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1. INTRODUCTION

Background

The Nuclear Energy Agency’s (NEA) Integration Group for the Safety Case (IGSC), and
its predecessor, the Performance Assessment Advisory Group (PAAG), have carried out
activities related to the compilation and use of lists and databases of features, events and
processes (FEPs) in safety and performance assessment studies since the early 1990s.

This activity led to the publication of a report (NEA, 2000) and the development of an
electronic database that included both an NEA International FEP List (see Appendix A)
and eight FEP lists from national assessment studies. With support from a subgroup of
IGSC members, the NEA electronic FEP database was subsequently updated to include
two additional national project databases and re-issued as Version 2.1 to participating
members of the subgroup in 2006.

In view of the maturing of geological disposal programmes towards implementation,
and also developments in safety assessment methodologies as well as in the underlying
scientific understanding (e.g. concerning thermal, hydraulic, mechanical, and chemical
processes) of safety assessments (see for example NEA, 2012), the NEA sent a
questionnaire on the use of FEPs in safety assessment studies to IGSC members at the
end of 2010. The aims of the questionnaire were (1) to examine the use of FEPs or
equivalent concepts in safety assessment studies and (2) to provide a basis for judging
the need for any further IGSC activities related to FEP lists, databases or methods.
Analysis of the questionnaire responses concluded that:

e The NEA International FEP List has been widely used but many organisations were
concerned that it is now out of date and does not reflect more recent experience in
safety assessments and their wider or more detailed scope.

e The electronic FEP database (with the attached project databases) has been less
widely used, but is regarded as important by those that used it.

e There was strong support for the maintenance and updating of both the NEA
International FEP List and the electronic FEP database.

Scope and Objectives of the Project

In light of the questionnaire results, the NEA has decided to support the revision of
the NEA International FEP List and the associated database to ensure that they remain
useful and relevant to the work of Member States.

It has been agreed that the updated NEA International FEP List should be:

o relevant to all stages of a repository development programme from inception to
repository closure;

o relevant to both safety assessors and individual topic experts.

Updating the NEA International FEP List, An IGSC Technical Note, Technical Note 1: Identification and Review of Recent Project-specific FEP Lists 7
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e limited to the post-closure safety of geological disposal facilities. Operational
safety is beyond the scope of the current project, as are surface and near-surface
disposal facilities (i.e., those on or within 30 m of the surface).

e relevant to all designs of geological disposal facilities.

e relevant to all categories of radioactive waste disposed in geological disposal
facilities.

o relevant for the evaluation of radiological and non-radiological impacts of
contaminant releases on humans and non-human biota.

A work programme has been developed comprising the following objectives:
e toreview recent project-specific FEP lists that are of relevance (Task 1).

e to identify, agree and document the proposed revisions to the NEA International
FEP List in light of the review (Task 2).

e toimplement the revised NEA International FEP list in a prototype (Version 0) web-
based database (Task 3).

e to develop the requirements specification for the Version 1 web-based database
(Task 4).

Scope and Structure of this Technical Note

This Technical Note reviews the relevant project-specific FEP lists recently developed
(i.e. since 2006) by organisations assessing the post-closure safety of the deep disposal of
radioactive waste (Section 2). A country-by-country review is provided that summarises
how the FEPs have been used and the structure and content of each FEP list. Relevant
information is also summarised on FEP lists and their use from recent publications by the
International Atomic Energy Agency (IAEA).

Section 3 provides a summary of how the FEP lists described in Section 2 have been
used and structured.

Table 1 summarises the list of organisations contacted and the status of their FEP list
or other relevant reports.

8 Updating the NEA International FEP List, An IGSC Technical Note, Technical Note 1: Identification and Review of Recent Project-specific FEP Lists
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Table 1.1: Status of FEP Lists in National Deep Disposal Programmes

Country Organisation | Updated FEP list or other relevant | References
documents (post-2006)
Belgium ONDRAF/NIRAS | Yes De Craen et al. (2007)
Galson Sciences (2007)
ONDRAF/NIRAS (2008)
Canada NWMO Yes Quintessa et al. (2011)
Czech Republic | NRI Yes Vokal et al. (2010)
Finland POSIVA Yes Gribi et al. (2007)
Miller and Marcos (2007)
Posiva (2010)
France ANDRA No
Germany Various Yes Beuth et al. (2012a)
Beuth et al. (2012b)
Buhmann et al. (2010)
Wolf et al. (2012a)
Wolf et al. (2012b)
Hungary PURAM No
Japan JAEA Yes JAEA and FEPC (2007)
Netherlands NRG No
Spain ENRESA No
Sweden SKB Yes SKB (2010, 2011)
Switzerland Nagra Yes Nagra (2008a,b,c, 2010)
UK NDA/RWMD No
USA USDoE Yes USDOE (2009)

Updating the NEA International FEP List, An IGSC Technical Note, Technical Note 1: Identification and Review of Recent Project-specific FEP Lists
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2. RECENTLY APPLIED FEP LISTS

Belgium
Introduction

ONDRAF/NIRAS is developing a disposal concept for high-level radioactive waste
(HLW) and is undertaking assessments of the concept’s safety. As part of this process, it
has developed two lists of FEPs. The first one lists geosynthesis events and processes
(De Craen et al., 2007). This FEP list has been compiled from the knowledge acquired by
expert panels comprising topic experts and safety assessors using the results of thirty
years of research on the Boom Clay (ONDRAF/NIRAS, 1989, 2001). The second list focuses
on the Engineered Barrier System (EBS) and specifically considers the FEPs related to the
ONDRAF/NIRAS cement-based engineering design. A formal procedure has been followed
to develop this Supercontainer EBS FEP list (Galson Sciences, 2006). The original list has
been derived from about ten national design-specific FEP lists developed between 1989
and 2002 and screened following selective criteria to retain only the FEPs relevant to the
Supercontainer design.

Application

The geosynthesis list includes FEPs that could potentially affect the disposal system
and/or its environment in a positive or detrimental way. The ultimate objective of the
geosynthesis FEPs is to examine the impact of these FEPs on the reference (“the expected
evolution”) scenario systematically. FEPs negatively impacting at least one safety
function initiate altered scenarios. FEPs might also give rise to alternative calculation
cases within the reference scenario if they do not affect any safety function but initiate a
different evolution of the repository system. The ambition of the 2007 exercise that
resulted in this first preliminary geosynthesis FEP list was to perform a first screening of
FEPs potentially relevant for safety and in particular to identify those that required
further research in order to undertake sound safety assessments. Feedback on the 2007
geosynthesis FEP list was thus in the first instance given to the assessment basis groups. A
revision of the geosynthesis FEP list ready for scenario development is planned.

The Supercontainer EBS FEP list was developed for the purpose of a completeness
checking. The list was compared with the technical information of the EBS evolution
report (ONDRAF/NIRAS, 2008) describing the spatial and temporal evolution of the EBS
envisaged by the expert panel (Galson Sciences, 2007). As with the 2007 exercise for the
geosynthesis FEPs, this completeness checking was aimed at confirming the issues
requiring further work rather than performing a formal verification of the completeness
of information.

Structure and Content

Three broad categories of initiating events are considered in the geosynthesis FEP list:
human induced events; external geodynamic events; and internal geodynamic events
(Appendix B). A range of events is considered under each category together with the

Updating the NEA International FEP List, An IGSC Technical Note, Technical Note 1: Identification and Review of Recent Project-specific FEP Lists 11
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event’s likelihood (high, medium, low), impact on the long-term safety functions, and the
a priori relevance of the impact (Appendix B). The Supercontainer EBS FEP list has been
organised in six FEP groups (Appendix C). One group comprises features describing the
EBS design (D FEPs); the other groups include processes associated with the key drivers
for change and evolution within the repository (RCHTP FEPs):

D Design components
Radiological processes
Chemical processes
Hydraulic processes

Thermal processes

I - A

Physical / mechanical processes

Canada — Assessment of Used Nuclear Fuel
Introduction

NWMO is responsible for designing and implementing Canada’s plan for the
long-term management of used nuclear fuel. As part of the NWMO work programme, a
series of case studies have been undertaken to evaluate the safety of the deep geological
repository concept.

The NWMO is currently preparing the ‘Fourth Case Study’ for a deep geologic
repository situated in crystalline rock for submission to the Canadian regulator as part of
a pre-project review. The approach taken with respect to FEPs in this study is to start
with the existing FEP analysis (for the Third Case Study: Garisto et al, 2004) and
implement modifications appropriate to the revised geosphere and scope of work.

Application

Scenarios of interest to the postclosure safety assessment are identified through
consideration of the various FEPs that could affect the repository system and its
evolution.

e The Category 1 FEPs (External Factors) are used to identify causes or factors outside
the repository domain that might cause change. Included in this group are decisions
related to repository design, operation and closure since these are outside the
temporal boundary of the postclosure behaviour of the repository system.

o The Category 2 FEPs (Repository Factors) are used to identify features and processes
occurring within or near the repository site that could affect the thermal, mechanical,
chemical, biological or hydraulic conditions. These are important aids in defining the
expected evolution of the repository, and they are considered with respect to defining
Disruptive Scenarios.

e The Category 3 FEPs (Contaminant Factors) are used to identify factors in the
repository and the nearby geosphere and biosphere that are specific to the release
and migration of radionuclides and other contaminants, or to the human dose or
environmental consequences.

12 Updating the NEA International FEP List, An IGSC Technical Note, Technical Note 1: Identification and Review of Recent Project-specific FEP Lists
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Structure and Content

The FEP list for the Fourth Case Study is given in Appendix D. The format follows the
organisation used in NEA (2000) for characterising system level features, events and
processes.

Canada — Assessment of Low and Intermediate Level Waste

Introduction

Ontario Power Generation (OPG) has submitted the application to seek Environmental
Assessment and licensing approvals to construct a deep geologic repository (DGR) for low
and intermediate level radioactive waste at the Bruce nuclear site. The Nuclear Waste
Management Organisation (NWMO) has been tasked by OPG with managing the DGR
Project and conducting all technical and licensing support activities. To support the
licensing application, a post-closure safety assessment was performed to evaluate the
long-term safety of the DGR preliminary design (Quintessa et al., 2011a). As part of the
work programme undertaken for the post-closure safety assessment, a project-specific
FEP list was developed (Quintessa et al.,, 2011b). This used information specific to the
proposed DGR site and design, as well as national and international sources such as
Garisto et al. (2004), IAEA (2004), Mazurek et al. (2003), Nagra (2002), NEA (2000),
ONDRAF/NIRAS (2001) and Penfold et al. (2002).

Application

The FEP list for low and intermediate level waste was used in a number of ways in the
post-closure safety assessment.

e The Category 1 FEPs (i.e. External Factors) were used to identify potential scenarios
for consideration in the assessment. These External FEPs provided the system with
both its boundary conditions and with FEPs that might cause change in the
system. If these External FEPs could significantly affect the system, they were
considered to be scenario-generating FEPs, in the sense that whether they
occurred or not (or the extent to which they occurred) could define a particular
future scenario that should be considered within the assessment.

