemical
effects, e.g. crevice corrosion.

CE114 Water chemistry, canister - Precipitation/dissolution, canister
The extent of precipitation/dissolution of radioelements released from the fuel is
influenced by the water concentration of the same stable elements originating from
other sources (isotopic dilution).

CE115 Water chemistry, canister - Interaction with corrosion products
The extent of sorption/coprecipitation of elements released from the fuel is
influenced by the water concentration of the same elements originating from other
sources (isotopic dilution).

CE116 Water chemistry, canister - Sorption on filling material
The extent of sorption of elements released from the fuel is influenced by the water
concentration of the same elements originating from other sources (isotopic dilution).

CE117 Temperature, canister - Differential thermal expansion of near-field barriers
Influence of temperature in canister on differential thermal expansion of canister
material.

CE118 Differential thermal expansion of near-field barriers - Mechanical impact on
canister
Mechanical impact on canister caused by differences in thermal expansion of inner
steel vessel and outer copper canister.

CE119 Differential thermal expansion of near-field barriers - Mechanical impact on
canister
Mechanical impact on canister caused by differences in thermal expansion of canister
materials and bentonite buffer.

CE120 Differential thermal expansion of near-field barriers - Properties of failed canister
Influence of differences in thermal expansion of canister materials, steel and copper,
on properties (what properties?) of failed canister.

CE121 Differential thermal expansion of near-field barriers - Properties of failed canister
Influence of differences in thermal expansion of canister materials and bentonite
buffer on properties (what properties?) of failed canister.

CE122 Microbial activity, canister - Interaction with corrosion products
Influence on sorption of microbes attached to surfaces of the corrosion products.

CE123 Microbial activity, canister - Sorption on filling material
Influence on sorption of microbes attached to surfaces in the filling material.

CE124 Temperature, canister - Failure of steel vessel
Thermal cracking of steel vessel due to temperature changes.

CE125 Temperature, canister - Failure of copper canister
Thermal cracking of copper canister due to temperature changes.
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CE126 Gas generation, canister - Water chemistry, canister
Influence of dissolved gases, hydrogen, carbon dioxide, methane, on water
chemistry.

CE127 Water turnover, copper canister - Water turnover, steel vessel
Influence of water turnover in gap between copper and steel canister on water
turnover in failed steel vessel.

CE128 Microbial activity, canister - Properties of failed canister
Reduction in porosity inside the failed canister or in size of hole/breach due to
clogging by microbes.

CE129 Interaction with corrosion products - Fuel dissolution and conversion
The uptake of uranium by sorption/coprecipitation can strongly effect the fuel
dissolution rate.

CE130 Sorption on filling material - Fuel dissolution and conversion
The uptake of uranium on filling material may affect the fuel dissolution.

CF.131 Water chemistry, canister - Fuel dissolution and conversion
The extent of dissolution of radioelements from the fuel is influenced by the water
concentration of the same stable elements originating from other sources (isotopic
dilution).

CE132 Properties of failed canister - Bentonite swelling, buffer
Local increase in volume accessible for bentonite expansion due to changes in
properties of failed canister.

CE133 Mechanical impact on canister - Creeping of steel/copper
Influence of mechanical impact on canister on creep of the canister materials.

CE134 Mechanical impact on canister - Corrosion of copper canister
Stress corrosion of copper canister caused by mechanical impact on the canister.

CE135 Water chemistry, canister - Electrochemical effects, canister
Influence of water chemistry (salinity etc) on the establishment of electrochemical
gradients in the canister.

CT2 Precipitation/dissolution, canister - Transport and release of nuclides, failed
canister
Influence of precipitation /dissolution of nuclides released from the fuel on the
transport and release of nuclides from failed canister.

CT3 Interaction with corrosion products - Transport and release of nuclides, failed
canister
Influence of sorption/coprecipitation of nuclides released from the fuel with
corrosion products, and dissolution of such precipitates, on the transport and release
of nuclides from failed canister.

CT4 Sorption on filling material - Transport and release of nuclides, failed canister
Influence of sorption on filling material of nuclides released from the fuel on the
transport and release of nuclides from failed canister.
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CT5 Diffusion in and through failed canister - Transport and release of nudides, failed
canister
Influence of diffusive transport of radionuclides in dissolved or
colloidal / particulate form on the release of nuclides from failed canister.

CT6 Radioactive decay of mobile nuclides, canister - Transport and release of nuclides,
failed canister
Radioactive decay will influence the radionuclide content of the release from the
failed canister.

CT7 Water turnover, steel vessel - Transport and release of nuclides, failed canister
Influence of outflow of water from the steel vessel on the transport and release from
the canister of nuclides in dissolved, colloidal or particulate form.

CT8 Transport and release of nuclides, failed canister - Total release from fuel elements
Influence of transport and release of nudides from failed canister on the release of
nuclides from the fuel.

CTIO Precipitation/dissolution, canister - Colloids/particles in canister
Predpitation of colloidal fractions of elements released from the fuel.

CTll Interaction with corrosion products - Colloids/particles in canister
Formation of colloidal fractions of corrosion products with sorbed/coprecipitated
elements released from the fuel.

CT12 Colloids/partides in canister - Transport and release of nuclides, failed canister
Influence of radionudides in colloidal form on the transport and release of
radionuclides from the failed canister.

CT13 Properties of failed canister - Transport and release of nudides, failed canister
Influence of canister properties (filtering effect) on the transport and release of
radionuclides in colloidal /particulate form from the failed canister.

CT14 Preferential pathways in canister - Transport and release of nudides, failed canister
Influence of preferential pathways in filling material and corrosion products on the
transport and release of radionuclides from the failed canister.

CT15 Electrochemical effects, canister - Transport and release of nuclides, failed canister
Influence of electrochemical gradients on the transport and release of charged
nuclides by electro-osmosis or electro-phoresis from failed canister.

CT16 Gas escape from canister - Transport and release of nuclides, failed canister
Release of radionuclides in gaseous form will contribute to the total nuclide release
from the canister.
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Influences bentonite buffer, BE+BT

BEl Resaturation of bentonite buffer - Bentonite swelling, buffer
Resaturation of bentonite buffer will cause swelling of the bentonite

BE2 Bentonite swelling, buffer - Mechanical impact on canister
Mechanical impact on canister by bentonite swelling pressure.

BE3 Resaturation of bentonite buffer - Thermal degradation of buffer
Vapourisation of water in the buffer during resaturation phase causing precipitation
of elements.

BE5 Properties of bentonite buffer - Bentonite swelling, buffer
Influence of buffer properties on swelling capacity of the buffer.

BE6 Water chemistry, bentonite buffer - Corrosion of copper canister
Influence of water chemistry (corrosive agents) in the buffer on copper corrosion.

BE7 Temperature, bentonite buffer - Resaturation of bentonite buffer
Influence of temperature and temperature gradients on the resaturation process

BE8 Resaturation of bentonite buffer - Temperature, bentonite buffer
Influence of saturation degree on the temperature in the bentonite

BE9 Temperature, bentonite buffer - Thermal degradation of buffer
Influence of temperature and temperature gradients on buffer degradation.

BEll Radiolysis, buffer - Gas generation, buffer
Gas generation by radiolytic decomposition of water in the bentonite buffer.

BE12 Gas flow and transport, buffer - Gas escape from canister
Influence of gas flow and transport in the buffer on the rate with which gas escapes
from the failed canister.

BE13 Bentonite swelling, buffer - Gas flow and transport, buffer
Influence of swelling pressure on the threshold pressure for creating gas channels and
thereby initiating gas transport in the buffer.

BE14 Gas escape from canister - Gas flow and transport, buffer
Influence of gas escape from failed canister on gas flow and transport in the bentonite
buffer.

BE15 Gas generation, buffer - Gas flow and transport, buffer
Influence of gas generation in the buffer on gas flow and transport in the buffer.

BE16 Microbial activity, buffer - Gas generation, buffer
Gas generation by microbial activity in the bentonite buffer.

BE19 Chemical alteration of buffer - Water chemistry, bentonite buffer
Influence of bentonite alteration on water chemistry in the buffer, e.g. concentration
of sodium, calcium, carbonate, iron, organic compounds, sulphate, sulphide etc.

BE24 Water chemistry, bentonite buffer - Chemical alteration of buffer
Influence of water chemistry in buffer (e.g. concentration of calcium, carbonate,
potassium, iron, copper, pH etc) on buffer alteration.
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BE33 Water chemistry, bentonite buffer - Microbial activity, buffer
Influence of the composition of the water and of nutrients, energy sources and organics
in the water in the bentonite buffer on the microbial activity. In addition, the
content of microbes in incoming water must be considered.

BE34 Microbial activity, buffer - Water chemistry, bentonite buffer
Influence of microbial activity in the buffer on the concentration of corrosive agents,
sulphide.

BE35 Microbial activity, buffer - Water chemistry, bentonite buffer
Influence of microbial activity in the buffer on the concentration of organic
complexing agents.

BE36 Corrosion of copper canister - Water chemistry, bentonite buffer
Influence of copper corrosion on the concentration of copper in bentonite water.

BE37 Radiolysis, buffer - Water chemistry, bentonite buffer
Influence of radiolyric decomposition of bentonite porewater on the concentration of
oxidants (hydrogen peroxide, oxygen).

BE38 Water chemistry, bentonite buffer - Radiolysis, buffer
Influence of water chemistry (e.g. multivalent metal ions) in the buffer on the
radiolytic yield.

BE39 Bentonite swelling, buffer - Properties of failed canister
Influence of bentonite swelling into failed canister on the properties (void, porosity)
of failed canister.

BE40 Water chemistry, bentonite buffer - Thermal degradation of buffer
Influence of water chemistry (dissolved potassium) on the transformation to
beidellite/illite in the buffer.

BE41 Water chemistry, bentonite buffer - Thermal degradation of buffer
Influence of water chemistry (dissolved calcium and carbonate) on heat induced
calcite precipitation in the buffer.

BE42 Precipitation/dissolution, buffer - Radiolysis, buffer
Radiolytic decomposition of bentonite porewater caused by radiation from decaying,
reprecipitated radionuclides.

BE44 Water chemistry, bentonite buffer • Redox front, buffer
A change in the concentration of oxidising/reducing species (redox conditions) in the
bentonite buffer may create a redox front.

BE45 Redox front, buffer - Precipitation/dissolution, buffer
Influence of the establishment and propagation of a redox front in the bentonite
buffer on the precipitation/dissolution of redox sensitive elements in the buffer.

BE46 Water chemistry, bentonite buffer - Precipitation/dissolution, buffer
Influence of water chemistry in bentonite buffer (e.g. redox, pH, complexing agents
etc) on precipitation/dissolution of radionuclides in the buffer.
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BE47 Precipitation/dissolution, buffer - Water chemistry, bentonite buffer
Influence of precipitation/dissolution of redox sensitive radionuclides in the buffer
on redox conditions in the buffer.