¢ The Category 2 FEPs (i.e. Internal Factors) were used to identify whether there were
any Internal FEPs that might compromise the isolation and containment functions
of the DGR system and thereby impact upon the associated long-term safety
arguments so resulting in a Disruptive Scenario.

e The Category 2 FEPs and Category 3 FEPs (i.e. Contaminant Factors) were used to
ensure that the conceptual models developed to assess the scenarios included all
the potentially relevant Internal FEPs.

e The Category 2 and 3 FEPs were also used as a basis of an audit of the
implementation of the conceptual models in the calculation tools used in the
assessment.

Structure and Content

The FEP list for low and intermediate level waste is given in Appendix E. Its structure
and content is broadly consistent with the NEA International FEP List (reflecting its
provenance).

Updating the NEA International FEP List, An IGSC Technical Note, Technical Note 1: Identification and Review of Recent Project-specific FEP Lists 13



NEA/RWM/R(2013)7

However, there are a number of modifications, the most significant of which are:

e There is no consideration of Category O FEPs (i.e. Assessment Basis) since the FEP
list was not used in the specification of the assessment context.

o The waste and engineered features reflect the specific waste and design features
of the DGR.

e The Category 2 and 3 FEPs have been sub-divided to a greater level of detail.

Czech Republic
Introduction

In September 2010, the Nuclear Research Institute (NRI) Rez published its long-term
safety evaluation of a hypothetical deep geological repository for spent nuclear fuel and
high-level radioactive waste in the Czech Republic (Vokal et al., 2010). The report took
account of international recommendations (e.g. from projects such as “PAMINA” and
“MeSA”) and safety analyses issued by countries with an advanced development
programme for deep geological disposal such as Belgium, Finland, France, Sweden,
Switzerland and the USA. The NEA International FEP List was used as the basis of the
project-specific FEP list. Expert judgement was used to screen the FEP list so that FEPs
that were not relevant to the Czech Republic (for example, the effect of volcanic and
magmatic activity, dissolution of salt, etc.) were excluded.

Application

The results of the expert analyses of the FEP list were documented and used for the
derivation of the normal/central scenario and alternative scenarios (see Section C2.2.3 of
Vokal et al., 2010). The FEPs were also in the formulation of the associated conceptual
models (see Section C2.3 of Vokal et al., 2010).

Structure and Content

The NRI FEP list has the same structure and content as the NEA International FEP List
given in Appendix A.

Finland
Introduction

Olkiluoto has been selected as the site for the Finnish spent nuclear fuel repository.
Posiva is undertaking a series of safety assessment to support its applications for the
repository’s construction licence and subsequent operating licence. An interim summary
report of the safety case was published in 2010 (Posiva, 2010) which noted that Posiva was
in the process of compiling its own FEP database and report. FEPs are currently
documented in various versions of the Process Report, which is a main report
documenting process understanding and the safety relevance of processes in different
timeframes.

The latest published version of the Process Report for the KBS-3H concept was
produced in 2007 (Gribi et al., 2007), although this report does not contain a standalone
FEP list. It recognises that FEPs can be classified into internal processes, initial state and
external factors. Internal processes are defined for each component of the repository
system (including the geosphere but not the biosphere which is considered in other

14 Updating the NEA International FEP List, An IGSC Technical Note, Technical Note 1: Identification and Review of Recent Project-specific FEP Lists
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reports). Initial state FEPs refer to the initial conditions for the evolution of the repository
system. Relevant FEPs occurring outside the system boundary are classified as external
factors (e.g. climatic processes and effects, tectonics, seismic activity, future human
actions). Initial conditions and external factors are discussed in detail in the Evolution
Report for KBS-3H (Smith et al., 2007).

The latest version of the Process Report for the KBS-3V concept is Miller and Marcos
(2007). 1t includes a list of the internal processes considered for the engineered barriers
and the geosphere in the context of the Finnish repository design and the Olkiluoto
site-specific context. Two key sources were used to identify the relevant FEPs: the NEA
International FEP List, and the previous Posiva Process Report (Rasilainen, 2004).

Application

The method used by Posiva for developing scenarios follows a top down approach
since most of the scenarios that have to be taken into consideration come from
regulatory requirements. This means that the scenarios to be analysed are selected and
then the FEP list, complemented with expert judgement, is used to ensure that no FEPs
have been omitted from considered in scenario formulation and analysis.

Structure and Content

The KBS-3V Internal FEP List is given in Appendix F. It provides a listing of all of the
relevant process thought likely to occur and be significant within the main components
of the engineered barriers and within the geosphere. These processes are arranged in the
list in terms of the main repository component in which they occur (fuel, canister, buffer,
backfill, plugs/seals/grout and geosphere). They have also been categorised as evolution
related processes (E) i.e. those that relate to dynamic processes that affect the state of the
repository, and migration related processes (M) i.e. those that directly control the
migration of radionuclides and other substances.

The list is mapped onto the NEA International FEP List in Table 1.6-1 of Millar and
Marcos (2007). Given that the list is only for internal processes affecting the repository
and geosphere, it can be seen that it has limited coverage compared with the NEA
International FEP List. However, for those FEPs that it does include, it provides more
detailed coverage.

Germany
Introduction

In the context of the research project ISIBEL (Buhmann et al., 2010), a FEP list was
developed for a generic spent nuclear fuel (SNF)/HLW repository in a salt dome in
Northern Germany. Goal of this activity was to implement a general FEP list that is
consistent with the NEA FEP database (NEA, 2000) and could be used as a starting point
for a FEP list for use in a site specific safety assessment in Germany.

In 2010, the ISIBEL FEP list was used as a basis for the preliminary safety assessment
of the Gorleben salt dome (Vorlaufige Sicherheitsanalyse Gorleben, VSG). 19 scientists
from five German organisations developed the VSG FEP list over a two-year period. It is
the first site-specific FEP list for a SNF/HLW repository in a salt dome. The FEPs report is
currently only available in German (Wolf et al., 2012a) but an English translation of the
FEP names is provided in Appendix G.

Updating the NEA International FEP List, An IGSC Technical Note, Technical Note 1: Identification and Review of Recent Project-specific FEP Lists 15
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Application

The VSG FEP list has been developed to represent the knowledge on the Gorleben site
and the concepts to dispose of various kinds of radioactive waste, in particular heat-
generating waste (SNF and vitrified HLW) in a transparent and comprehensible way. This
includes the definition and description of all FEPs, the identification of relevant FEPs (FEP
screening), the indication of important references and open questions.

A very important aspect of the VSG FEP list is its strong linkage with the development
of scenarios. The FEP list contains the information required for scenario development.

e Statements on the conditional probability of each FEP - three classes are
considered: a) probable; b) less probable; and c) not to consider.

e The influence of the FEPs on containment-providing barriers (containment in a so-
called “containing rock zone” being an essential regulatory requirement).

e The dependencies among the relevant FEPs.

The required information is often based on expert judgement. One advantage of the
strong linkage of the FEP list and the scenario development is the possibility to document
the information base of the expert judgment in the FEP list. Using the categorisation of
the FEPs (probability and influence on containment-providing barriers) and the
dependencies among the FEPs scenarios can be derived in a systematic approach (Beuth
et al. 20123)

Structure and Content

The VSG FEP list is given in Appendix G. More details about the structure are given in
Wolf et al. (2012b). Its structure is broadly consistent with the NEA International FEP List
although there are some issues in the NEA list that are not considered in the VSG FEP list:

e There is no consideration of category 0 FEPs (Assessment Basis) since the FEP list
was not used to specify the assessment context.

o FEPs dealing only with the operational phase are not included in the list.

e All FEPs dealing with processes in the biosphere are not elements of the FEP list
since an assessment of the biosphere is only possible for today’s biosphere
conditions. Future conditions and dietary habits are very difficult to predict.
According to the current German regulation, the conditions that have to be
assumed in the safety assessment are determined by regulatory terms. The NEA
Chapters 2.4 (Human behaviour) and 3.3 (Exposure factors) are not considered in
the VSG FEP list. In Chapter 2.3 (Surface Environment) only FEPs that have
influence on the geosphere are considered.

e Future human actions have to be considered in a safety assessment. According to
the German Safety Requirements, reference scenarios for human intrusion have to
be considered and, if possible, measures to reduce their likelihood and their
consequences have to be implemented when optimising the repository system.
This goal, however, is considered subordinate compared to other optimisation
goals (radiation protection during the operational phase, long-term safety,
operational safety, reliability and quality of long-term containment, safety
management, technical and financial feasibility). Since there is no scientific basis
for the predictions of these actions, they are not part of the systematic scenario
development that is based in VSG on the FEP list. In VSG future human actions,
especially human intrusion, are considered in a special report that is independent
of the FEP list and the scenario development (Beuth et al., 2012b). The NEA Chapter
1.4 (Future human actions) is not considered in the VSG FEP catalogue.

16 Updating the NEA International FEP List, An IGSC Technical Note, Technical Note 1: Identification and Review of Recent Project-specific FEP Lists



NEA/RWM/R(2013)7

In common with other more recent FEP lists, the FEPs associated with the waste and
engineered features, and the geological environment have been sub-divided to a greater
level of detail than in the NEA International FEP List. In some chapters such as the
repository issues (Chapter 1.1) FEPs are only added, if they have an effect on the post-
closure safety. Since the VSG FEP list contains dependencies among the relevant FEPs,
NEA FEPs such as 1.2.10 Hydrological/hydrogeological response to geological changes
have not to be considered as separate FEPs.

Japan
Introduction

The Federation of Electric Power Companies in Japan (FEPC) and the Japan Atomic
Energy Agency (JAEA) have assessed the safe and optimum geological disposal of TRU-
waste® in Japan. The results are summarised in the TRU-2 report (JAEA and FEPC, 2007)
which had the following aims:

e To summarise the results of collaborative R&D carried out by JAEA and FEPC on the
geological disposal of TRU-waste.

e To promote the establishment of a regulatory framework and an implementation
body to manage the disposal of TRU-waste.

A comprehensive FEP list was developed based on the H12 report (JNC, 2000) and the
NEA International FEP List, and by taking into account the specific phenomena relevant
to TRU-waste.

Application

The TRU-2 FEP list is used in the derivation of the scenarios to be assessed (see Figure
2.1).

1. In Japan ‘TRU-waste’ broadly equates to long-lived intermediate level waste (ILW) and
low level waste (LLW) with significant alpha content.
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Figure 2.1: Use of TRU-2 FEPs in Scenario Development (JAEA and FEPC, 2007)
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Structure and Content

Following the approach used in the H12 report (JNC, 2000), a matrix approach is used
in JAEA and FEPC (2007) to classify the FEPs. The location within the multi-barrier system
to which a FEP applies is given in the row and the related phenomenon is given in the
columns (see Appendix H).

The following locations are considered:

o Waste.

e Filler.

e Structural framework.

¢ Bentonite.

¢ Plug/grout/support/backfill.

e Host rock.

The following phenomena are considered:
e Thermal.

e Hydraulic.
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e Mechanical.

e Chemical.

e Radiological.

e Radionuclide migration.

e Phenomena that may potentially disturb the system (i.e. initial defects /natural

phenomena/human activities).

Sweden
Introduction

Forsmark has been selected as the site for the Swedish spent nuclear fuel repository
using the KBS-3V deep disposal concept. SKB has undertaken a safety assessment
(SR-Site) to support its applications for the repository’s construction licence (SKB, 2011).
The first step of the assessment methodology is the identification of all the factors that
need to be included in the analysis. Experience from earlier safety assessments and KBS-
3 specific and international databases of relevant FEPs have been used to develop the SR-
Site FEP list which is documented in SKB (2010).

Application

The FEP list is used at a number of stages during the assessment process.

e In the development of check lists for process descriptions, initial state descriptions
and the handling of external factors.

e In the development of a chart showing how the FEPs are related to the safety
function indicators that are used to evaluate the safety of the system.

e In the development of scenarios for assessment by using the FEP chart to help
identify uncertain factors that might need to be assessed using additional
scenarios.

e In the analysis of FEPs excluded from the assessment.
Structure and Content

The SR-Site FEP catalogue contains FEPs for the following categories.
o [Initial state FEPs.

e Processes in fuel, canister, buffer, backfill, tunnel plug, central area, top seal,
bottom plate in deposition holes, borehole seals and geosphere.

e Variables in fuel, canister, buffer, backfill, tunnel plug, central area, top seal,
bottom plate in deposition holes, borehole seals and geosphere.

e Biosphere FEPs.

e External FEPs.

e Methodology issues.

In total there are 407 FEP records (Appendix I).
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Switzerland

Introduction

Important steps in the management of radioactive waste have been implemented in
Switzerland and there is wide experience in carrying out the associated activities. These
include the handling and packaging of waste, waste characterisation, compiling of
inventories, interim storage and the associated transport of waste. In terms of preparing
for deep geological disposal, the necessary scientific and technical work is well advanced
and the feasibility of implementing geological repositories that provide the required long-
term safety has been successfully demonstrated for all wastes arising in Switzerland;
these feasibility demonstrations have been approved by the Swiss government (L/ILW
repository: 1988; HLW repository: 2006). Currently, the Swiss programme is focussed on
site selection. The basis for site selection is the so-called Sectoral Plan for Deep Geological
Repositories (SGT), which defines a three-stage site selection process and which was
approved by the Swiss government in 2008. As input to Stage 1 of the SGT, Nagra
submitted proposals for geological siting areas for the L/ILW repository and the HLW
repository to the Swiss Federal Office of Energy (Nagra 2008a,b,c). After a review by the
safety authorities and an extensive public consultation process, the Swiss government
approved Nagra’s proposals in 2011, formally ending Stage 1 of the site selection process.
Stage 2 will lead to the selection of at least two sites for each of the L/ILW and the HLW
repository. During Stage 3, one site per repository type will be selected; for these, general
licence applications will be prepared.

In order to realise the objectives of Stage 2, the state of knowledge of the geological
conditions in the proposed siting regions has to be sufficient to perform the provisional
safety analyses required for Stage 2 (ENSI, 2010). Therefore, in preparation for Stage 2, the
SGT requires Nagra to clarify with the Swiss Federal Nuclear Safety Inspectorate (ENSI), at
an early stage, the need for additional investigations aimed at providing input for the
provisional safety analyses. For this purpose Nagra developed a technical report (Nagra,
2010), in which the focus was on evaluating the geological information based on
processes and parameters (P&Ps) that are relevant for safety and engineering feasibility.
These P&Ps can be regarded as a special kind of FEPs. These are discussed below.

Application

The basis to develop the P&Ps was the work documented in the report on safety and
engineering feasibility (Nagra, 2008c) prepared for Stage 1 of the SGT. This included the
formulation of requirements on geology based on considerations of safety and
engineering feasibility. The procedure to define the P&Ps is described in Chapter 3.2 in
Nagra (2010). In short, the following steps were applied.

o Definition and consideration of safety functions and principles as a starting point
(Table J.1, Appendix J).

o Definition and consideration of the relevant elements of the barrier system
which ensure that the safety functions will work as planned; the elements are
chosen in such a way that they conform to the safety functions and principles
mentioned above (Table J.1, Appendix J).

o Definition and consideration of safety-relevant properties of the elements of the
barrier system (Table J.1, Appendix J).

o Definition of the relevant processes and parameters (Table J.1, Appendix J).

The P&Ps were then used to evaluate the state of knowledge of the geological
conditions in the proposed siting regions, as required by ENSI. In the meantime, ENSI has
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reviewed Nagra (2010) and has concluded that the state of knowledge of the geological
conditions in the proposed siting regions is sufficient to perform the required provisional
safety analyses for Stage 2, if a number of additional requirements formulated in ENSI
(2011) are met.

Structure and Content

The description of the P&Ps, and their relationship to:

o the safety functions and principles;

o the relevant elements of the barrier system;

o the safety-relevant properties of the elements of the barrier system,;

e theindicators and criteria used in Stage 1(Table J.2, Appendix J, translated from
Table 2.4-2 in Nagra 2008a)

is presented in Table J.1, Appendix J (translated from Table A2-1 in Nagra, 2010).

United States of America
Introduction

The United States Department of Energy (USDOE) has developed the Waste Isolation
Pilot Plant (WIPP) in southeastern New Mexico for the disposal of transuranic (TRU)
wastes generated by defence programmes. In May of 1998, the United States
Environmental Protection Agency (USEPA) certified that the WIPP would meet the
relevant disposal standards, thereby allowing the WIPP to begin waste disposal
operations. WIPP needs to be recertified every five years. The USEPA requires the
compliance application to:

o Identify all potential processes, events or sequences and combinations of
processes and events that may occur during the regulatory time frame and may
affect the disposal system.

o Identify the processes, events or sequences and combinations of processes and
events included in performance assessments.

e Documents why any identified processes, events or sequences and combinations
of processes and events were not included in performance assessment results
provided in any compliance application.

As a starting point, the USDOE assembled a list of potentially relevant FEPs from the
compilation developed by Stenhouse et al. (1993) for the Swedish Nuclear Power
Inspectorate (SKI). The compilers of the SKI list eliminated a number of FEPs as irrelevant
to the particular disposal concept under consideration in Sweden. These FEPs were
reinstated for WIPP, and several FEPs on the SKI list were subdivided to facilitate
screening for the WIPP. To ensure comprehensiveness, other FEPs specific to the WIPP
were added based on review of key project documents and broad examination of the
preliminary WIPP list by both project participants and stakeholders.

Application

Given the regulatory requirement for the use and documentation of FEPs, USDOE'’s
assessment methodology includes a process that compiles a comprehensive list of the
FEPs that are potentially relevant to disposal system performance. Those FEPs shown by
screening analysis to have the potential to affect performance are represented in
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scenarios and quantitative calculations using a system of linked computer models to
describe the interaction of the repository with the natural system, both with and without
human intrusion.

Structure and Content

The FEP list used in the 2009 Compliance Recertification Application is given in
USDOE (2009) and summarised in Appendix K. The list is divided into three categories
with a total of 245 FEPs:

o Natural FEPs - those that relate to hydrologic, geologic, and climate conditions that
have the potential to affect long-term performance of the WIPP disposal system
over the regulatory timeframe.

e Human-induced EPs - those associated with human activities in the past, present
and future.

e Waste- and repository-induced FEPs - those that relate specifically to the waste
material, waste containers, shaft seals, magnesium oxide (MgO) backfill, panel
closures, repository structures, and investigation boreholes. All FEPs related to
radionuclide chemistry and radionuclide migration are included in this category.
The FEPs related to radionuclide transport resulting from future borehole
intersections of the WIPP excavation are defined as waste- and repository-induced
FEPs.

The FEPs are also considered within timeframes during which they may occur.
Because of the regulatory requirements concerning human activities, two time periods
were used when evaluating human-induced EPs. These timeframes were defined as
Historical, Current and Near-Future Human Activities (HCN), and Future Human
Activities (Future).

International Atomic Energy Agency

The IAEA safety guide on geological disposal facilities for radioactive waste (IAEA
2011) states that it is necessary for the safety case and the supporting assessments to
present evidence that the key FEPs are sufficiently well understood to ensure scenarios of
possible evolutions are appropriately generated. Systematic examination of FEPs should
be used to identify the factors that might influence the safety of the disposal facility and
thus aid development of an appropriate safety assessment model. The guide notes that
the first step in identifying which of the many phenomena are relevant to the safety
assessment should be to establish a checklist such as that developed in NEA (2000). In
developing a suitable list of scenarios, the guide notes that events and processes of
natural origin, and processes attributable to the waste itself or to features of the disposal
facility, should be considered.
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3. SUMMARY

Table 3.1 summarises how the ten FEP lists described in Section 2 have been used and
structured.

It can be seen that the lists are most commonly used in:
¢ The identification/development of scenarios (for five of the lists); and/or

e Completeness checking of scenarios, conceptual models and/or their
implementation in software tools (also for five of the lists).

In terms of their structure, two of the lists are essentially based on the NEA
International FEP List (NEA, 2000), whilst a further two adopt a broadly similar to the NEA
International FEP List but contain a more detailed sub-division of certain FEPs (especially
relating to internal processes relating the waste and disposal system). The remaining six
lists adopt different structures with four adopting a structure in which the waste and
repository are discretised at a higher level in the FEP structure than in the NEA
International FEP List.
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NEA/RWM/R(2013)7

s9ss800.d paye|el

uoijelBiw pue uoiN|oAS U9aM]aq Spew UoRoulsIp sisAjeue pue uoneinwuoy | (000Z) VAN PUe (2002
pue sjusuodwod wajsAs [esodsip ulew Jo sula} OLIBUSDS Ul PBJSPISUOD WOJ) PAJIWO Ussq |  Sodepy pue Jejiy “69)
ul pabueute sassadold aiaydsoab pue Aloysoday aney sd34 ou jey) Bunjoayd ssausisidwos | suodal ssaooid WAISOd ANS| paysiignd 8q o] VAISOd
sjapow [en}daouod pajeloosse a)ejnuio4 Apn)g Hoday
(0002) VAN se suwes SOLeUROS [efuajod Jo uonealiuap| (0002) VaN ANS 8 MTH Rajes [en| 4N
‘sd34 € pue
¢z f10B8)e) Jo UoISIAIp-gns pajielop aiow pue ‘sd34|  S|00} UoKeNde Ul uolejuswajdwi Jisy) pue (yooz e jo
aly108ds-49( JO UoISNoul ‘sd34 SIseq JuswsSassy | Sjopow [enydaouod jo Buiydsyo ssausieidwo) | oisUes) ‘000z AN 69)
Jo uoisnjoxe :yumIng (0002) VN 0} Jefiwis Ajpeoig SOLEUBS [eusjod JO UoledlRusp| | SISl 434 J8U0 JOo MalADY MTMTT d9d
10edwijuonelbiw/ases|al
JUBUIIBIUOD PUB UONN[oAS | (7007 ‘[e 16 OISUeD)) 1sl| fpnig
(0002) V3N o} Jejjwis wajsAs Bupoaye s43 jo uopeoypuspl | 434 Apmg esed payL 4ANS 8se) Yuno4 OWNMN
"$8558904d [eo1UBYDBW / [BOISAYd ‘SBSS800.d [BULIBY)
‘sessa001d a1jnespAy ‘sasseooid [eolwayd ‘sassadold Jodas uopnjoAs Sg3 Ul uonewIoul sisl| 434
[eaibojoipel ‘sjusuodwod ubisep :sdnoib 434 XIS [B21UY98} Jo Buptosyd ssausisidwo)) | ouioads-ubisap snoisid MIH| Jauieuooiadng
"S)UBA8 olweuApoal eussiul
pue sjusAa dlweuApoab [euls)xa ‘sjuans paonpul S9SED UOIE|NJ|ED
uewny :sjuaas Buneniul Jo saobajed peoiq a1y | pUE SOLIBUBIS SAIJRUIS)[E JO UONBILLUSP) abpajmouy uadx3 MH SISaYUAS09D) | SYYHIN/AVHANO
ainjonig asnjesodingd uoneAuaqg Kiobajen aysep | Is!| 434 payepdn uonesiuebig