B£48 Temperature, bentonite buffer - Water chemistry, bentonite buffer
Influence of temperature on water chemistry, chemical equlibria and kinetics.

BE49 Temperature, bentonite buffer - Precipitation/ dissolution, buffer
Influence of temperature in the buffer on precipitation/dissolution of radionuclides
in the buffer, kinetics.

BE50 Temperature, bentonite buffer - Temperature, canister
Influence of temperature in bentonite buffer on the temperature in the canister.

BE51 Bentonite swelling, buffer - Dilution of buffer
Reduction in buffer density due to increased volume for expansion (expansion into
tunnels, cracks and voids in failed canister).

BE53 Erosion of buffer- Dilution of buffer
Dilution of buffer as a consequence of erosion.

6E54 Dilution of buffer - Coagulation of bentonite, buffer
Influence of extent of buffer dilution on coagulation of dispersed clay particles.

BE55 Coagulation of bentonite, buffer - Erosion of buffer
Restricted erosion of bentonite buffer due to coagulation of dispersed particles.

BE56 Dilution of buffer - Sedimentation of bentonite, buffer
Extensive dilution of the buffer causing sedimentation of bentonite particles in the
buffer.

BE57 Coagulation of bentonite, buffer - Sedimentation of bentonite, buffer
Sedimentation in the buffer of bentonite aggregates formed by coagulation.

BE58 Water chemistry, bentonite buffer - Coagulation of bentonite, buffer
Influence of ionic strength on the capacity for coagulation of dispersed clay particles
in the bentonite buffer.

BE60 Chemical alteration of buffer - Properties of bentonite buffer
Reduced plasticity of the bentonite buffer due to cementation effects.

BE61 Chemical alteration of buffer - Properties of bentonite buffer
Changes in porosity (permeability) due to precipitation and dissolution of
precipitates in the pores in the buffer.

BE62 Bentonite swelling, buffer - Properties of bentonite buffer
Influence of bentonite swelling on hydraulic properties of the buffer.

BE63 Radiation effects on buffer - Properties of bentonite buffer
Changes in buffer properties due to radiation effects.

BE64 Precipitation/dissolution, buffer - Radiation effects on buffer
Radiation effects on bentonite buffer by precipitated decaying radionuclides.
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BE65 Radioactive decay of mobile nudides, buffer - Radiation effects on buffer
Radiation effects on bentonite buffer by dissolved decaying radionuclides.

BE66 Dilution of buffer - Properties of bentonite buffer
Reduced hydraulic resistance as a consequence of dilution of the buffer.

BE67 Dilution of buffer - Properties of bentonite buffer
Reduced mechanical resistance as a consequence of dilution of the buffer.

BE68 Coagulation of bentonite, buffer - Properties of bentonite buffer
Influence of coagulation of bentonite on the hydraulic and mechanical properties of
the buffer.

BE69 Sedimentation of bentonite, buffer - Properties of bentonite buffer
Influence of sedimentation of bentonite on the hydraulic and mechanical properties
of the buffer.

BE70 Properties of bentonite buffer - Movement of canister in buffer
Influence of physical (mechanical) properties of the buffer on the movement of
canister in the buffer.

BE71 Movement of canister in buffer - Properties of bentonite buffer
Changed hydraulic properties and geometry of the buffer as a consequence of
movement of canister in the buffer.

BE72 Properties of bentonite buffer - Mechanical impact/ failure, buffer
Influence of mechanical properties of the buffer on the possibility of mechanical
failure of the buffer by mechanical impact.

BE73 Mechanical impact/failure, buffer - Properties of bentonite buffer
Influence of mechanical impact on buffer (mechanical failure) on buffer properties.

BE74 Properties of bentonite buffer - Mechanical impact on canister
Influence of mechanical resistance of the buffer on the extent of external mechanical
impact on the canister.

BE75 Flow through buffer - Water chemistry, bentonite buffer
Influence of water flow through the buffer on water chemistry in the buffer.

BE76 Properties of bentonite buffer - Flow through buffer
Flow through the buffer as a result of an overall low hydraulic resistance.

BE77 Properties of bentonite buffer - Flow through buffer
Preferential flowpaths in the buffer due to fractures in or precipitation/dissolution
of cementing materials in the buffer.

BE78 Flow through buffer - Corrosion of copper canister
Localised corrosion due to flow in preferential paths.

BE79 Gas flow and transport, buffer • Flow through buffer
Influence of gas flow and transport in the buffer on water flow through the buffer.

BE80 Temperature, bentonite buffer - Flow through buffer
Influence of temperature gradients on flow through the buffer.
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BE81 Resaturation of bentonite buffer - Water chemistry, bentonite buffer
Influence of resaturation on water chemistry.

BE82 Water chemistry, bentonite buffer - Sorption, buffer
Influence of water chemistry (e.g. redox, pH, complexing agents, competing cations
etc) on sorption of nuclides in the bentonite buffer

BE84 Properties of bentonite buffer - Sorption, buffer
Influence of mineralogic properties of buffer on sorption in buffer.

BE86 Chemical alteration of buffer - Properties of bentonite buffer
Influence of chemical alteration on mineralogic properties of the buffer of
importance to sorption.

BE87 Thermal degradation of buffer - Properties of bentonite buffer
Reduced plasticity of the buffer due to cementation effects.

BE88 Thermal degradation of buffer - Properties of bentonite buffer
Influence of heat induced degradation of buffer on mineralogic properties of
importance to sorption.

BE90 Sorption, buffer - Properties of bentonite buffer
Changes in sorption capacity of the buffer due to sorption (saturation effects).

BE91 Water chemistry, bentonite buffer - Water chemistry, near-field rock
Influence of the concentration of species in the water in the bentonite buffer on the
concentration of these species in the water in the surrounding rock.

BE92 Diffusion, buffer - Water chemistry, bentonite buffer
Influence of diffusion of species in the buffer on the concentration of these species in
the water in the buffer.

BE93 Properties of bentonite buffer - Diffusion, buffer
Influence of porosity of the buffer on the diffusion flux.

BE94 Properties of bentonite buffer - Anion exclusion, buffer
Influence of pore characteristics of the buffer on anion exclusion.

BE95 Temperature, bentonite buffer • Diffusion, buffer
Influence of temperature on diffusivity

BE96 Microbial activity, buffer - Colloid generation-source, buffer
Formation of aggregates of microbes or substances generated by microbes which sorbes
radionuclides in the water in the buffer.

BE97 Erosion of buffer - Colloid generation-source, buffer
Liberation of colloidal particles as a consequence of erosion of the buffer.

BE98 Temperature, bentonite buffer - Soret effect, buffer
Influence of temperature gradient on Soret effect in bentonite buffer.

BE99 Water chemistry, bentonite buffer - Colloid generation-source, buffer
Influence of water chemistry (e.g. pH, ionic strength etc) on colloid generation and
stability in bentonite buffer.
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BE101 Water chemistry, bentonite buffer - Precipitation/ dissolution, buffer
Influence on precipitation/dissolution in the buffer of radionuclides released from
the failed canister by the water concentration oi the same elements originating from
other sources (isotopic dilution).

BE102 Water chemistry, bentonite buffer - Sorption, buffer
Influence on the extent of sorption of radionuclides released from the failed canister
by the concentration in the water of the same elements originating from other sources
(isotopic dilution).

BE103 Temperature, bentonite buffer - Differential thermal expansion of near-field
barriers
Influence of temperature in bentonite buffer on thermal expansion of the buffer.

BE104 Differential thermal expansion of near-field barriers - Properties of bentonite buffer
Influence of differences in thermal expansion between canister materials, bentonite
buffer, tunnel backfill and near-field rock on the properties (which properties?) of
the buffer.

BE105 Microbial activity, buffer - Sorption, buffer
Influence on sorprion of microbes attached to mineral surfaces in the bentonite buffer.

BE106 Water chemistry, bentonite buffer - Water chemistry, canister
Influence of the concentration of dissolved species in the water in the bentonite
buffer on the concentration of these species in the canister.

BE107 Flow through buffer - Matrix diffusion, buffer
Flow in preferential pathways in the bentonite buffer may increase the importance
of matrix diffusion.

BE108 Properties of bentonite buffer - Matrix diffusion, buffer
Influence of pore characteristics of the bentonite buffer on matrix diffusion.

BE109 Gas flow and transport, buffer - Properties of bentonite buffer
Influence of gas flow and transport in the buffer on saturation conditions in bentonite
buffer.

BE111 Properties of bentonite buffer - Flow through buffer
Influence of unsaturated conditions in the bentonite buffer on water flow through the
buffer.

BE112 Properties of bentonite buffer - Diffusion, buffer
Influence of unsaturated conditions in the buffer on diffusion.

BE113 Properties of bentonite buffer - Matrix diffusion, buffer
Influence of unsaturated conditions in the buffer on matrix diffusion.

BE115 Properties of bentonite buffer - Electrochemical gradients, buffer
Influence of water saturation and differences /inhomogeneities in mineralogic
distribution in bentonite buffer on the establishment of electrochemical gradients.

BE116 Electrochemical gradients, buffer - Corrosion of copper canister
Influence of electrochemical gradients in the bentonite buffer on the corrosion
mechanism and rate of the copper canister.
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BE118 Gas flow and transport, buffer - Water chemistry, bentonite buffer
Influence of dissolved gases, hydrogen, carbon dioxide, methane., on water chemistry
in bentonite buffer.

BE119 Properties of bentonite buffer - Gas flow and transport, buffer
Influence of physical properties of the buffer such as pore characteristics, fractures,
threshold pressure etc, that are of importance for the gas permeability of the buffer.

BE120 Flow through buffer - Water turnover, copper canister
Influence of water flow in bentonite buffer on the water exchange rate in failed
copper canister

BE121 Water chemistry, bentonite buffer - Water chemistry, tunnel backfill
Influence of the concentration of species in the water in the bentonite buffer on the
concentration of these species in the water in the tunnel backfill.

BE122 Bentonite swelling, buffer - Properties of tunnel backfill
Influence of swelling of bentonite buffer into tunnel backfill on the hydraulic
properties of the tunnel backfill.

BE123 Temperature, bentonite buffer - Temperature, tunnel backfill
Influence of temperature in bentonite buffer on temperature in tunnel backfill.

BE124 Differential thermal expansion of near-field barriers - Mechanical impact/failure,
buffer
Mechanical failure of bentonite buffer due to differences in thermal expansion of
near-field barriers.

BE125 Gas flow and transport, buffer - Gas flow and transport, backfill
Influence of upward gas flow and transport in the bentonite buffer on gas flow and
transport in the tunnel backfill.

BE126 Colloid generation-source, buffer - Colloid generation and transport, near-field rock
Transport in near-field rock of colloids generated by erosion of the bentonite buffer.

BE127 Temperature, bentonite buffer - Temperature, near-field rock
Influence of temperature in bentonite buffer on temperature in near-held rock

BE128 Bentonite swelling, buffer - Properties of near-field rock
Sealing of fractures intersecting deposition holes by bentonite swelling into the
fractures.