9002-3s0d pajepdn sisi] d34 Jo Alewwns :L°¢ a|qel

Updating the NEA International FEP List, An IGSC Technical Note, Technical Note 1: Identification and Review of Recent Project-specific FEP Lists

24



NEA/RWM/R(2013)7

"'Sd34 peonpul-Aio)sodal @ -8)Sem pue ‘sd3

Juswissasse

WIoJ) PapN|oXa / Ul papnjaul

ale pue ‘wa)sAs [esodsip 108ye
Aew :1ey) s434 Jo uonesynuap!

(c661)

paonpul-uewny ‘sd34 |einjeu :0jul papiaid Joj Juswsaiinbai Aiojeinbal syes| ‘[e 18 8snoyua)s nyL ddIM 3o0asn
suolibai Bunis so|diound
sa|diound aaiy) pasodoud ui suonipuod |edibojoab pue suonouny MTH
pue suonouny Ajojes aAl) JO Siseq Uo paiisse|) | Jo abpajmouy Jo ajels ay) ajenjen] | Alajes Jo uonesapisuo) | 9 M1 M| Z @beis 19S eibeN
alaydsolq ‘alaydsoab is|eas sjoyaloq ‘ssjoy
uonisodap ul a1e|d wopoqg ‘|eas doy ‘eale
|esjuad Bnid jpuuny {joeq eyng ‘sisiued
‘lany ‘a1els [eniul {[eusaixa ‘ABojopoylaw | SIOjeoIpul UOOUNY A}JBJES JO MBINDY (0002) Y3AN pue
'sel0b6o)ed 434 Buimoj|oy siepisuod SOLeUads Jo Juswdojarsg (9002 gx8) ued-ys 4NS 9IS-dS aMs
(Buiganysip pue uonelibiw
‘leaiBojoipel ‘|jesiwayo ‘|ealueyosw ‘OlnelpAy
‘lewJay}) euswouayd Asy pue sjusuodwod (0002) V3N pue
wajsAs [esodsip ulew Buisn ainjoniis XUjely | soleusds |ejuajod jo uoneoynuapl| (0002 ONM) d34 ZLH Nyl ¢-NYL vavr
sd34 a48ydsoab pue sainjes;
paJaauibus ‘a}sem JO UOISIAIP-gNS pajie}ap
aIow ‘sd34 uoisnijul uewny pue aiaydsolq
‘leuonelado ‘siseg JUBWISSOSSY JO UOISN|OXd juswabpn( padxae
“ynm Ing (0002) VAN O3 Jejiwis A|peolg |  soLEUDDS [efjusjod JO UOREDIHUSP] pue sl 434 134ISI| 4dNS® M1H OSA SHO
KiobBajen 1S1|
ainjonis asn/asodind uoneAlaq 9)sep | 434 pajepdn| uonesiuebip

25

Updating the NEA International FEP List, An IGSC Technical Note, Technical Note 1: Identification and Review of Recent Project-specific FEP Lists



NEA/RWM/R(2013)7

26 Updating the NEA International FEP List, An IGSC Technical Note, Technical Note 1: Identification and Review of Recent Project-specific FEP Lists



NEA/RWM/R(2013)7

REFERENCES

Beuth, T., Bracke, G., Buhmann, D., Dresbach, C., Hammer, J., Keller, S., Krone, J., Lommerzheim, A.,
Monig, J., Mrugalla, S., Riibel, A., Wolf, J. (2012a), Szenarienentwicklung fiir den Standort
Gorleben unter Einbeziehung verschiedener Einlagerungsvarianten, Bericht zum Arbeitspaket 8,
Vorlaufige Sicherheitsanalyse fiir den Standort Gorleben, Gesellschaft fiir Anlagen- und
Reaktorsicherheit (GRS) mbH, Koln.

Beuth, T., Baltes, B., Bollingerfehr, W., Buhmann, D., Fischer-Appelt, K., Monig, J., Rubel, A., Wolf, J.
(2012b), Behandlung des menschlichen Eindringens in ein Endlager fiir wirmeentwickelnde
radioaktive Abfdlle, Bericht zum Arbeitspaket 11, Vorldufige Sicherheitsanalyse fiir den
Standort Gorleben, Gesellschaft fir Anlagen- und Reaktorsicherheit (GRS), Koln.

Buhmann, D., Monig, J., Wolf, J., Heusermann, S., Keller, S., Weber, J.R., Bollingerfehr, W., Filbert, W.,
Kreienmeyer, M., Krone, J., Tholen, M. (2008), Uberpriifung und Bewertung des
Instrumentariums fiir eine sicherheitliche Bewertung von Endlagern fiir HAW (Projekt ISIBEL),
Gemeinsamer Bericht von DBE TECHNOLOGY GMBH, BGR und GRS. DBE TECHNOLOGY GMBH,
Peine.

De Craen et al. (2007), List of possible initiating events and their possible impact on the safety
functions of a geological disposal system as first input to Performance Assessment to start the
scenario development, ONDRAF/NIRAS internal note 2007-0922, 2007.

ENSI (2010), Anforderungen an die provisorischen Sicherheitsanalysen und den sicherheitstechnischen
Vergleich. Sachplan geologische Tiefenlager, Etappe, ENSI 33/075, Eidgen&ssisches
Nuklearsicherheitsinspektorat ENSI, Brugg, Switzerland.

ENSI (2011), Stellungnahme zu NTB 10-01 "Beurteilung der geologischen Unterlagen fiir die
provisorischen Sicherheitsanalysen in Etappe 2 SGT", ENSI 33/115, Eidgen&ssisches
Nuklearsicherheitsinspektorat ENSI, Brugg, Switzerland.

Galson Sciences (2006), Support for Safety Assessment — Development of an EBS FEP List, Galson
Sciences Report 0557-1 Version 1, 2006.

Galson Sciences (2007), Completeness Check: Mapping of EBS FEPs to the EBS Evolution Report,
Galson Sciences Report 0542d-2 Version 1, 2007.

Updating the NEA International FEP List, An IGSC Technical Note, Technical Note 1: Identification and Review of Recent Project-specific FEP Lists 27



NEA/RWM/R(2013)7

Garisto F., P. Gierszewski and K. Wei (2004), Third Case Study — Features, Events and Processes,
Ontario Power Generation Report 06819-REP-01200-10125-R00, Toronto, Canada.

Gribi, P., Johnson, L., Suter, D., Smith, P., Pastina, B., and Snellman, M. (2007), Safety Assessment for
a KBS-3H Spent Nuclear Fuel Repository at Olkiluoto: Process Report, POSIVA Report 2007-09,
Olkiluoto, Finland.

IAEA (2004), Improvement of Safety Assessment Methodologies for Near Surface Disposal Facilities.
Volume I: Review and Enhancement of Safety Assessment Approaches and Tools, International
Atomic Energy Agency-ISAM-1, Vienna, Austria.

IAEA (2011), Geological Disposal Facilities for Radioactive Waste, International Atomic Energy Agency
Specific Safety Guide No. S5G-14, Vienna, Austria.

JAEA and FEPC (2007), Second Progress Report on Research and Development for TRU Waste Disposal
in Japan: Repository Design, Safety Assessment and Means of Implementation in the Generic
Phase, JAEA-Review 2007-010 and FEPC TRU-Tr2-2007-01, Japan Atomic Energy Agency, Tokai,
Japan and Federation of Electric Power Companies of Japan, Tokyo, Japan.

JNC (2000), H12: Project to Establish the Scientific and Technical Basis for HLW in Japan, Japan
Nuclear Cycle Development Institute Document JNC TN1410 2000-004. Tokai, Japan.

Mazurek, M., F.J. Pearson, G. Volckaert and H. Bock (2003), Features, Events and Processes
Evaluation Catalogue for Argillaceous Media, NEA Report 4437, OECD/NEA. Paris, France.

Miller, W., and Marcos. N. (2007), Process Report — FEPs and Scenarios for a Spent Fuel Repository at
Olkiluoto, POSIVA Report 2007-12, Olkiluoto, Finland.

Nagra (2002), FEP Management for the Opalinus Clay Safety Assessment, Nagra Technical Report 02-
23. Wettingen, Switzerland.

Nagra (2008a), Vorschlag geologischer Standortgebiete fiir das SMA- und das HAA-Lager: Darlegung
der Anforderungen, des Vorgehens und der Ergebnisse, Nagra Technischer Bericht (NTB) 08-03,
Wettingen, Switzerland.

Nagra (2008b), Vorschlag geologischer Standortgebiete fiir das SMA- und das HAA-Lager:
Geologische Grundlagen, Nagra Technischer Bericht (NTB) 08-04, Wettingen, Switzerland.

Nagra (2008c), Vorschlag geologischer Standortgebiete fiir das SMA- und das HAA-Lager: Begriindung
der Abfallzuteilung, der Barrierensysteme und der Anforderungen an die Geologie Bericht zur
Sicherheit und technischen Machbarkeit, Nagra Technischer Bericht (NTB) 08-05, Wettingen,
Switzerland.

28 Updating he NEA International FEP List, An IGSC T ical Note, Technical Note 1: Identification and Review of Recent Project-specific FEP Lists



NEA/RWM/R(2013)7

Nagra (2010), Beurteilung der geologischen Unterlagen fiir die provisorischen Sicherheitsanalysen in
SGT Etappe 2: Kldrung der Notwendigkeit ergéinzender geologischer Untersuchungen, Nagra
Technischer Bericht (NTB) 10-01, Wettingen, Switzerland.

NEA (2000), Features, Events and Processes (FEPs) for Geologic Disposal of Radioactive Waste: An
International Database, NEA Report, OECD/NEA. Paris, France.

NEA (2012), Methods for Safety Assessment of Geological Disposal Facilities for Radioactive Waste:
Outcomes of the NEA MeSA Initiative, Nuclear Energy Agency, Organisation for Economic
Cooperation and Development Report 6923. Paris, France.

ONDRAF/NIRAS (1989), Safety Assessment and Feasibility Interim Report (SAFIR), ONDRAF/NIRAS.

ONDRAF/NIRAS (2001), SAFIR 2: Safety Assessment and Feasibility Interim Report 2, ONDRAF/NIRAS
Report NIROND 2001-06E. Brussels, Belgium.

ONDRAF/NIRAS (2008), Evolution of the Near-field of the ONDRAF/NIRAS Repository Concept for
Category C Wastes: First full draft report, ONDRAF/NIRAS report NIROND-TR 2007-07 E, 2008

Penfold, J.S.S., R.H. Little, P.C. Robinson and D. Savage (2002), Improved Safety Assessment Modelling
of Immobilised LLW Packages for Disposal, Ontario Power Generation Report 05386-REP-
03469.3-10002-R00, Toronto, Canada.

Quintessa, SENES and Geofirma (2011), Postclosure Safety Assessment: Features, Events and
Processes, Quintessa Ltd., SENES Consultants Ltd. and Geofirma Engineering Ltd. report for the
Nuclear Waste Management Organization NWMO DGR-TR-2011-29 R000, Toronto, Canada.

Rasilainen, K. (Ed.) 2004. Localisation of the SR 97 Process Report for Posiva’s Spent Fuel Repository at
Olkiluoto, POSIVA Report 2004-05, Olkiluoto,, Finland.

SKB (2006). FEP Report for the Safety Assessment SR-Can, Swedish Nuclear Fuel and Waste
Management Company (SKB) Report TR-06-20, Stockholm, Sweden.

SKB (2010), FEP Report for the Safety Assessment SR-Site, Swedish Nuclear Fuel and Waste
Management Company (SKB) Report TR-10-45, Stockholm, Sweden.

SKB (2011), Long-term Safety for the Final Repository for Spent Nuclear Fuel at Forsmark: Main
Report of the SR-Site Project, Swedish Nuclear Fuel and Waste Management Company (SKB)
Report TR-11-01, Stockholm, Sweden.

Smith P., Johnson L., Snellman M., Pastina B. & Gribi P. (2007). Safety assessment for a KBS-3H spent
nuclear fuel repository at Olkiluoto - Evolution report, POSIVA 2007-08 and SKB R-08-37. Posiva
Oy, Olkiluoto, Finland and Swedish Nuclear Fuel and Waste Management Co (SKB), Stockholm,
Sweden.

Updating the NEA International FEP List, An IGSC Technical Note, Technical Note 1: Identification and Review of Recent Project-specific FEP Lists 29



NEA/RWM/R(2013)7

USDoE (2009), Title 40 CFR Part 191 Subparts B and C Compliance Recertification Application for the
Waste Isloation Pilot Plant: Appendix SCR-2009 Feature, Event, and Process Screening for PA,
DOE/WIP-09-3424, United States Department of Energy, Waste Isolation Pilot Plant, Carlsbad,
USA.

Vokal, A., Havlova, V., Hercik, M., Landa, J., Lukin, D. and Vejsada, J., (2010), Stage IlI: Initial Safety
Report Study - C.2 Long-term Safety Evaluation of Deep Geological Repository, Research Centre
Re? of the Nuclear Research Institute, Rez Czech Republic.

Wolf, J., Behlau, J., Beuth, T., Bracke, G., Bube, C., Buhmann, D., Dresbach, C., Hammer, J., Keller, S.,
Kienzler, B., Klinge, H., Krone, J., Lommerzheim, A., Metz, V., Monig, J., Mrugalla, S., Popp, T.,
Ribel, A., Weber, J.R. (2012a), Der FEP-Katalog fiir die vorlédufige Sicherheitsanalyse Gorleben,
FEP-Katalog zum Arbeitspaket 7, Vorlaufige Sicherheitsanalyse fiir den Standort Gorleben,
Gesellschaft fir Anlagen- und Reaktorsicherheit (GRS) mbH, Koln.

Wolf, J., Behlau, J., Beuth, T., Bracke, G., Bube, C., Buhmann, D., Dresbach, C., Hammer, J., Keller, S.,
Kienzler, B., Klinge, H., Krone, J., Lommerzheim, A., Metz, V., Monig, J., Mrugalla, S., Popp, T.,
Ribel, A., Weber, J.R. (2012b), Erstellung eines FEP-Kataloges fiir die vorldufige
Sicherheitsanalyse Gorleben, Bericht zum Arbeitspaket 7, Vorlaufige Sicherheitsanalyse fiir den
Standort Gorleben, Gesellschaft fiir Anlagen- und Reaktorsicherheit (GRS) mbH, Koln.

30 Updating he NEA International FEP List, An IGSC T ical Note, Technical Note 1: Identification and Review of Recent Project-specific FEP Lists



NEA/RWM/R(2013)7

APPENDIX A: NEA’S INTERNATIONAL FEP LIST (VERSION 1.0)

0 ASSESSMENT BASIS

0.01 Impacts of concern

0.02 Timescales of concern

0.03 Spatial domain of concern

0.04 Repository assumptions

0.05 Future human action assumptions

0.06 Future human behaviour (target group) assumptions
0.07 Dose response assumptions

0.08 Aims of the assessment

0.09 Regulatory requirements and exclusions

0.10 Model and data issues

1 EXTERNAL FACTORS

1.1 REPOSITORY ISSUES

1.1.01 Site investigation

1.1.02 Excavation/construction

1.1.03 Emplacement of wastes and backfilling
1.1.04 Closure and repository sealing

1.1.05 Records and markers, repository
1.1.06 Waste allocation

1.1.07 Repository design

1.1.08 Quality control

1.1.09 Schedule and planning

1.1.10 Administrative control, repository site
1.1.11 Monitoring of repository

1.1.12 Accidents and unplanned events
1.1.13 Retrievability

1.2 GEOLOGICAL PROCESSES AND EFFECTS
1.2.01 Tectonic movements and orogeny
1.2.02 Deformation, elastic, plastic or brittle
1.2.03 Seismicity

1.2.04 Volcanic and magmatic activity
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1.2.05 Metamorphism

1.2.06 Hydrothermal activity

1.2.07 Erosion and sedimentation

1.2.08 Diagenesis

1.2.09 Salt diapirism and dissolution

1.2.10 Hydrological/hydrogeological response to geological changes
1.3 CLIMATIC PROCESSES AND EFFECTS

1.3.01 Climate change, global

1.3.02 Climate change, regional and local

1.3.03 Sea level change

1.3.04 Periglacial effects

1.3.05 Glacial and ice sheet effects, local

1.3.06 Warm climate effects (tropical and desert)

1.3.07 Hydrological/hydrogeological response to climate changes
1.3.08 Ecological response to climate changes

1.3.09 Human response to climate changes

1.4 FUTURE HUMAN ACTIONS

1.4.01 Human influences on climate

1.4.02 Motivation and knowledge issues (inadvertent/deliberate human actions)

1.4.03 Un-intrusive site investigation

1.4.04 Drilling activities (human intrusion)

1.4.05 Mining and other underground activities (human intrusion)
1.4.06 Surface environment, human activities
1.4.07 Water management (wells, reservoirs, dams)
1.4.08 Social and institutional developments

1.4.09 Technological developments

1.4.10 Remedial actions

1.4.11 Explosions and crashes

1.5 OTHER

1.5.01 Meteorite impact

1.5.02 Species evolution

1.5.03 Miscellaneous and FEPs of uncertain relevance

2 DISPOSAL SYSTEM DOMAIN: ENVIRONMENTAL FACTORS
2.1 WASTES AND ENGINEERED FEATURES

2.1.01 Inventory, radionuclide and other material

2.1.02 Waste form materials and characteristics

2.1.03 Container materials and characteristics
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2.1.04 Buffer/backfill materials and characteristics

2.1.05 Seals, cavern/tunnel/shaft

2.1.06 Other engineered features materials and characteristics

2.1.07 Mechanical processes and conditions (in wastes and EBS)

2.1.08 Hydraulic/hydrogeological processes and conditions (in wastes and EBS)
2.1.09 Chemical/geochemical processes and conditions (in wastes and EBS)
2.1.10 Biological/biochemical processes and conditions (in wastes and EBS)
2.1.11 Thermal processes and conditions (in wastes and EBS)

2.1.12 Gas sources and effects (in wastes and EBS)

2.1.13 Radiation effects (in wastes and EBS)

2.1.14 Nuclear criticality

2.2 GEOLOGICAL ENVIRONMENT

2.2.01 Excavation disturbed zone, host rock

2.2.02 Host rock

2.2.03 Geological units, other

2.2.04 Discontinuities, large scale (in geosphere)

2.2.05 Contaminant transport path characteristics (in geosphere)

2.2.06 Mechanical processes and conditions (in geosphere)

2.2.07 Hydraulic/hydrogeological processes and conditions (in geosphere)
2.2.08 Chemical/geochemical processes and conditions (in geosphere)
2.2.09 Biological/biochemical processes and conditions (in geosphere)
2.2.10 Thermal processes and conditions (in geosphere)

2.2.11 Gas sources and effects (in geosphere)

2.2.12 Undetected features (in geosphere)

2.2.13 Geological resources

2.3 SURFACE ENVIRONMENT

2.3.01 Topography and morphology

2.3.02 Soil and sediment

2.3.03 Aquifers and water-bearing features, near surface

2.3.04 Lakes, rivers, streams and springs

2.3.05 Coastal features

2.3.06 Marine features

2.3.07 Atmosphere

2.3.08 Vegetation

2.3.09 Animal populations

2.3.10 Meteorology

2.3.11 Hydrological regime and water balance (near-surface)

2.3.12 Erosion and deposition
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2.3.13 Ecological/biological/microbial systems

2.4 HUMAN BEHAVIOUR

2.4.01 Human characteristics (physiology, metabolism)
2.4.02 Adults, children, infants and other variations
2.4.03 Diet and fluid intake

2.4.04 Habits (non-diet-related behaviour)

2.4.05 Community characteristics

2.4.06 Food and water processing and preparation
2.4.07 Dwellings

2.4.08 Wild and natural land and water use

2.4.09 Rural and agricultural land and water use (incl. fisheries)
2.4.10 Urban and industrial land and water use

2.4.11 Leisure and other uses of environment

3 RADIONUCLIDE/CONTAMINANT FACTORS

3.1 CONTAMINANT CHARACTERISTICS

3.1.01 Radioactive decay and in-growth

3.1.02 Chemical/organic toxin stability

3.1.03 Inorganic solids/solutes

3.1.04 Volatiles and potential for volatility

3.1.05 Organics and potential for organic forms

3.1.06 Noble gases

3.2 CONTAMINANT RELEASE/MIGRATION FACTORS

3.2.01 Dissolution, precipitation and crystallisation, contaminant
3.2.02 Speciation and solubility, contaminant

3.2.03 Sorption/desorption processes, contaminant

3.2.04 Colloids, contaminant interactions and transport with

3.2.05 Chemical/complexing agents, effects on contaminant speciation/transport
3.2.06 Microbial/biological/plant-mediated processes, contaminant
3.2.07 Water-mediated transport of contaminants

3.2.08 Solid-mediated transport of contaminants

3.2.09 Gas-mediated transport of contaminants

3.2.10 Atmospheric transport of contaminants

3.2.11 Animal, plant and microbe mediated transport of contaminants
3.2.12 Human-action-mediated transport of contaminants

3.2.13 Foodchains, uptake of contaminants in

3.3 EXPOSURE FACTORS

3.3.01 Drinking water, foodstuffs and drugs, contaminant concentrations in
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3.3.02 Environmental media, contaminant concentrations in
3.3.03 Non-food products, contaminant concentrations in
3.3.04 Exposure modes

3.3.05 Dosimetry

3.3.06 Radiological toxicity/effects

3.3.07 Non-radiological toxicity/effects

3.3.08 Radon and radon daughter exposure
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APPENDIX B: ONDARF/NIRAS’S GEOSYNTHESIS EVENTS
AND PROCESSES LIST
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APPENDIX C: ONDARF/NIRAS’S SUPERCONTAINER EBS FEP LIST

Category

No

Supercontainer EBS FEP Name

FEP Description and FEP Effects

Disposal system

D

1

Repository geometry

The overall layout of the repository, including the spacing
between waste-containing tunnels and the disposition of
connecting tunnels and access shaft.