BE129 Bentonite swelling, buffer - Stress field, near-field rock
Changes in stress in nearby rock due to swelling of bentonite buffer.

BE130 Properties of bentonite buffer - Stress field, near-field rock
Stress changes in nearby rock caused by reduced plasticity, compressibility etc of
bentonite buffer as a consequence of physical and chemical degradation.

BE131 Properties of bentonite buffer - Groundwater flow, near-field rock
Influence of the hydraulic properties of the bentonite buffer on the grounwater flow
in the near-field rock.
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8E132 Temperature, bentonite buffer - Sorption, buffer
Influence of temperature in bentonite buffer on sorption on buffer material (chemical
equlibria and kinetics).

BE133 Temperature, bentonite buffer - Matrix diffusion, buffer
Influence of temperature in bentonite buffer on diffusivity in secondary porosity in
the buffer.

BE134 Gas flow and transport, buffer - Gas flow and transport, near-field rock
Influence of gas released from the bentonite buffer on gas flow and transport in near-
field rock.

BE135 Microbial activity, buffer - Properties of bentonite buffer
Reduction in permeability and secondary porosity of the buffer due to clogging by
microbes.

BE136 Flow through buffer - Water turnover, steel vessel
Influence of water flow through bentonite buffer on water exchange in failed steel
vessel

BE137 Bentonite swelling, buffer - Water chemistry, canister
Bentonite swelling into failed canister may impact the water chemistry in the
canister.

BE138 Mechanical impact/failure, buffer - Cave in
Cave in due to failure of bentonite buffer.

BE139 Resaturation of bentonite buffer - Properties of near-field rock
Influence of resaruration of bentonite buffer on saturation conditions in near-field
rock.

BE140 Temperature, bentonite buffer - Bentonite swelling, buffer
Influence of temperature on swelling of buffer.

BE142 Redox front, buffer - Colloid generation-source, buffer
Influence of changes in redox on colloid generation in buffer, location of colloid
generation.

BE143 Properties of bentonite buffer - Sorption, buffer
Influence of accessible surfaces in bentonite buffer on sorption.

BE144 Sorption, buffer - Radiolysis, buffer
Radiolytic decomposition of water in bentonite byffer caused by radiation from
sorbed decaying nuclides.

BE145 Water chemistry, bentonite buffer - Anion exclusion, buffer
Influence of water chemistry in the buffer (e.g. ionic strength etc) on anion exclusion
in the buffer.

BE146 Soret effect, buffer - Water chemistry, bentonite buffer
Influence of Soret effect on distribution of dissolved species in the buffer.

BE147 Mechanical impact/failure, buffer - Mechanical impact on canister
Mechanical impacton buffer leading to mechanical impact on canister.
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BE148 Water chemistry, bentonite buffer - Electrochemical gradients, buffer
Influence of water chemistry (salinity etc) on the establishment of electrochemical
gradients in the buffer.

BE149 Properties of bentonite buffer - Swelling of tunnel backfill
Influence of properties of bentonite buffer (voids, low density) on expansion of
backfill into the deposition hole.

BT2 Anion exclusion, buffer - Diffusion, buffer
InEuence of anion exclusion on the porosity in the bentonite buffer accessible to
diffusion of anionic species.

BT6 Transport and release of nudides, failed canister - Transport and release of nuclides,
bentonite buffer
Influence of release of nuclides from failed canister on the transport and release of
nuclides from the bentonite buffer.

BT7 Precipitation/dissolution, buffer - Transport and release of nudides, bentonite buffer
Influence of precipitation/dissolution of nuclides in the bentonite buffer on the
transport and release of nuclides from the buffer.

BT8 Sorption, buffer - Transport and release of nuclides, bentonite buffer
Influence of radionuclide sorption on the transport and release of nuclides from the
bentonite buffer.

BT10 Diffusion, buffer - Transport and release of nuclides, bentonite buffer
Influence of nuclide diffusion through the bentonite buffer on the transport and
release of nuclides from the buffer.

BT11 Radioactive decay of mobile nudides, buffer - Transport and release of nuclides,
bentonite buffer
Radioactive decay will influence the radionuclide content of the release from the
buffer.

BT12 Colloid generation-scurce, buffer - Transport aiid release of nudides, bentonite buffer
Influence of radionuclides in colloidal/particle form on the transport and release of
radionuclides from the buffer.

BT13 Properties of bentonite buffer - Transport and release of nudides, bentonite buffer
Influence of pore characteristics of the buffer, "filtering" capacity, on the transport
and release of colloidal and particle fractions of nuclides from the buffer.

BT14 Soret effect, buffer - Transport and release of nuclides, bentonite buffer
Influence of Soret effects on the transport and release of nuclides from the buffer.

BT15 Flow through buffer - Transport and release of nuclides, bentonite buffer
Influence of magnitude and direction of water flow through the buffer on the
transport and release of nuclides from the buffer

BT16 Anion exclusion, buffer - Matrix diffusion, buffer
Influence of anion exclusion on the porosity in the buffer accessible to matrix
diffusion of anionic species.

3-21



BT18 Flow through buffer - Transport and release of nudides, bentonite buffer
Influence of velocity distribution, dispersion, in the buffer on the transport and
release of radionuclides from the buffer.

BT19 Electrochemical gradients, buffer - Transport and release of nudides, bentonite
buffer
Influence of electrochemical gradient on the transport and release of charged
nuclides by electro-osmosis or electro-phoresis from the bentonite buffer.

BT20 Gas flow and transport, buffer - Transport and release of nudides, bentonite buffer
Transport of radionuclides in gaseous form in the bentonite buffer will contribute to
the total release of nuclides from the buffer.

BT21 Matrix diffusion, buffer - Transport and release of nudides, bentonite buffer
Influence of radionuclide diffusion into secondary porosity in the bentonite buffer on
the transport and release of radionuclides from the buffer.
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Influences tunnel backfill, TE + TT

TEl Resaturation of tunnel backfill - Swelling of tunnel backfill
Resaturation of runnel backfill will cause swelling of the material.

TE3 Resaturation of tunnel backfill - Thermal degradation of backfill
Vapourisation of water in the backfill during resaturation phase causing
precipitation of elements.

TE5 Properties of tunnel backfill - Swelling of tunnel backfill
Influence of backfill properties on swelling capacity of the backfill.

TE7 Temperature, tunnel backfill - Resaturation of tunnel backfill
Influence of temperature and temperature gradients on the resaturation process

TE8 Resaturation of tunnel backfill - Temperature, tunnel backfill
Influence of saturation degree on the temperature in the tunnel backfill

TE9 Temperature, tunnel backfill - Thermal degradation of backfill
Influence of temperature and temperature gradients on degradation of runnel backfill

TEH Radiolysis, backfill - Gas generation, backfill
Gas generation by radiolytic decomposition of water in the backfill.

TE13 Swelling of tunnel backfill - Gas flow and transport, backfill
Influence of swelling pressure on the threshold pressure for creating gas channels and
thereby initiating gas flow and transport in the backfill.

TE15 Gas generation, backfill - Gas flow and transport, backfill
Influence of gas generation in the backfill on gas flow and transport in the backfill.

TE16 Microbial activity, backfill - Gas generation, backfill
Gas generation by microbial activity in the tunnel backfill.

TE18 Gas flow and transport, backfill - Gas flow and transport, buffer
Influence of gas flow and transport in tunnel backfill on gas flow and transport in
buffer surrounding the canisters.

TE19 Chemical alteration of backfill - Water chemistry, tunnel backfill
Influence of backfill alteration on the water chemistry in the tunnel backfill, e.g.
concentration of sodium, calcium, carbonate, iron, organics, sulphate, sulphide etc.

TE24 Water chemistry, runnel backfill - Chemical alteration of backfill
Influence of water chemistry (e.g. calcium, carbonate, potassium, iron, copper, pH,
etc) on backfill degradation.

TE33 Water chemistry, tunnel backfill - Microbial activity, backfill
Influence of the composition of the water and of nutrients, energy sources and organics
in the water in the tunnel backfill on the microbial activity. In addition, the content
of microbes in incoming water must be considered

TE34 Microbial activity, backfill - Water chemistry, tunnel backfill
Influence of microbial activity in the tunnel backfill on the concentration of corrosive
agents, sulphide.
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TE35 Microbial activity, backfill - Water chemistry, tunnel backfill
Influence of microbial activity in the runnel backfill on the concentration of organic
complexing agents.

TE37 Radiolysis, backfill - Water chemistry, tunnel backfill
Influence of radiolytic decomposition of water in tunnel backfill on the concentration
of oxidants (hydrogen peroxide, oxygen).

TE38 Water chemistry, tunnel backfill - Radiolysis, backfill
Influence of water chemistry, (e.g. multivalent metal ions, etc) ir. the tunnel backfill
on the radiolytic yield.

TE40 Water chemistry, tunnel backfill - Thermal degradation of backfill
Influence of water chemistry (dissolved potassium) on the transformation to
beidellite/illite in the backfill.

TE41 Water chemistry, tunnel backfill - Thermal degradation of backfill
Influence of water chemistry (dissolved calcium and carbonate) on heat induced
calcite precipitation in the backfill.

TE42 Precipitation/dissolution, backfill - Radiolysis, backfill
Radiolytic decomposition of porewater in tunnel backfill caused by radiation from
decaying, precipitated radionuclides.

TE44 Water chemistry, tunnel backfill - Redox front, backfill
A change in the concentration of oxidising/reducing species (redox conditions) in the
runnel backfill may create a redox front.

TE45 Redox front, backfill - Precipitation/dissolution, backfill
Influence of the establishment and propagation of a redox front in the tunnel backfill
on the precipitation/dissolution of redox sensitive elements in the backfill.

TE46 Water chemistry, runnel backfill - Precipitation/ dissolution, backfill
Influence of water chemistry in tunnel backfill (e.g. pH, redox, complexing agents,
etc) on precipitation/dissolution of radionuclides in the backfill.

TE47 Precipitation/dissolution, backfill - Water chemistry, tunnel backfill
Influence of precipitation/dissolution of redox sensitive elements in the tunnel
backfill on redox conditions in the backfill.

TE48 Temperature, tunnel backfill • Water chemistry, tunnel backfill
Influence of temperature in the backfill on chemical equlibria and kinetics.

TE49 Temperature, tunnel backfill - Precipitation/dissolution, backfill
Influence of temperature on precipitation/dissolution of radionuclides in the
backfill, (kinetics).

TE51 Swelling of tunnel backfill - Dilution of backfill
Reduction in density of backfill due to swelling into intersecting fractures/cracks.

TE53 Erosion of backfill - Dilution of backfill
Dilution of tunnel backfill as a consequence of erosion.

TE54 Dilution of backfill - Coagulation of bentonite, backfill
Influence of extent of backfill dilution on coagulation of dispersed clay particles.
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TE55 Coagulation of bentonite, backfill - Erosion of backfill
Restricted erosion of tunnel backfill due to coagulation of dispersed particles.