Repository geometry affects the thermal profile, stress
regime, and transport routes within the disposal system.

Overpack — dimensions and properties

The material properties, dimensions and fabrication
techniques of the overpack.

Overpack properties affect the rate of corrosion, cracking
or other failure mechanisms, and the timing of water
ingress to the waste.

Buffer — dimensions and properties

The material properties, dimensions and fabrication
techniques of the buffer.

Buffer properties affect the thermal, chemical and
physical evolution of the buffer and its effectiveness.

Envelope - dimensions and properties

The material properties, dimensions and fabrication
techniques of the envelope (or liner).

Envelope properties affect the rate of corrosion, cracking
or other failure mechanisms and the timing of water
ingress to the buffer.

Filler - dimensions and properties

The thickness and properties of any material used to fill
void space between the buffer and the overpack.

Filler properties affect local chemical conditions and,
hence, corrosion reactions and transport of
radionuclides.

Backfill / supports - dimensions and properties

The thickness and properties of backfill emplaced
between the Supercontainer envelope and the tunnel
lining. Must also consider the dimensions and properties
of supports on which the Supercontainer is set.

Backfill properties affect the time for host rock
porewaters to arrive at the surface of the Supercontainer
and the importance of this pathway.
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Category

No

Supercontainer EBS FEP Name

FEP Description and FEP Effects

D

Tunnel lining — dimensions and properties

The thickness and properties of the lining emplaced
immediately against the host rock for structural support.

Tunnel lining properties affect the time for host rock
porewaters to arrive at the surface of the Supercontainer
and the importance of this pathway.

Seals / tunnels — dimensions and properties

Tunnels and shafts connecting the Supercontainer
storage galleries, and connecting the repository to the
surface, including any materials emplaced in the tunnels
and shafts.

Tunnels provide potential pathways for water ingress and
radionuclide transport. The disposition of these tunnels,
and the nature of the seals used, will control the
importance of this pathway.

Host-rock EDZ - thickness and properties

That part of the host rock damaged by construction of the
repository.

The extent of this excavation damage zone (EDZ) along
tunnels and shafts will depend on the host rock and
construction methods used. EDZ properties affect the
rate of repository resaturation and radionuclide transport
from the EBS to the host rock.

Radiological processes

R

1

Inventory / source term

The inventory is the initial amount of various
radionuclides in the disposed waste, and the source term
is that proportion of the inventory available for transport
at any one time. In addition, the content of other
materials in the disposed waste could be of interest (e.g.,
steels, other metals, concrete, hazardous materials).

The inventory provides the initial baseline for
radionuclide transport through the EBS. The source term
depends on various factors such as the rate of waste
dissolution and radionuclide solubilities.

Radioactive decay and ingrowth

The spontaneous disintegration of a nucleus to form one
or more different nuclei, with the release of energy in the
form of sub-atomic particles (alpha, beta) and/or gamma
radiation. Radioactive isotopes are known as
radionuclides. Ingrowth is the decay of a parent
radionuclide to a daughter nuclide so that the amount of
the daughter nuclide increases.

These processes define the nature and quantity of
radionuclides derived from the initial inventory at any
given time after closure.

Radiolysis

The chemical decomposition of molecules caused by
radiation to form hydrogen and other chemical species.

Radiolysis of water close to the waste may result in an
oxidising environment and may increase gas pressure.
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Category

No

Supercontainer EBS FEP Name

FEP Description and FEP Effects

R

Radiation effects / damage

The transfer of radiant energy to neighbouring materials,
including the buffer and other components of the EBS.

Examples of relevant effects are ionisation, radiolytic
decomposition of water, radiation damage to waste
matrix or Supercontainer materials, and helium gas
production due to alpha decay. Radiation may affect the
mineralogy and structure of the materials.

Criticality

A self-sustaining process of nuclear fission in which each
neutron released from a fission triggers, on average, at
least one other nuclear fission. Nuclear criticality requires
a sufficient concentration and localised mass (critical
mass) of fissile isotopes (e.g. U-235, Pu-239) and the
presence of neutron-moderating materials in a suitable
geometry.

Includes both in-package criticality owing to the arrival of
water and mechanical alterations, and out-of-package
criticality as a result of chemical processes such as
degradation and accumulation of uranium and/or
plutonium as a result of dissolution and segregation.

Criticality may affect the thermal profile around the
criticality event.

Chemical processes

C

1

Solubility / solubility limits

A measure of the ability of a particular substance (e.g.
radionuclide-bearing solids) to dissolve in a particular
solvent (e.g. water), equal to the quantity of substance
dissolving in a fixed quantity of solvent to form a
saturated solution under specified conditions (e.g.
temperature, pressure, pH, redox). The conditions affect
the chemical form and speciation of the substance.
Thus, different species of the same element may have
different solubilities in a particular solution.

The concentration of radionuclides in aqueous solution
may be limited by the solubility of the waste, or of
radionuclide-bearing solids formed by the interaction of
the waste and buffer pore fluids.
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Category
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C

Precipitation / crystallisation / dissolution

Dissolution is a process whereby solid substances
dissolve into solution. Precipitation and crystallisation
are processes by which solids are formed out of liquids:
precipitation occurs when a dissolved substance
separates from solution as a fine suspension of solid
particles; crystallisation is the process of producing pure
crystals of an element, molecule or mineral from a fluid or
solution undergoing a cooling process.

A change to a more reducing environment away from the
waste could cause precipitation of uranium and other
redox-sensitive elements that have a lower solubility
under reducing conditions. Subsequent dissolution of the
precipitated elements may occur if the redox conditions
shifts from reducing to oxidising. Other factors that may
cause precipitation and dissolution away from the waste
are changes in temperature or in the concentration of
ions and complexes that affect the speciation of the
elements.

Corrosion — causes / processes

Any process by which a solid, especially a metal, is
degraded and changed by a chemical reaction.

Includes general corrosion and localised corrosion
(pitting, crevice) under both oxic and anoxic conditions.
Stress corrosion cracking is considered separately under
Physical FEPs.

Corrosion — chemical effects

The chemical effects on EBS behaviour and pore water
chemistry of new products formed as the result of a
corrosion reaction on the surface of a solid.

Clear identification of corrosion products, including the
development of passivating layers, is important in
assessing the possible wider effects on EBS
performance of corrosion. For example, the formation of
magnetite as the overpack corrodes could influence the
dissolution rate of the waste and/or the migration of
radiolytic oxidants formed near the waste surface, as well
as chemical conditions in the buffer porewater.
Supercontainer envelope corrosion products may affect
chemical conditions in the buffer porewater.

Corrosion — volume effects

The volume effects on EBS behaviour of new products
formed as the result of a corrosion reaction on the
surface of a solid.

Corrosion products have a higher molar volume, even in
the most dense state, than the material being corroded.
Volume increase of corrosion products may compress
the buffer and lead to mechanical stresses in the
overpack that in turn may cause an even faster
degradation. Alternatively, void space in the waste form
may be filled with corrosion products, which may
decrease the transport and release of radionuclides from
the waste.
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C

Corrosion — gases

The production of hydrogen by the anoxic corrosion of
metals in the repository, including the Supercontainer
envelope and overpack, and waste elements.

Hydrogen production may influence other near-field
processes (e.g. microbial viability, groundwater flow and
radionuclide transport) and is a key factor in controlling
the near-field chemical environment.

Mineralogical changes

Hydration, crystallisation and other reactions that cause
mineralogical changes in solids.

For example, cement evolution reactions will continue
after emplacement and may affect the containment
properties of the buffer, and other cementitious materials
used in the repository (filler, tunnel lining, seals).

Redox reactions / Eh conditions / Eh changes

Reduction-oxidation (or Redox) reactions are reversible
chemical processes usually involving the transfer of
electrons, involving a reaction with oxygen (oxidation) to
form an oxide and a reaction with hydrogen (reduction) to
form a hydride. Eh is a measure of the redox potential,
and will vary in time and place within the EBS.

Eh conditions are influenced by the natural composition
of groundwater and potentially by radiolysis close to the
waste. Redox fronts separate regions that may be
characterised, in broad terms, as having different redox
potentials. Changes in Eh conditions may occur as a
result of diffusion processes, or in response to
groundwater flow.

pH conditions / pH changes

pH is the hydrogen potential, a measure of the acidity or
alkalinity of a solution equal to the common logarithm of
the reciprocal of the concentration of hydrogen ions in
moles per cubic decimetre of solution. pH conditions will
vary in time and place within the EBS.

pH conditions affect many chemical processes and
parameters, including solubilities and sorption equilibria.
For example, evolution of the cement buffer will lead to
changes in pH within the Supercontainer.

10

Sorption / retardation

Sorption is a general term encompassing processes in
which one substance (e.g. part of the EBS) takes up or
holds a dissolved species (e.g. radionuclide) by physico-
chemical interactions, thereby retarding its transport.

For example, radionuclides can interact with the surfaces
of open channels within water-conducting features and
also on the surfaces of pores accessible by matrix
diffusion. Sorption and the extent to which radionuclides
are retarded depend on elemental concentrations and on
the properties of the solid-water system under
consideration. Changes in mineralogy and water
chemistry may affect the amount of sorption.
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C

Colloid formation and stability

A mixture having particles of one component, with
diameters in the nanometre to micrometer size,
suspended in a continuous phase of another component;
the particles suspended in such a mixture are also called
colloids. This FEP includes the occurrence of pseudo-
colloids within the EBS.

Colloids are present in groundwaters and may also be
produced during degradation of the wastes or EBS
materials. Colloids may form stable dispersions in
porewaters. The formation and stability of colloids
depends on their composition and the prevailing
chemical conditions.