TE56 Dilution of backfill - Sedimentation of bentonite, backfill
Extensive dilution of the backfill causing sedimentation of bentonite particles in the
backfill.

TE57 Coagulation of bentonite, backfill - Sedimentation of bentonite, backfill
Sedimentation in the backfill of bentonite aggregates formed by coagulation.

TE58 Water chemistry, runnel backfill - Coagulation of bentonite, backfill
Influence of ionic strength on the capacity for coagulation of dispersed clay particles
in the tunnel backfill.

TE60 Chemical alteration of backfill - Properties of runnel backfill
Reduced plasticity of the backfill material due to cementation effects.

TE61 Chemical alteration of backfill - Properties of tunnel backfill
Changes in porosity (permeability) due to precipitation and dissolution of
precipitates in the pores in the backfill material.

TE62 Swelling of tunnel backfill - Properties of tunnel backfill
Influence of bentonite swelling on hydraulic properties of the backfill material.

TE63 Radiation effects on backfill - Properties of runnel backfill
Changes in properties of runnel backfill due to radiation effects.

TE64 Precipitation/dissolution, backfill - Radiation effects on backfill
Radiation effects on bentonite in tunnel backfill by precipitated decaying
radionuclides.

TE65 Radioactive decay of mobile nuclides, backfill - Radiation effects on backfill
Radiation effects on bentonite in tunnel backfill by dissolved decaying
radionuclides.

TE66 Dilution of backfill - Properties of tunnel backfill
Reduced hydraulic resistance as a consequence of dilution of the backfill material.

TE67 Dilution of backfill - Properties of tunnel backfill
Reduced mechanical resistance as a consequence of dilution of the backfill material.

TE68 Coagulation of bentonite, backfill - Properties of runnel backfill
Influence of coagulation of bentonite on the hydraulic and mechanical properties of
the backfill material.

TE69 Sedimentation of bentonite, backfill - Properties of tunnel backfill
Influence of sedimentation of bentonite in the backfill on the hydraulic and
mechanical properties of the backfill material.

TE72 Properties of runnel backfill - Mechanical impact/ failure, backfill
Influence of mechanical properties of the backfill material on the possibility of
disturbances by mechanical impact.
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TE73 Mechanical impact/failure, backfill - Properties of tunnel backfill
Influence of mechanical impact on tunnel backfill (mechanical failure) on properties
of the backfill.

TE75 Flow through backfill - Water chemistry, tunnel backfill
Influence of water flow through the backfill on water chemistry in the backfill.

TE76 Properties of tunnel backfill - Flow through backfill
Flow through the runnel backfill as a result of an overall low hydraulic resistance.

TE77 Properties of runnel backfill - Flow through backfill
Preferential flowpaths in the tunnel backfill due to fractures in or
precipitation/dissolution of cementing materials in the backfill material.

TE79 Gas flow and transport, backfill - Flow through backfill
Influence of gas flow and transport in the backfill on water flow through the tunnel
backfill.

TE80 Temperature, tunnel backfill - Flow through backfill
Influence of temperature gradients on flow through the tunnel backfill.

TE81 Resaturation of tunnel backfill - Water chemistry, tunnel backfill
Influence of resaturation on water chemistry.

TE82 Water chemistry, tunnel backfill - Sorption, backfill
Influence of water chemistry (e.g. redox, pH, complexing agents, compering ions etc)
on sorption on backfill material.

TE84 Properties of tunnel backfill - Sorption, backfill
Influence of mineralogic properties of backfill material on sorption.

TE86 Chemical alteration of backfill - Properties of tunnel backfill
Influence of chemical alteration on mineralogic properties of the backfill material
of importance to sorption.

TE87 Thermal degradation of backfill - Properties of tunnel backfill
Reduced plasticity of the backfill material due to cementation effects.

TE88 Thermal degradation of backfill - Properties of tunnel backfill
Influence of heat induced degradation of backfill material on mineralogic properties
of importance to sorption.

TE90 Sorption, backfill - Properties of tunnel backfill
Changes in sorption capacity of the backfill material due to sorption (saturation
effects).

TE91 Water chemistry, tunnel backfill - Water chemistry, near-field rock
Influence of concentration of species in the water in the tunnel backfill on the
concentration of these species in the water in the surrounding rock.

TE92 Diffusion, backfill - Water chemistry, runnel backfill
Influence of diffusion of species in the tunnel backfill on the concentration of these
species in the water in the tunnel backfill.
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TE93 Properties of tunnel backfill - Diffusion, backfill
Influence of porosity of the backfill material on the diffusion flux.

TE94 Properties of tunnel backfill - Anion exclusion, backfill
Influence of pore characteristics of the backfill material on anion exclusion.

TE95 Temperature, tunnel backfill - Diffusion, backfill
Influence of temperature on difftisivity

TE96 Microbial activity, backfill - Colloid generation-source, backfill
Formation of aggregates of microbes or of substances generated by microbes which
sorbes radionuclides in the water in the tunnel backfill.

TE97 Erosion of backfill - Colloid generation-source, backfill
Liberation of colloidal particles as a consequence of erosion of the tunnel backfill.

TE98 Temperature, tunnel backfill - Soret effect, backfill
Influence of temperature gradient on Soret effect in tunnel backfill.

TE99 Water chemistry, tunnel backfill - Colloid generation-source, backfill
Influence of water chemistry in runnel backfill (e.g. pH, ionic strength etc) on colloid
generation and stability in tunnel backfill.

TE101 Water chemistry, tunnel backfill - Precipitation/dissolution, backfill
Influence on precipitation /dissolution in the backfill of radionuclides released from
the fuel by the water concentration of the same elements originating from other
sources (isotopic dilution)

TE102 Water chemistry, tunnel backfill - Sorption, backfill
Influence on the extent of sorption of radionuclides released from the bentonite buffer
by the concentration in the water of the same elements originating from other sources
(isotopic dilution).

TE103 Temperature, tunnel backfill - Differential thermal expansion of near-field barriers
Influence of temperature in runnel backfill on thermal expansion of the backfill
material.

TE104 Differential thermal expansion of near-field barriers - Properties of tunnel backfill
Influence of differences in thermal expansion between bentonite buffer, backfill
material and near-field rock on the properties (which properties?) of the backfill
material

TE105 Microbial activity, backfill - Sorption, backfill
Influence on sorption of microbes attached to mineral surfaces in the runnel backfill.

TE106 Water chemistry, runnel backfill - Water chemistry, bentonite buffer
Influence of the concentration of dissolved species in the water in the tunnel backfill
on the concentration of these species in the bentonite buffer.

TE107 Flow through backfill - Matrix diffusion, backfill
Flow in preferential pathways in the tunnel backfill may increase the importance of
matrix diffusion.

TE108 Properties of tunnel backfill - Matrix diffusion, backfill
Influence of pore characteristics of the backfill material on matrix diffusion.
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TE109 Gas flow and transport, backfill - Properties of tunnel backfill
Influence of gas transport in the tunnel backfill on saturation conditions in the
backfill.

TElll Properties of tunnel backfill - Flow through backfill
Influence of unsaturated conditions in the tunnel backfill on water flow through the
backfill material.

TE112 Properties of tunnel backfill - Diffusion, backfill
Influence of unsaturated conditions in the backfill material on diffusion.

TE113 Properties of tunnel backfill - Matrix diffusion, backfill
Influence of unsarurated conditions in the backfill material on matrix diffusion.

TE114 Flow through backfill - Dispersion, backfill
Influence of water velocity distribution in tunnel backfill on dispersion.

TE115 Properties of tunnel backfill - Electrochemical gradients, backfill
Influence of water saturation and differences /inhomogeneities in mineralogic
distribution in backfill material on the establishment of electrochemical gradients
in the backfill.

TE118 Gas flow and transport, backfill - Water chemistry, tunnel backfill
Influence of dissolved gases, hydrogen, carbon dioxide, methane, on water chemistry
in tunnel backfill.

TE119 Properties of tunnel backfill - Gas flow and transport, backfill
Influence of physical properties of the backfill material such as pore
characteristics, fractures threshold pressure etc that are of importance fcr thi. 6 - i
permeability of the backfill.

TE120 Temperature, tunnel backfill - Temperature, bentonite buffer
Influence of temperature in tunnel backfill on temperature in bentonite buffer.

TE121 Differential thermal expansion of near-field barriers - Mechanical impact/failure,
backfill
Mechanical failure of tunnel backfill due to differences in thermal expansion of
near-field barriers.

TE122 Flow through backfill - Flow through buffer
Influence of water flow in tunnel backfill on water flow in bentonite buffer.

TE123 Colloid generation-source, backfill - Colloid generation and transport, near-field
rock
Transport in near-field rock of colloids generated by erosion of the tunnel backfill.

TE124 Temperature, tunnel backfill • Temperature, near-field rock
Influence of temperature in tunnel backfill on temperature in near-field rock

TE125 Swelling of tunnel backfill • Properties of near-field rock
Sealing of fractures intersecting the tunnels t>y swelling of the backfill into the
fractures.

TE126 Swelling of tunnel backfill - Stress field, near-field rock
Changes in stress in nearby rock due to swelling of tunnel backfill.
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TE127 Properties of tunnel backfill - Stress field, near-field rock
Stress changes in nearby rock caused by reduced plasticity and compressibility etc of
tunnel backfill as a consequence of physical and chemical degradation.

TE128 Properties of tunnel backfill - Groundwater flow, near-field rock
Influence of the hydraulic properties of the tunnel backfill on the groundwater flow
in the near-field rock.

TE129 Temperature, tunnel backfill - Sorption, backfill
Influence of temperature in runnel backfill on sorption on backfill material
(chemical equlibria and kinetics).

TE130 Temperature, runnel backfill - Matrix diffusion, backfill
Influence of temperature in runnel backfill on diffusiviry in secondary porosity in the
backfill.

TE131 Gas flow and transport, backfill - Gas flow and transport, near-field rock
Influence of gas released from the tunnel backfill on gas flow and transport in near-
field rock.

TE132 Microbial activity, backfill - Properties of runnel backfill
Reduction in permeability and secondary porosity in the tunnel backfill due to
dogging by microbes.

TE133 Flow through backfill - Resaturation of bentonite buffer
Flow in the backfill could be a potential source for water influencing the
resaturation of the buffer.

TE134 Mechanical impact/failure, backfill - Cave in
Cave in due to failure of the tunnel backfill.

TE135 Resaturation of tunnel backfill - Properties of near-field rock
Influence of resaturation of tunnel backfill on saturation conditions in near-field
rock.

TE136 Properties of runnel backfill - Bentonite swelling, buffer
Influence of properties of tunnel backfill (voids, low density) on expansion of
bentonite buffer into the backfill.