12

Complexation

The formation of aqueous complexes between
radionuclides and anthropogenic or naturally occurring
chemical agents such as organic materials.

Chemical agents may be present in repository materials
or otherwise be introduced into the repository, e.g. from
spillage of oil, hydraulic fluid, or solvents during
repository  construction and operation.  Organic
compounds may also be present in the host rock and be
transported by groundwater into the EBS. Complexation
of radionuclides with chemical agents in the EBS
porewater could affect solubilities and radionuclide
speciation, and thus radionuclide migration.

13

Microbial / biological / biochemical activity

The modification of chemical speciation or phase change
owing to microbial / biological / biochemical activity.

Microbes may survive under alkaline conditions and
areas of enhanced microbial activity may develop.
Metabolites of microbes may form complexes with some
radionuclides. Dissolved in the porewater, these
metabolites may decrease sorption and increase
solubility of the radionuclides concerned. If a high organic
load arises, the carbon dioxide produced may affect the
properties of the buffer.

14

Gas generation

Gas production within the EBS from corrosion and
degradation of waste or EBS materials (e.g. Ha),
microbial activity (e.g. CO2, CHs and H2S), and radiation
effects (He from alpha decay and Hz and O from
radiolysis).

Gas production may change local chemical and hydraulic
conditions, and the mechanisms for radionuclide
transport (i.e. gas-induced and gas-mediated transport).

15

Speciation

The form in which elements occur under particular
chemical or environmental conditions, including
temperature, pressure, and salinity (ionic strength).

Chemical speciation controls the geochemical reactions
likely to occur and the consequences for radionuclide
mobility.
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16

Chemical gradients

Any spatial variation in chemical conditions within the
EBS.

The existence of chemical gradients within the EBS,
induced naturally or resulting from repository material
and waste emplacement, may influence the transport of
contaminants. Chemical gradients may exist at the
interfaces between different repository materials and
between repository and geological materials.

17

Galvanic coupling / electrochemical effects /
electrophoresis / electrochemical gradients

The presence and effects of electrochemical gradients
within the waste and/or the EBS. Galvanic coupling
refers to the establishment of an electrical current
through chemical processes. Electrophoresis is the
motion of charged particles in a colloid under the
influence of an applied electric field.

Electrochemical gradients may be established in the
Supercontainer owing to the presence of different metals
in the Supercontainer envelope, overpack and waste.
Electrochemical effects may also arise from different
local micro-environments (e.g. Eh, pH) on the surface of
these metals. Natural currents occurring in the ground,
known as ‘telluric currents”, may also create
electrochemical gradients.

Galvanic coupling and electrochemical gradients may
influence corrosion of the Supercontainer overpack and
envelope and affect the mobility of charged radionuclide
species (by electro-osmosis) and particulates (by
electrophoresis) in the EBS.

18

Chemical interactions and coupled processes

Chemical processes affecting components of the EBS
and radionuclide transport that interact in such a way as
to accelerate or increase the effect of other processes.

For example, corrosion products may affect sorption, or
exothermic reactions may result in temperature gradients
that affect the movement of redox fronts.

Hydraulic processes

H

1

Hydraulic properties

The hydraulic properties of the EBS and the EDZ,
particularly hydraulic gradient, conductivity, porosity,
permeability, and fracture properties.

The hydraulic properties will control groundwater flow.

Advection

The transport of dissolved and solid material by fluid
flowing through pores or along fractures and other
discontinuities.

Convection

The process of fluid flow and radionuclide transport
arising from thermally-induced differences in fluid
density.

Convection, driven by temperature differentials within the
EBS or the natural system, may affect the pattern of
groundwater flow within and around the EBS.
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H

Diffusion

The movement of molecules or particles (containing
radionuclides) both parallel and transverse to the
direction of advection in response to Brownian forces.
Also transverse movement of radionuclides that are
advected along fractures or connected void spaces into
stagnant porewater in the adjacent matrix - termed matrix
diffusion.

Diffusion occurs in the presence of chemical and thermal
gradients, and may affect the transport and spread of
dissolved radionuclides.

Dispersion

The spreading of molecules (e.g. dissolved
radionuclides) by means of unresolved velocity variations
in a flow field that cannot be described explicitly as
advection.

Dispersion may affect the transport and spread of
radionuclides.

Density-driven flow

The process of fluid flow caused by spatial variations in
fluid density due to chemical processes or salinity
gradients.

Density variations from chemical processes may arise
within the EBS or between the EBS and the surrounding
rock. Salinity gradients may exist within the rocks
surrounding the EBS.

Unsaturated flow

The movement of groundwater in response to hydraulic
gradients into unsaturated parts of the EBS and
surrounding geosphere at repository closure.

During resaturation, local groundwater flow directions
and rates around the repository may differ from long-term
regional patterns of flow. Also, capillarity - a
phenomenon associated with surface tension at the
surface of a liquid in contact with a solid - could provide a
mechanism for water to move through unsaturated zones
of the EBS.

Far-field groundwater flow

The movement of water in the geosphere surrounding
the EBS.

Changes in patterns of groundwater flow into the EBS
from the surrounding geosphere may result in changes in
porewater chemistry, and thereby affect many of the
Chemical FEPs.

Colloid transport

The movement of colloids with groundwater.

Depending on their size, colloids may be transported at
different rates than fully dissolved species. Colloids may
retard radionuclide transport by sorption of dissolved
radionuclides onto colloids and subsequent filtration or
sorption of the colloids by the EBS or natural materials;
colloids may also enhance radionuclide transport by
sorption of dissolved radionuclides and colloid transport
with flowing groundwater through fractured media in
channels where velocities are greatest.
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H

10

Particle suspension / transport

Suspensions of (radionuclide-bearing) particles in
groundwater flowing rapidly enough to keep the particles
from settling out.

Particles of radionuclide-bearing material larger than
colloids could be transported by suspension in water
flowing through the EBS.

1

Gas flow and transport

The flow and transport of non-radioactive gases and
radioactive gases, and the entrainment of gaseous or
volatile radionuclides in gas flow.

12

Gas-induced flow and transport

The displacement by gas pressure of porewater
containing dissolved radionuclides, or the transport of
radionuclides as volatile species with repository-
generated gases.

13

Natural gas intrusion

The movement of naturally occurring gases into the EBS.

Natural gas intrusion could lead to changes in saturation
and give rise to gas-induced transport.

14

Preferential pathways

Pathways through the EBS or the EDZ through which
water or gas can flow more easily than through the bulk
matrix (e.g. fracture pathways).

Preferential pathways for flow and diffusion may exist or
form within the buffer and may affect long-term
performance of the Supercontainer.

15

Alkaline plume

Cementitious  (high-pH) leachate from the EBS
transported into the surrounding geosphere, forming an
alkaline plume with different geochemical characteristics
to the surrounding groundwater.

Reactions affecting radionuclide transport could occur at
the margins of such a plume.

Thermal processes

T

1

Thermal evolution

The variation in temperature with time and place in the
EBS.

Temperatures within the EBS will vary as different heat
sources (e.g. radioactive decay of waste elements,
exothermic reactions, geothermal gradient) vary with
time.  Thermal evolution may affect mechanical,
hydrological and chemical properties and processes -
see related FEPs T2, T3 & H3.
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T 2

Thermal effects — physical / mechanical

Differential thermal expansion and other changes in the
physical characteristics of EBS components owing to the
presence of time-varying thermal gradients within the
EBS.

These effects could lead to changes in stress and
potentially to cracking of EBS components or to the
enhancement of pathways through the EDZ. Thermal
effects on material properties (e.g. permeability, porosity)
could also affect EBS evolution.

Thermal effects — chemical (including Soret
effect)

Changes in the rate of chemical reactions owing to the
presence of a time-varying thermal gradient within the
EBS.

The thermal pulse generated in the EBS by radioactive
decay and exothermic reactions may cause rates of
near-field processes to change. Processes that may be
affected include corrosion, microbial activity, gas
production, complex formation, colloid production,
radionuclide  solubility, sorption  processes, and
speciation. If sufficiently large thermal gradients exist,
diffusion of heavier molecules to cooler regions (Soret
effect) could occur.

Exothermic reactions

Chemical reactions that liberate heat.

Exothermic reactions will alter the temperature and
thereby affect the properties of the EBS and surrounding
materials. Dissipation of heat by conduction and possibly
convection will act to limit any overall temperature
change. The most significant exothermic reaction in the
Supercontainer will be cement hydration. Corrosion and
waste dissolution reactions may also be exothermic.

Geothermal effects

Effects associated with the naturally occurring increase in
temperature with depth in the geosphere.

Groundwater flow into and around the EBS may be
influenced by existing geothermal gradients.

Physical / mechanical processes

P 1

Cracking

The development of cracks in components of the EBS.

For example, overpack welds may be subject to “cold
cracking” or cementitious materials used in the EBS may
be subject to cracking as a result of applied stresses.

Creep

Slow plastic deformation of solids in response to
deviatoric stress.

For example, creep may occur in metals used in the
Supercontainer overpack or envelope, or in the EDZ as a
result of stress relief in the host rock arising from tunnel
excavation.

52

Updating he NEA International FEP List, An IGSC T

Note, Technical Note 1: Identification and Review of Recent Project-specific FEP Lists



NEA/RWM/R(2013)7

Category

No

Supercontainer EBS FEP Name

FEP Description and FEP Effects

P

Corrosion - stress cracking

More rapid corrosion of solids, particularly metals used in
the Supercontainer overpack or envelope, in areas with
high residual stresses, e.g. due to welding.

Stress corrosion cracking requires a certain minimum
stress level before it can occur, and could affect the
physical integrity of EBS components.

Seismic activity / earthquakes

Relative movements within the Earth, caused by the
release of accumulated stress usually along faults or
geological interfaces or by volcanic activity.

Large earthquakes, vibration from many smaller
earthquakes or related seismic events could affect
components of the EBS, or cause changes in
groundwater flow into and around the repository.

Faulting / fracturing

To undergo or cause to undergo a relative displacement
of rocks along a fault or fracture.

Movement on faults or fractures that intercept the
repository may cause relative displacement of the
components of the EBS. Generation of new faults and
reactivation of pre-existing features may change the
transport pathways from the EBS to the geosphere.

Stress changes

Changes in the forces producing deformation or strain (a
change in dimensions).

The stress field in the EBS will be determined by the
regional stress field and by local changes to the stress
field caused by excavation, waste emplacement and
thermal evolution of the EBS. After re-saturation of the
repository, the Supercontainer will be subject to
hydrostatic pressure. Changes to these stresses could
damage components of the EBS.

Mechanical effects

Mechanical disturbance of components of the EBS.

The EBS could be mechanically disturbed by physico-
chemical degradation of the buffer, external forces (e.g.
tunnel roof or lining collapse, rock creep or faulting in
near-field rock), volume increase of corrosion products,
and/or the build-up of internal gas pressure. These
disturbances could cause processes such as cracking,
and movement of the overpack through the buffer.