TE137 Water chemistry, tunnel backfill - Anion exclusion, backfill
Influence of water chemistry in the backfill (ionic strength etc) on anion exclusion in
the backfill

TE138 Properties of tunnel backfill - Sorption, backfill
Influence of accessible surfaces in the tunnel backfill on sorption in the backfill.

TE139 Sorption, backfill - Radiolysis, backfill
Radiolytic decomposition of water in tunnel backfill caused by radiation from
decaying, sorbed radionuclides.

TE140 Redox front, backfill - Colloid generation-source, backfill
Influence of changes in redox on colloid generation and transport, location of colloid
generation.
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TE141 Soret effect, backfill - Water chemistry, tunnel backfill
Influence of Soret effects in the backfill on distribution of dissolved species ir. the
backfill.

TE142 Flow through backfill - Dispersion, backfill
Influence of mixing between flow paths in the tunnel backfill on dispersion.

TE143 Water chemistry, runnel backfill - Electrochemical gradients, backfill
Influence of water chemistry (salinity, etc) on the establishment of electrochemical
gradients in the backfill.

TT2 Anion exclusion, backfill - Diffusion, backfill
Influence of anion exclusion on the porosity of the runnel backfill accessible to
diffusion of anionic species.

TT6 Transport and release of nudides, bentonite buffer - Transport and release of
nudides, tunnel backfill
Influence of release of nuclides from bentonite buffer above the canister on the
transport and release of nuclides from the runnel backfill.

TT7 Precipitation/dissolution, backfill - Transport and release of nuclides, tunnel
backfill
Influence of precipitation /dissolution of nuclides in the tunnel backfill on the
transport and release of nuclides from the backfill.

TT8 Sorption, backfill - Transport and release of nuclides, tunnel backfill
Influence of radionuclide sorption on the transport and release of nuclides from the
tunnel backfill.

TT10 Diffusion, backfill - Transport and release of nudides, tunnel backfill
Influence of nuclide diffusion in the runnel backfill on the transport and release from
the backfill.

TT11 Radioactive decay of mobile nuclides, backfill - Transport and release of nuclides,
tunnel backfill
Radioactive decay will influence the radionuclide content of the release from the
tunnel backfill.

TT12 Colloid generation-source, backfill - Transpor* and release of nuclides, tunnel
backfill
Influence of radionuclides in colloidal/particle form on the transport and release of
radionuclides from the tunnel backfill.

TT13 Properties of tunnel backfill - Transport and release of nudides, tunnel backfill
Influence of pore characteristics, "filtering" capacity, on the transport and release of
colloidal and particle fractions of nuclides from the tunnel backfill.

TT14 Soret effect, backfill - Transport and release of nudides, runnel backfill
Influence of Soret effects on the transport and release of nuclides from the backfill.

TT15 Flow through backfill - Transport and release of nuclides, tunnel backfill
Influence of magnitude and direction of water flow through the tunnel backfill on
the transport and release of nuclides from the backfill
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TT16 Anion exclusion, backfill - Matrix diffusion, backfill
Influence of anion exclusion on the porosity in the runnel backfill accessible to matrix
diffusion of anionic species.

TT18 Dispersion, backfill - Transport and release of nudides, tunnel backfill
Influence of dispersion in the runnel backfill on the transport and release of
radionuclides from the backfill.

TT19 Electrochemical gradients, backfill - Transport and release of nudides, tunnel
backfill
Influence of electrochemical gradient on the transport and release of charged
nuclides by electro-osmosis or electro-phoresis from the tunnel backfill.

TT20 Gas flow and transport, backfill - Transport and release of nudides, tunnel backfill
Transport of radionuclides in gaseous form in the tunnel backfill will contribute to
the total release of nuclides from the backfill.

TT21 Matrix diffusion, backfill - Transport and release of nudides, tunnel backfill
Influence of radionuclide diffusion into secondary porosity in the runnel backfill on
the transport and release of radionuclides from the backfill.
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Influences near-field rock, NE + NT

NEl Water chemistry, near-field rock - Microbial activity, near-field rock
Influence of the composition of the water and of nutrients, energy sources and organics
in the water in the near-field rock on the microbial activity. In addition, the content
of microbes in incoming water must be considered.

NE2 Microbial activity, near-field rock - Water chemistry, near-field rock
Influence of microbial activity in the near-field rock on the concentration of
corrosive agents, sulphide.

NE3 Microbial activity, near-field rock - Water chemistry, near-field rock
Influence of microbial activity in the near-field rock on the concentration of organic
complexing agents.

NE4 Microbial activity, near-field rock - Gas generation, near-field rock
Gas generation by microbial activity in the near-field rock.

NE6 Precipitation/dissolution, near-field rock - Radiolysis, near-field rock
Radiolytic decomposition of water in near-field rock caused by radiation from
decaying, precipitated radionuclides.

NE7 Radiolysis, near-field rock - Gas generation, near-field rock
Gas generation by radiolytic decomposition of water in near-field rock.

NE8 Radiolysis, near-field rock - Water chemistry, near-field rock
Influence of radiolytic decomposition of water in near-field rock on the concentration
of oxidants (hydrogen peroxide, oxygen).

NE9 Water chemistry, near-field rock - Radiolysis, near-field rock
Influence of water chemistry (e.g. multivalent metal ions etc) in the near-field rock
on the radiolytic yield.

NEll Microbial activity, near-field rock - Sorption, near-field rock
Influence on sorption of microbes attached to fracture and bulk rock surfaces in the
near-field rock.

NE12 Water chemistry, near-field rock - Precipitation/dissolution, near-field rock
Influence of water chemistry (pH, redox, complexing agents etc) in near-field rock on
precipitation /dissolution of radionuclides in the near-field rock.

NE13 Water chemistry, near-field rock - Precipitation/dissolution, near-field rock
Influence on precipitation/dissolution in the near-field rock of radionuclides
released from the failed canister by the concentration of the same elements
originating from other sources (isotopic dilution)

NE14 Precipitation/dissolution, near-field rock - Water chemistry, near-field rock
Influence of precipitation/dissolution of redox sensitive elements in the near-field
rock on redox conditions in the near-field rock.

NE16 Water chemistry, near-field rock - Sorption, near-field rock
Influence of water chemistry (e.g. pH, redox, complexing agents etc) in near-field
rock on sorption.
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NE17 Water chemistry, near-field rock - Sorption, near-field rock
Influence on the extent of sorption in near-field rock of radiomiclides released from
the failed canister by the concentration in the water of the same elements
originating from other sources (isotopic dilution)

NE18 Water chemistry, near-field rock - Redox front, near-field rock
A change in the concentration of oxidising /reducing species (redox conditions) in the
near-field rock may create a redox front.

NE19 Redox front, near-field rock - Precipitation/dissolution, near-field rock
Influence of the establishment and propagation of a redox front in the near-field
rock on the precipitation /dissolution of redox sensitive nuclides in the rock.

NE20 Degradation of rock reinforcement and grout - Water chemistry, near-field rock
Influence of concrete degradation on water chemistry in near-field rock such as pH,
calcium, sulphate, chloride.

NE22 Water chemistry, near-field rock - Degradation of rock reinforcement and grout
Influence of water chemistry on degradation of concrete.

NE24 Water chemistry, near-field rock - Alteration/ weathering of flow paths, near-
field rock
Influence of water chemistry in near-field rock on the dissolution/precipitation of
fracture minerals such as silica, calcite, brucite.

NE26 Alteration/weathering of flow paths, near-field rock - Water chemistry, near-field
rock
Influence of alteration/weathering of fracture surfaces in the near-field rock on the
water composition.

NE28 Degradation of rock reinforcement and grout - Water chemistry, near-field rock
Influence of corrosion of structural steel on water chemistry in near-field rock.

NE29 Gas generation, near-field rock - Gas flow and transport, near-field rock
Influence of gas generation in near-field rock on gas flow and transport in near-field
rock.

NE30 Gas flow and transport, near-field rock - Water chemistry, near-field rock
Influence of dissolved gases, hydrogen, carbon dioxide, methane, on water chemistry
in near-field rock.

NE31 Stress field, near-field rock - Creeping of rock mass, near-field
Creeping of near-field rock caused by stress changes in the rock.

NE32 Stress field, near-field rock - Faulting, near-field rock
Faulting in near-field rock caused by stress changes in the rock.

NE34 Stress field, near-field rock - Enhanced rock fracturing, near-field
Enhanced fracturing of near-field rock caused by stress changes in the rock.

NE36 Creeping of rock mass, near-field - Properties of near-field rock
Increased permeability of near-field rock due to activation by creep of already
formed discontinuities.
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NE37 Enhanced rock fracturing, near-field • Properties of near-field rock
Increased permeability of near-field rock due to enhanced rock fracturing.

NE38 Faulting, near-field rock - Properties of near-field rock
Alteration of permeability and mechanical properties in near-field rock due to
creation of faults.

NE39 Alteration/weathering of flow paths, near-field rock - Properties of near-field rock
Change in fracture apertures and permeability distribution in near-field rock due to
dissolution/precipitation of minerals.

NE40 Alteration/weathering of flow paths, near-field rock - Properties of near-field rock
Change in mineral composition of fracture surfaces in near-field rock due to
alteration / weathering.

NE41 Resaturation, near-field rock - Water chemistry, near-field rock
Influence of resaturation after repository closure on the water chemistry in the near-
field rock.

NE42 Resaturation, near-field rock - Properties of near-field rock
Influence of resaturation by inflowing groundwater after repository closure on the
saturation conditions in near-field rock.

NE43 Gas flow and transport, near-field rock - Properties of near-field rock
Influence of gas flow and transport in the near-field rock on the saturation conditions
in near-field rock.

NE45 Temperature, near-field rock - Stress field, near-field rock
Change in near-field rock stresses due to temperature variations.

NE46 Cave in - Properties of near-field rock
Changes in permeability and mechanical properties of near-field rock caused by
cave in.

NE47 Temperature, near-field rock - Water chemistry, near-field rock
Influence of temperature on chemical equilibria and the concentration of dissolved
species in the water in the near-field rock.

NE48 Groundwater flow, near-field rock - Stress field, near-field rock
Change in near-field rock stresses caused by groundwater flow.

NE49 Temperature, near-field rock - Groundwater flow, near-field rock
Influence of temperature variations on magnitude and direction of water flow in
near-field rock.

NE50 Properties of near-field rock - Groundwater flow, near-field rock
Influence of near-field rock permeability on magnitude, distribution and direction of
water flow in near-field rock.

NE51 Properties of near-field rock - Groundwater flow, near-field rock
Influence of saturation conditions in near-field rock on magnitude, distribution and
direction of water flow in near-field rock.
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NE52 Groundwater flow, near-field rock - Resaturation, near-field rock
Influence of groundwater flow on the resaturation of the near-field rock after
repository closure.

NE53 Gas flow and transport, near-field rock - Groundwater flow, near-field rock
Influence of gas flow and transport in near-field rock on water flow in near-field rock
(water displacement by gas).

NE54 Properties of near-field rock - Sorption, near-field rock
Influence of mineralogic properties of fracture surfaces and bulk rock in the near-
field on sorption.

NE55 Properties of near-field rock - Sorption, near-field rock
Influence on sorption of the amount of fracture surfaces in the near-field rock in
contact with water.

NE56 Water chemistry, near-field rock - Colloid generation and transport, near-field rock
Influence of water chemistry (e.g. pH, ionic strength etc) on colloid generation and
stability in near-field rock.

NE58 Properties of near-field rock - Colloid generation and transport, near-field rock
Influence of fracture/pore characteristics, fracture mineralogy, grain size
distribution, crystallinity etc, in near-field rock on colloid generation and transport.

NE59 Microbial activity, near-field rock - Colloid generation and transport, near-field
rock
Formation of aggregates of microbes or substances generated by microbes which sorbes
radionuclides in the water in the near-field rock.

NE60 Degradation of rock reinforcement and grout- Colloid generation and transport, near-
field rock
Formation of colloidal/particle fractions of products from degradation of
reinforcement materials (concrete, steel) which may attract nuclides.

NE61 Alteration/weathering of flow paths, near-field rock - Colloid generation and
transport, near-field rock
Formation of colloidal/particle fractions of minerals due to alteration/weathering
of fracture surfaces in near-field rock.

NE62 Properties of near-field rock - Anion exclusion, near-field rock
Influence of pore characteristics in the near-field rock matrix on anion exclusion.

NE63 Properties of near-field rock - Matrix diffusion, near-field rock
Influence of pore characteristics of the near-field rock matrix on matrix diffusion.

NE64 Properties of near-field rock - Matrix diffusion, near-field rock
Influence of unsaturated conditions in the near-field rock on matrix diffusion.

NE65 Properties of near-field rock - Matrix diffusion, near-field rock
Influence on matrix diffusion of the amount of fracture surfaces in the near-field rock
in contact with nuclide containing water.
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NE69 Groundwater flow, near-field rock - Dispersion, near-field rock
Influence of water velocity in fractures in near-field rock on dispersion.

NE70 Properties of near-field rock - Gas flow and transport, near-field rock
Influence of fracture characteristics in near-field rock on the permeability to gas
flow.

NE71 Groundwater flow, near-field rock - Water chemistry, near-field rock
Influence of magnitude, distribution and direction of groundwater flow on the
exchange of dissolved species in the groundwater in near-field rock.

NE73 Excavation effects on nearby rock - Properties of near-field rock
Influence of excavation of rock on properties of near-field rock.

NE74 Groundwater flow, near-field rock - Erosion of buffer
Influence of magnitude of groundwater flow in near-field rock on erosion of bentonite
buffer.

NE75 Groundwater flow, near-field rock - Erosion of backfill
Influence of magnitude of groundwater flow in near-field rock on erosion of runnel
backfill.

NE76 Temperature, near-field rock - Temperature, tunnel backfill
Influence of temperature in near-field rock on temperature in tunnel backfill

NE77 Temperature, near-field rock - Temperature, bentonite buffer
Influence of temperature in near-field rock on temperature in bentonite buffer.

NE78 Differential thermal expansion of near-field barriers - Stress field, near-field rock
Influence of differences in thermal expansion of near-field rock, bentonite buffer and
runnel backfill on the stress field in nearby rock.

NE79 Temperature, near-field rock - Differential thermal expansion of near-field barriers
Influence of temperature in near-field rock on thermal expansion of the rock.

NE80 Properties of near-field rock - Bentonite swelling, buffer
Influence of amount and size of fractures intersecting the deposition holes on the
extent of bentonite swelling into the fractures and thereby on the bentonite swelling
in the deposition holes.

NE81 Properties of near-field rock - Swelling of tunnel backfill
Influence of amount and size of fractures intersecting the tunnel on the extent of
backfill swelling into the fractures.

NE82 Groundwater flow, near-field rock - Flow through buffer
Influence of magnitude, distribution and direction of groundwater flow in near-field
rock on flow through the bentonite buffer.

NE83 Groundwater flow, near-field rock - Resaturation of bentonite buffer
Influence of groundwater flow in near-field rock on resaturation of the bentonite
buffer.

NE84 Groundwater flow, near-field rock - Flow through backfill
Influence of groundwater flow in near-field rock on flow through the tunnel backfill.
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NE85 Groundwater flow, near-field reck - Resaturation of tunnel backfill
Influence of groundwater flow in near-field rock on resaturatior. of tunne! backfill.

NE86 Creeping of rock mass, near-field - Mechanical impact/ failure, buffer
Mechanical impact on/failure of bentonite buffer caused by creeping of nearby rock.

NE87 Creeping of rock mass, near-field - Mechanical impact/ failure, backfill
Mechanical impact on/failure of runnel backfill caused by creeping of nearby rock.

NE88 Creeping of rock mass, near-field - Mechanical impact on canister
Mechanical impact on canister caused by creeping of nearby rock.

NE91 Cave in - Mechanical impact on canister
Mechanical impact on canister caused by cave in.

NE92 Faulting, near-field rock - Mechanical impact/failure, buffer
Mechanical impact on/failure of bentonite buffer due to faulting in nearby rock.

NE93 Faulting, near-field rock - Mechanical impact/failure, backfill
Mechanical impact on/failure of tunnel backfill caused by faulting in nearby rock.

NE94 Faulting, near-field rock - Mechanical impact on canister
Mechanical impact on canister caused by faulting in nearby rock.

NE95 Water chemistry, near-field rock - Water chemistry, tunnel backfill
Influence of the concentration of species in the water in the surrounding rock on the
concentration of these species in the water in the tunnel backfill.

NE96 Water chemistry, near-field rock - Water chemistry, bentonite buffer
Influence of the concentration of species in the water in the surrounding rock on the
concentration of these species in the water in the bentonite buffer.

NE97 Properties of near-field rock - Water chemistry, near-field rock
Influence of rock minerals and fracture filling materials (e.g. redox- and pH-
buffering capacity) on water chemistry in the near-held rock.

NE99 Sorption, near-field rock - Properties of near-field rock
Influence of sorption in near-field rock on chemical properties of the near-field rock
(saturation effects).

NE100 Temperature, near-field rock - Sorption, near-field rock
Influence of temperature in near-field rock on sorption on rock surfaces (chemical
equilibria and kinetics).

NE101 Temperature, near-field rock - Precipitation/dissolution, near-field rock
Influence of temperature in near-field rock on precipitation/dissolution of
radionuclides (kinetics).

NE102 Temperature, near-field rock - Diffusion, near-field rock
Influence of temperature in near-field rock on diffusivity.

NE103 Temperature, near-field rock - Matrix diffusion, near-field rock
Influence of temperature in near-field rock on diffusivity in rock matrix.
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NE104 Gas flow and transport, near-field rock - Gas flow and transport, backfill
Influence of gas flow and transport in near-field rock on gas transport and gas release
from tunnel backfill.

NE105 Gas flow and transport, near-field rock - Gas flow and transport, buffer
Influence of gas flow and transport in near-held rock on gas transport and gas release
from bentonite buffer.

NE106 Microbial activity, near-field rock - Properties of near-field rock
Reduction in fracture permeability and secondary porosity in the near-field rock due
to clogging by microbes.

NE107 Properties of near-field rock - Diffusion, near-field rock
Influence of primary porosity in the near-field rock on the diffusion flux.

NE108 Water chemistry, near-field rock - Groundwater chemistry
Influence of out-transport of non-radioactive species from the water in the near-field
rock on the concentration of these species in the water in the geosphere (far-field
rock).

NE109 Temperature, near-field rock - Alteration/weathering of flow paths, near-field rock
Influence of temperature on alteration/weathering reactions, equlibria and kinetics,
in the near-field rock.

NE110 Groundwater flow, near-field rock - Dispersion, near-field rock
Influence of mixing between flow paths in near-field rock on dispersion

NEll l Temperature, near-field rock - Temperature, far-field
Influence of temperature in near-field rock on temperature in geosphere (far-field
rock)

NE112 Groundwater flow, near-field rock - Groundwater flow, far-field
Influence ot groundwater flow in near-field rock on groundwater flow in geosphere
(far-field rock).

NE113 Gas flow and transport, near-field rock - Gas generation and gas sources, far-field
The contribution of gas flow and transport in the near-field rock to gas sources in the
geosphere (far-field rock)

NE114 Stress field, near-field rock - Stress field, far-field
The influence of the stress field in the near-field rock on the stress field in the far-
field rock.

NE115 Groundwater flow, near-field rock - Temperature, near-field rock
Impact of groundwater flow in near-field rock on temperature in near-field rock.

NE116 Groundwater flow, near-field rock - Gas flow and transport, near-field rock
Influence of groundwater flow in near-field rock on gas transport in near-field rock.

NE117 Groundwater flow, near-field rock - Properties of near-field rock
Influence of groundwater flow on saturation conditions in near-field rock.

NE118 Groundwater flow, near-field rock - Matrix diffusion, near-field rock
Influence of groundwater flow distribution on the magnitude of matrix diffusion.
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NE119 Groundwater flow, near-field rock - Colloid generation and transport, near-field
rock
Influence of groundwater flow on colloid generation and transport.

NE120 Creeping of rock mass, near-field - Stress field, near-field rock
Influence of rock deformation in near-field on stress in near-field rock.

NE121 Properties of near-field rock - Stress field, near-field rock
Influence of near-field rock properties and rock structures on the stress field.

NE122 Properties of near-field rock - Cave in
Fractures, joints, weaknesses, planes etc detemines which rock blocks that cave in.

NE123 Stress field, near-field rock - Mechanical impact on canister
The stress field in the near-. Ad rock will determine the stress field around the
canister.

NE124 Faulting, near-field rock - Colloid generation and transport, near-field rock
Faulting may cause formation and mobilisation of colloidal matter, mechanical
effect.

NE125 Stress field, near-field rock - Alteration/weathering of flow paths, near-field rock
Influence of stress on aletartion/weathering of flow paths.

NE126 Resaturation, near-field rock - Gas flow and transport, near-field rock
Displacement of entrapped air caused by groundwater flow during resaturation.

NE127 Degradation of rock reinforcement and grout - Gas generation, near-field rock
Gas generation in near-field rock due to corrosion of steel reinforcement.

NE128 Degradation of rock reinforcement and groat - Properties of near-field rock
Changes in permeability and mechanical properties of near-field rock due to
degradation of rock reinforcement and grout.

NE129 Temperature, near-field rock - Microbial activity, near-field rock
Influence of temperature on microbial activity in near-field rock.

NE130 Water chemistry, near-field rock - Anion exclusion, near-field rock
Influence of water chemistry (ionic strength etc) in near-field rock on anion exclusion
in near-field rock.

NE131 Diffusion, near-field rock - Water chemistry, near-field rock
Influence of diffusion in primary porosity in near-held rock on water chemistry in
near-field rock.

NE132 Matrix diffusion, near-field rock - Water chemistry, near-field rock
Influence of matrix diffusion in near-field rock on water chemistry in near-field rock.

NE133 Redox front, near-field rock - Properties of near-field rock
Changes in rock mineralogy due to redox front propagation.

NE134 Redox front, near-field rock - Colloid generation and transport, near-field rock
Influence of changes in redox on colloid generation and transport, location of colloid
generation.
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NE135 Soiption, near-field rock - Radiolysis, near-field rock
Radiolvtic decomposition of water in near-field rock caused bv decaying, sorbed
radionuclides.

NE136 Colloid generation and transport, near-field rock - Colloid generation and transport,
far-field
Generation and transport of non-radioactive colloids in the near-field rock acting as
a colloid source in the far-field.

NE137 Electrochemical gradients, near-field rock - Electrochemical gradients, buffer
Electrochemical gradients in the near-field rock extending in to the buffer.

NE138 Electrochemical gradients, near-field rock - Electrochemical gradients, backfill
Electrochemical gradients in the near-field rock extending into the runnel backfill.

NT1 Precipitation/dissolution, near-field rock - Reconcentration, near-field rock
Accumulation of radionuclides by precipitation within a confined volume in the
near-field rock.

NT2 Sorption, near-field rock - Reconcentration, near-field rock
Accumulation of radionuclides by sorption within a confined volume in the near-
field rock.

NT4 Anion exclusion, near-field rock - Matrix diffusion, near-field rock
Influence of anion exclusion on the porosity in the near-field rock matrix accessible to
matrix diffusion of anionic species.

NT5 Radioactive decay of mobile nudides, near-field rock - Transport and release of
nudides, near-field rock
Radioactive decay will influence the radionuclide content of the release from the
near-field rock.

NT6 Colloid generation and transport, near-field rock - Transport and release of nuclides,
near-field rock
Influence of transport in the near-field rock of radionuclides bound to
colloids/particles/microbes on the release of radionuclides from the near-field.

NT7 Precipitation/dissolution, near-field rock - Transport and release of nuclides, near-
field rock
Influence of precipitation/dissolution of nuclides in the near-field rock on the
transport and release from the near-field rock.

NT8 Reconcentration, near-field rock - Transport and release of nudides, near-field rock
Pulse discharge of redissolved, reconcentrated radionuclides in the near-field rock.

NT9 Diffusion, near-field rock - Transport and release of nudides, near-field rock
Influence of nuclide diffusion in fractures in the near-field rock on the transport and
release of nuclides from the near-field rock.

NT10 Matrix diffusion, near-field rock - Transport and release of nuclides, near-field rock
Influence of radionuclide diffusion into the rock matrix in the near-field on the
transport and release of nuclides from the near-field.
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NTH Electrochemical gradients, near-field rock - Transport and release of nuclides, near-
field rock
Influence of electrochemical gradients (Telluric currents) in the near-field on the
transport and release of charged nuclides by electro-osmosis or electro-phoresis from
the near-field.

NT13 Dispersion, near-field rock - Transport and release of nuclides, near-field rock
Influence of dispersion in the near-field rock on the time distribution of the
radionuclide release from the near-field.

NT14 Groundwater flow, near-field rock - Transport and release of nuclides, near-field
rock
Influence of magnitude, distribution and direction of groundwater flow in the near-
field rock on the transport and release of nuclides from the near-field rock.

NT15 Gas flow and transport, near-field rock - Transport and release of nuclides, near-
field rock
Transport of radionuclides in gaseous form in the near-field rock will contribute to
the total release of nuclides from the near-field.

NT17 Anion exclusion, near-field rock - Diffusion, near-field rock
Influence of anion exclusion on the primary porosity (permeability) in near-field
rock accessible to diffusion of anionic species.

NT21 Transport and release of nudides, bentonite buffer - Transport and release of
nuclides, near-field rock
Influence of release of nuclides from bentonite buffer on the transport and release of
nuclides from the near-field rock.

NT25 Transport and release of nuclides, tunnel backfill - Transport and release of nuclides,
near-field rock
Influence of release of nuclides from tunnel backfill on the transport and release of
nuclides from the near-field rock.

NT26 Temperature, near-field rock - Transport and release of nuclides, near-field rock
Influence of temperature gradients on the transport and release of eadionuclides from
the near-field by Soret effects.

NT27 Sorption, near-field rock - Transport and release of nuclides, near-field rock
Influence of radionuclide sorption on the transport and release of nuclides from the
near-field rock.

3-41



Influences geosphere (far-field rock), GE + GT

GEl Temperature, far-field - Stress field, far-field
Change in rock stresses in the geosphere (far-field rock) due to temperature
variations.

GE2 Stress field, far-field - Faulting, far-field
Faulting in the geosphere (far-field rock) rock caused by stress changes in the rock.

GE3 Stress field, far-field - Properties of far-field rock
Opening, closing or slipping of fractures in the geosphere (far-field rock) due to
changes in rock stress.

GE5 Faulting, far-field - Properties of far-field rock
Faulting changes strength and permeability significantly in geosphere (far-field
rock).

GE8 Temperature, far-field - Diffusion, far-field
Influence of temperature in geosphere (far-field rock) on diffusivity.

GE9 Temperature, far-field - Groundwater chemistry
Influence of temperature on the concentration of dissolved species in the groundwater
in the geosphere (far-field rock).

GEll Deep saline water intrusion - Groundwater chemistry
Influence of saline water intrusion on the chemical composition of the gTOundwater
e g Chlorine content.

GE12 Surface water chemistry - Groundwater chemistry
Influence of the chemistry of recharging surface water on the chemical composition
of the groundwater e.g pH, redox conditions and content of complexing agents.

GE13 Groundwater chemistry - Water chemistry, near-field rock
Influence of in-transport of non-radioactive species from the water in the geosphere
(far-field rock) on the concentration of these species in the water in the near-field
rock.

GE14 Deep saline water intrusion - Interface different waters
Establishment of an interface between different waters in the geosphere due to
intrusion of saline water.

GE15 Surface water chemistry - Interface different waters
Creation of an interface between different type of waters in the geosphere as a result
of surface water intrusion.

GE16 Groundwater chemistry - Alteration/weathering of flow paths, far-field
Influence of groundwater chemistry on the dissolution/precipitation of fracture
minerals such as silica, calcite, brucite.

GE17 Groundwater chemistry - Microbial activity, far-field
The influence of the composition of the groundwater and of nutrients, energy sources
and organics in the groundwater on the microbial activity.
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GE18 Groundwater chemistry - Colloid generation and transport, far-field
Influence of pH and ionic strength on colloid generation and stability in geosphere
(far-field rock).

GE21 Groundwater chemistry - Redox front, far-field
A change in the concentration of oxidising/reducing species (redox conditions) in the
groundwater may create a redox front.

GE22 Redox front, far-field - Precipitation/dissolution, far-field
Influence of the establishment and propagation of a redox front in the geosphere
(far-field rock) on the precipitation/dissolution of redox sensitive nuclides in the
rock.

GE23 Groundwater chemistry - Precipitation/dissolution, far-field
Influence of concentration of ions and complexing agents etc. on
precipitation/dissolution of radionuclides in the geosphere (far-field rock).The
influence of the concentration of the same elements originated from other sources
(isotopic dilution) on precipitation/ dissolution of radionuclides is also considered
here.

GE26 Groundwater chemistry - Sorption, far-field
Influence of groundwater chemistry on the magnitude of sorption in the geosphere
(far-field rock) in terms of concentration of competing non-radioactive species,
content of complexing agents and concentration of the same elements originated from
other sources (isotopic dilution).

GE29 Properties of far-field rock - Sorption, far-field
Influence of chemical properties of fracture surfaces and bulk rock in the geosphere
(far-field rock) on sorption.

GE30 Properties of far-field rock - Sorption, far-field
Influence on radionuclide sorption (including saturation of sorption sites) of the
amount of fracture surfaces in the geosphere (far-field rock) in contact with
radionuclide containing water.

GE31 Microbial activity, far-field - Groundwater chemistry
Influence of microbial activity in the geosphere (far-field rock) on the concentration
of corrosive agents, sulphide.

GE32 Microbial activity, far-field - Groundwater chemistry
Influence oi microbial activity in the geosphere (far-field rock) rock on the
concentration of organic complexing agents in the groundwater.

GE33 Microbial activity, far-field - Colloid generation and transport, far-field
Formation of aggregates of microbes or substances generated by microbes which sorbes
radionuclides in the water in the geosphere (far-field rock).

GE34 Microbial activity, far-field - Sorption, far-field
Influence on sorprion of microbes attached to fracture and bulk rock surfaces in the
geosphere (far-field rock).

GE35 Microbial activity, far-field • Properties of far-field rock
Reduction Li fracture permeability and secondary porosity in the geosphere (far-
field rock) due to clogging by microbes.
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GE36 Properties of far-field rock - Groundwater chemistry
Influence of rock minerals and fracture filling materials (e.g. redox- and pH-
buffering capacity) on groundwater chemistry in geosphere (far-field rock).

GE38 Properties of far-field rock - Diffusion, far-field
Influence of primary porosity in the geosphere (far-field rock) on the diffusion flux.

GE39 Temperature, far-field - Alteration/weathering of flow paths, far-field
Influence of temperature on alteration /weathering reactions, equlibria and kinetics,
in the geosphere (far-field rock).

GE40 Alteration/weathering of flow paths, far-field - Groundwater chemistry
Influence of alteration/weathering of rock surfaces in the geosphere (tar-field rock)
on the composition of the groundwater.

GE41 Interface different waters - Colloid generation and transport, far-field
Formation of colloids at the interface between different waters.

GE42 Alteration/weathering of flow paths, far-field - Properties of far-field rock
Change in fracture apertures and permeability distribution in the geosphere (far-
field rock) due to dissolution/precipitation of minerals.

GE43 Alteration/weathering of flow paths, far-field - Properties of far-field rock
Change in mineral composition of fracture surfaces in the geosphere (far-field rock)
due to alteration/weathering.

GE44 Properties of far-field rock - Gas flow and transport, far-field
Influence of fracture characteristics in the geosphere (far-field rock) on the
permeability to gas flow and transport.

GE45 Gas flow and transport, far-field - Properties of far-field rock
Influence of gas flow and transport in the geosphere (far-field rock) on saturation
conditions in the rock.

GE46 Properties of far-field rock - Groundwater flow, far-field
Influence of permeability in geosphere (far-field rock) on magnitude, distribution
and direction of water flow in the rock.

GE47 Properties of far-field rock - Groundwater flow, far-field
Influence of saturation conditions in geosphere (far-field rock) on magnitude,
distribution and direction of water flow in the rock.

GE48 Properties of far-field rock - Anion exclusion, far-field
Influence of pore characteristics in the geosphere (far-field rock) on anion exclusion.

GE49 Properties of far-field rock - Colloid generation and transport, far-field
Influence of fracture /pore characteristics (filtering effects) in rock in the geosphere
(far-field) on colloid transport.

GE50 Properties of far-field rock - Matrix diffusion, far-fieid
Influence on matrix diffusion of the amount of fracture surfaces in the geosphere (far-
field rock) in contact with nuclide containing water.
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GE51 Properties of far-field rock - Matrix diffusion, far-field
Influence of unsaturated conditions in the geosphere (far-field rock) on matrix
diffusion.

GE52 Properties of far-field rock - Matrix diffusion, far-field
Influence of pore characteristics and clogging in the rock matrix in the geosphere
(far-field) on matrix diffusion.

GE53 Temperature, far-field - Matrix diffusion, far-field
Influence of temperature in the geosphere (far-field rock) on diffusivity in rock
matrix.

GE54 Groundwater flow, far-field - Dispersion, far-field
Influence of water velocity in fractures in the geosphere (far-field rock) on
dispersion.

GE55 Groundwater flow, far-field - Dispersion, far-field
Influence of mixing between flow paths in the geosphere (far-field rock) on
dispersion

GE56 Gas generation and gas sources, far-field - Gas flow and transport, far-field
Influence of gas generation in the geosphere (far-field rock) and gas released from
the near-field rock on gas transport in the geosphere.

GE57 Gas generation and gas sources, far-field - Groundwater flow, far-field
Gas induced groundwater flow in the geosphere (far-field rock).

GE58 Temperature, far-field - Groundwater flow, far-field
Influence of temperature variations on magnitude and direction of water flow in the
geosphere (far-field rock).

GE59 Groundwater flow, far-field - Stress field, far-field
Change in rock stresses in the geosphere (far-field rock) caused by groundwater flow.

GE60 Deep saline water intrusion - Groundwater flow, far-field
Creation of density gradients in the geosphere (far-field rock) which influence
groundwater flow

GE61 Properties of far-field rock - Electrochemical gradients, far-field
Influence of interconnected, water-bearing fractures in the geosphere (far-field rock)
on the establishment of electrochemical gradients (Telluric currents).

GE65 Groundwater flow, far-field - Groundwater flow, near-field rock
Influence of groundwater flow in geosphere (far-field rock) on groundwater flow in
near-field rock.

GE66 Temperature, far-field - Temperature, near-field rock
Influence of temperature in geosphere (far-field rock) on temperature in near-field
rock.

GE69 Groundwater flow, far-field - Groundwater chemistry
Influence of groundwater flow in the geosphere (far-field rock) on the groundwater
chemistry.
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GE70 Gas flow and transport, far-field - Gas flow and transport, near-field rock
Influence of gas transport in geosphere(far-held rock) on gas transport in near-field
rock

GE71 Groundwater flow, far-field - Deep saline water intrusion
Influence of the groundwater flow in the far-field on saline water intrusion.

GE72 Groundwater flow, far-field - Temperature, far-field
Impact of groundwater flow on temperature in far-field rock.

GE73 Groundwater flow, far-field - Properties of far-field rock
Influence of groundwater flow on saturation conditions in far-field rock.

GE74 Groundwater flow, far-field - Colloid generation and transport, far-field
Influence of groundwater flow on colloid generation and transport.

GE75 Groundwater flow, far-Held - Matrix diffusion, far-field
Influence of groundwater flow on the magnitude of matrix diffusion.

GE76 Groundwater flow, far-field - Sorption, far-field
Influence of groundwater flow on the magnitude of sorption.

GE77 Gas generation and gas sources, far-field - Groundwater chemistry
Influence of gases on groundwater chemistry.

GE78 Temperature, far-field - Degradation of hole and shaft seals
Influence of temperature in the far-field on the integrity of seals in the far-field.

GE79 Temperature, far-field - Microbial activity, far-field
Influenceof temperature in the far-field on the microbial activity in the far-field.

GE80 Properties of far-field rock - Stress field, far-field
Influence of host rock properties and host rock structures on the stress field.

GE81 Stress field, far-field - Stress field, near-field rock
The influence of the stress field in the far-field on the stress field in the nearby rock
around the repository.

GE82 Stress field, far-field - Degradation of hole and shaft seals
Influence of the stress field in the far-field rock on the degradation of hole and
shaft seals.

GE83 Properties of far-field rock - Gas generation and gas sources, far-field
Influence of host rock properties on gas generation and sources.

GE84 Faulting, far-field - Faulting, near-field rock
Faulting in the far-field extending into the near-field.

GE85 Alteration/weathering of flow paths, far-field - Colloid generation and transport,
far-field
Influence of alteration/weathering of flow paths on colloid generation and
transport.

GE86 Earth tides - Groundwater flow, far-field
Influence of earthtides (changes in gravity due to the movement of essentially the
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moon and the sun) on the groundwater flow in the host rock.

GE87 Earth tides - Matrix diffusion, far-field
Influence of earthtides (changes in gravity due to the movement of essentially the
moon and the sun) on the magnitude of matrix diffusion.

GE88 Redox front, far-field - Colloid generation and transport, far-field
Influence of changes in redox on colloid generation and transport.

GE89 Groundwater chemistry - Degradation of hole and shaft seals
Influence of groundwater composition on the degradation of seals in shafts and holes.

GE90 Degradation of hole and shaft seals - Groundwater flow, far-field
Influence of the degradation of seals in shafts and holes on the groundwater flow in
the far-field.

GE91 Faulting, far-field - Colloid generation and transport, far-field
Faulting may cause formation and mobilisation of colloidal matter, mechanical
effect.

GE92 Electrochemical gradients, far-field - Electrochemical gradients, near-field rock
Electrochemical gradients in the near-field is part of electrochemical gradients in
the far-field.

GE93 External flow boundary conditions - Groundwater flow, far-field
Influence of external flow boundary conditions on the groundwater flow in the
geosphere (far-field rock).

GE94 Groundwater chemistry - Anion exclusion, far-field
Influence of groundwater chemistry, ionic strength etc, on anion exclusion in the far-
field rock.

GE95 Diffusion, far-field - Groundwater chemistry
Influence of diffusion in primary porosity in the far-field rock on water chemistry
in the far-field rock.

GE96 Matrix diffusion, far-field - Groundwater chemistry
Influence of matrix diffusion in far-field rock on groundwater chemistry.

GE97 Colloid generation and transport, far-field - Colloid generation and transport, near-
field rock
Transport of non-radioactive colloids generated in the far-field to the near-field
rock.

GE98 Redox front, far-field - Properties of far-field rock
Changes in rock mineralogy due to redox front propagation.

GT2 Radioactive decay of mobile nuclides, far-field - Distribution and release of
nudides from the geosphere
Radioactive decay will influence the radionuclide distribution in the far-field rock
and the radionuclide release from the geosphere (far-field rock).

GT3 Dispersion, far-field - Distribution and release of nuclides from the geosphere
Influence of dispersion in the geosphere (far-field rock) on the distribution and
release of nuclides from the geosphere.
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GIB Electrochemical gradients, far-field - Distribution and release of nuclides from the
geosphere
Influence of electrochemical gradients (Telluric currents) in the geosphere (far-field
rock) on the distribution and release of charged nuclides by electro-osmosis or
electro-phoresis from the geosphere.

GT6 Gas flow and transport, far-field - Distribution and release of nuclides from the
geosphere
Influence of gas transport (including radionuclides in gaseous form) on the
distribution and release of nuclides from the geosphere.

GT7 Matrix diffusion, far-field - Distribution and release of nuclides from the geosphere
Influence of radionuclide diffusion into the rock matrix in the geosphere (far-field)
on the release rate of radionuclides from the geosphere.

GIB Diffusion, far-field - Distribution and release of nuclides from the geosphere
Influence of nuclide diffusion in fractures in the geosphere (far-field rock) on the
distribution and release of nuclides from the geosphere.

GT9 Colloid generation and transport, far-field - Distribution and release of nuclides
from the geosphere
Influence of transport in the geosphere (far-field) of radionuclides bound to
colloids/particles/microbes on the distribution and release of radionuclides from the
geosphere.

GT11 Sorption, far-field - Distribution and release of nuclides from the geosphere
Influence of radionuclide sorption (both on surfaces and within matrix) on the
distribution and release of nuclides from the geosphere (far-field rock).

GTL2 Reconcentration, far-field - Distribution and release of nuclides from the geosphere
Pulse discharge of redissolved, reconcentrated radionuclides in the geosphere (far-
field rock).

GTD Anion exclusion, far-field - Matrix diffusion, far-field
Influence of anion exclusion on the porosity in the rock matrix in the geosphere (far-
field) accessible to matrix diffusion of anionic species.

GT14 Anion exclusion, far-field - Diffusion, far-field
Influence of anion exclusion on the primary porosity in the geosphere (far-field
rock) rock accessible to diffusion of anionic species.

GT15 Groundwater flow, far-field - Distribution and release of nuclides from the
geosphere
Influence of magnitude, distribution and direction of groundwater flow, including
extreme channel flow, on the distribution and release of radionuclides from the
geosphere (far-field-rock)

GT16 Precipitation/dissolution, far-field - Distribution and release of nuclides from the
geosphere
Influence of precipitation/dissolution of nuclides in the geosphere (far-field rock) on
the distribution and release of nuclides from the geosphere.
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GT17 Sorption, far-field - Reconcentration, far-field
Accumulation of radionuclides by sorption within a confined volume in the
geosphere (far-held rock).

GT18 Precipitation/dissolution, far-field - Reconcentration, far-field
Accumulation of radionuclides by precipitation within a confined volume in the
geosphere (far-field rock).

GT20 Transport and release of nuclides, near-field rock - Distribution and release of
nudides from the geosphere
Influence of release of nuclides from near-field rock on the distribution and release of
nuclides from the geosphere (far-field rock).
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Influences included only in the Central Scenario, Glac + Penna + Sea

Glac-l Glaciation - Surface water chemistry
Recharge of fresh, oxygenated waters due to glaciation.

Glac-2 Glaciation - External flow boundary conditions
Influence of glaciation on distribution of discharge-recharge areas.

Glac-3 Glaciation - Stress field, far-field
Influence of ice load on stress field in rock.

Perma-1 Permafrost - Surface water chemistry
Freezing of water leading to higher total content of dissolved solids.

Perma-2 Permafrost - External flow boundary conditions
Influence of permafrost on the distribution of discharge-recharge regions (open
talics).

Perma-3 Permafrost - Temperature, far-field rock
Change in temperature boundary conditions.

Sea-1 Sea-level changes - Surface water chemistry
Influence of sea-level changes on surface water chemistry (intrusion cf sea-water).

Sea-2 Sea-level changes - External flow boundary conditions
Change in hydraulic head distribution.
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List of Loose Diagrams

Insert 1: The full version of the PID for the Reference Case.

Insert 2: The PID for the Reference Case, IL=10.

Insert 3: The PID for the Central Scenario, IL = 10.

Insert 4: The general version of the AMF.
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Postadress/Postal address

SKI
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