Gas explosions

Violent releases of energy caused by chemical reactions
between gases (e.g. Hz, CHs) that collect in the sealed
repository.

An explosion in the repository could damage the
structure of the EBS and enhance or inhibit near-field
processes.

Post-closure activities — effects

Any effects associated with monitoring of the disposal
system or other external activities subsequent to closure
of the repository.
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APPENDIX D: NWMO'’S USED NUCLEAR FUEL FEP LIST

1. External Factors
11 Repository Issues
1.1.01 Site investigation
1.1.02 Excavation and construction
1.1.03 Emplacement of wastes and backfill
1.1.04 Closure and repository sealing
1.1.05 Repository records and markers
1.1.06 Waste allocation
1.1.07 Repository design
1.1.08 Quiality control
1.1.09 Schedule and planning
1.1.10 Repository administrative control
1.1.11 Monitoring
1.1.12 Accidents and unplanned events
1.1.13 Retrieval of wastes
1.2 Geological Processes and Effects
1.2.01 Tectonic movement and orogeny
1.2.02 Deformation (elastic, plastic or brittle)
1.2.03 Seismicity (earthquakes)
1.2.04 Volcanic and magmatic activity
1.2.05 Metamorphism
1.2.06 Hydrothermal activity
1.2.07 Erosion and sedimentation
1.2.08 Diagenesis
1.2.09 Salt diapirism and dissolution
1.2.10 Hydrological response to geological changes
1.3 Climate Processes and Effects
1.3.01 Global climate change
1.3.02 Local and regional climate change
1.3.03 Sea-level change
1.3.04 Periglacial effects
1.3.05 Local glacial effects
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1.3.06 Warm climate effects (tropical and desert)
1.3.07 Hydrological response to climate changes
1.3.08 Ecological response to climate changes
1.3.09 Human behavioural response to climate changes
14 Future Human Actions
1.4.01 Human influences on climate
1.4.02 Deliberate human intrusion
1.4.03 Non-intrusive site investigations
1.4.04 Drilling activities (human intrusion)
1.4.05 Mining (human intrusion)
1.4.06 Surface environment, human activities
1.4.07 Water management (wells, reservoirs, dams)
1.4.08 Social and institutional developments
1.4.09 Technological developments
1.4.10 Remedial actions
1411 Explosions and crashes
1.5 Other External Factors
1.5.01 Meteorite impact
1.5.02 Species evolution
1.5.03 Miscellaneous FEPs

2. REPOSITORY FACTORS

2.1 | Wastes and Engineered Features

2.1.01 Waste inventories
21.01.A Inventory of radionuclides
21.01B Inventory of chemically toxic contaminants

2.1.02 Waste form materials and characteristics
2.1.02.A Characteristics of used CANDU fuel (UO2)
2.1.02.B Characteristics of Zircaloy cladding
21.02.C Characteristics of other waste forms
21.02D Used fuel dissolution
2.1.02.E Zircaloy cladding dissolution

2.1.03 Container materials and characteristics
2.1.03.A Container design characteristics
2.1.03.B Fabrication and installation defects
2.1.03.C Stress corrosion cracking
2.1.03.D General or uniform corrosion
21.03.E Mechanical degradation
2.1.03.F Localized corrosion
21.03.G Microbial-induced corrosion
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2.1.03.H Internal corrosion processes
2.1.04 Buffer and backfill materials and characteristics
2.1.04.A Repository layout
2.1.04.B Buffer characteristics and evolution
2.1.04.C Backfill characteristics and evolution
2.1.05 Seals and grouts (cavern, tunnel, shaft)
2.1.06 Other engineered features
2.1.07 Mechanical processes and conditions (repository)
21.07.A Buffer and backfill swelling
2.1.07.B Formation and healing of cracks
2.1.07.C Collapse of repository openings
2.1.07.D Evolution of stresses in the near-field
21.07.E Buffer and backfill creep
2.1.08 Hydrological processes and conditions (repository)
2.1.08.A Desaturation and resaturation of the repository
2.1.08.B Groundwater movement
21.08.C Evolution of hydraulic conditions
2.1.08.D Coupled hydraulic processes
2.1.09 Chemical processes and conditions (repository)
2.1.09.A Water chemistry and evolution (repository)
2.1.09.B Hydrothermal alteration
2.1.09.C Other chemical processes
2.1.10 Biological processes and conditions (repository)
2.1.10.A Biological processes (repository)
21.10.B Complexation by organics (repository materials)
21.10.C Biological effects on groundwater movement
211 Thermal processes and conditions (repository)
21.11A Thermal conduction and convection
21.11B Coupled heat transfer processes
2112 Gas sources and effects (repository)
2113 Radiation effects (repository)
2113A Radiation effects - wasteform
2.1.13B Radiation effects - container
21.13.C Radiation effects - sealing materials
2.1.14 Nuclear criticality

22

Geological Environment

2.2.01 Excavation disturbed zone
2.2.02 Host rock
2.2.03 Other geological units
2.2.04 Discontinuities and lineaments (geosphere)
2.2.05 Contaminant transport path characteristics (geosphere)
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2.2.05.A Advection and dispersion
2.2.05.B Diffusion
2.2.05C Matrix diffusion
2.2.06 Mechanical processes and conditions (geosphere)
2.2.07 Hydrological processes and conditions (geosphere)
2.2.08 Chemical processes and conditions (geosphere)
2.2.09 Biological processes and conditions (geosphere)
2.2.10 Thermal processes and conditions (geosphere)
2.2.11 Gas sources and effects (geosphere)
2212 Undetected features (geosphere)
2213 Geological resources

2.3 | Surface Environment

2.3.01 Topography and morphology
2.3.02 Soil and sediment
2.3.02.A Surface soils
2.3.028 Overburden
2.3.02.C Aquatic sediments
2.3.03 Near surface aquifers
2.3.04 Surface water bodies
2.3.04A Wetlands
2.3.04B Lakes and rivers
2.3.04.C Springs and discharge zones
2.3.05 Coastal features
2.3.06 Marine features
2.3.07 Atmosphere
2.3.08 Vegetation
2.3.09 Animal populations
2.310 Meteorology
2.3.11 Hydrological regime and water balance
2.312 Erosion and deposition
2.313 Ecological systems

24 Human Behaviour

24.01 Human characteristics (physiology, metabolism)
2.4.02 Age, gender and ethnicity
24.03 Diet and liquid intake
24.03.A Farming diet
24.03.B Hunter/gatherer diet
24.03.C Other diets
2.4.04 Habits (excluding diet)
24.05 Community characteristics
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24.05.A Community type
24.05B Community location
24.05.C Water source
2.4.06 Food and water processing and preparation
24.07 Dwellings
2.4.08 Wild and natural land and water use
24.09 Rural and agricultural land and water use
2410 Urban and industrial land and water use
2411 Leisure and other uses of the environment

3. CONTAMINANT FACTORS

3.1 | Contaminant Characteristics

3.1.01 Radioactive decay and ingrowth

3.1.02 Chemical and organic toxin stability

3.1.03 Inorganic solids and solutes

3.1.04 Volatiles and potential for volatility

3.1.05 Organics and potential for organic forms

3.1.06 Noble gases

3.2 | Contaminant Release and Migration Factors

3.2.01 Dissolution, precipitation and crystallisation (contaminant)
3.2.01A Dissolution and precipitation (repository)
3.2.01B Dissolution and precipitation (geosphere)
3.2.01.C Dissolution and precipitation (biosphere)

3.2.02 Speciation and solubility (contaminant)
3.2.02.A Speciation and solubility (repository)
3.2.02.B Speciation and solubility (geosphere)
3.2.02C Speciation and solubility (biosphere)

3.2.03 Sorption and desorption (contaminant)
3.2.03A Sorption/desorption (repository)
3.2.03.B Sorption/desorption (geosphere)
3.2.03.C Sorption/desorption (biosphere)

3.2.04 Colloid interactions and transport (contaminant)

3.2.05. Complexing agent effects (contaminant)

3.2.06. Biologically mediated processes, excluding transport (contaminant)

3.2.07. Water-mediated transport of contaminants
3.2.07.A Water-mediated effects (repository)
3.2.07.B Water-mediated effects (geosphere)
3.207.C Water-mediated effects (biosphere)
3.2.07.D Coupled solute transport processes

3.2.08 Solid-mediated transport of contaminants

3.2.09 Gas-mediated transport of contaminants

3.2.10 Atmospheric transport of contaminants
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3.2.11 Biological-mediated transport of contaminants
3.212 Human action mediated transport of contaminants
3.213 Foodchains and uptake of contaminants
3.3 | Exposure Factors
3.3.01. Contaminated drinking water, foodstuffs and drugs
3.3.02 Contaminated environmental media
3.3.03 Other contaminated materials
3.3.04 Exposure modes
3.3.04A Exposure of humans
3.3.04B Exposure of biota other than humans
3.3.05 Dosimetry
3.3.06 Radiological toxicity effects
3.3.07 Chemical toxicity effects
3.3.08 Radon and radon daughter exposure
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APPENDIX E: NWMO’S LOW AND INTERMEDIATE LEVEL WASTE FEP LIST

Category

FEP

FEP

1. EXTERNAL FACTORS

1.1 Repository Factors
1.1.01 Site investigations
1.1.02 Design of repository
1.1.03 Schedule and planning
1.1.04 Construction
1.1.05 Operation
1.1.06 Waste allocation
1.1.07 Repository closure
1.1.08 Quality assurance
1.1.09 Repository administrative control
1.1.10 Accidents and unplanned events
1.1.11 Retrieval
1.1.12 Repository records and markers
1.1.13 Monitoring
1.2 Geological Processes and Effects
1.2.01 Tectonic movement
1.2.02 Orogeny
1.2.03 Seismicity
1.2.04 Volcanic and magmatic activity
1.2.05 Metamorphism
1.2.06 Hydrothermal activity
1.2.07 Denudation and deposition (large-scale)
1.2.08 Diagenesis
1.2.09 Pedogenesis
1.2.10 Salt diapirism and dissolution
1.2.11 Hydrological response to geological changes
1.2.12 Geomorphologic response to geological changes
1.2.13 Deformation (elastic, plastic or brittle)
1.3 Climate Processes and Effects

1.3.01

Global climate change
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Category FEP FEP
1.3.02 Regional and local climate change
1.3.03 Sea-level change
1.3.04 Periglacial effects
1.3.05 Local glacial and ice-sheet effects
1.3.06 Warm climate effects (tropical and desert)
1.3.07 Hydrological response to climate changes
1.3.08 Ecological response to climate changes
1.3.09 Human behavioural response to climate changes
1.3.10 Geomorphologic response to climate changes
1.4 Future Human Actions
1.4.01 Human influences on climate
1.4.02 Social and institutional developments
1.4.03 Knowledge and motivational issues (repository)
1.4.04 Drilling activities
1.4.05 Mining and other underground activities
1.4.06 Un-intrusive site investigation
1.4.07 Surface excavations
1.4.08 Site development
1.4.09 Archaeology
1.4.10 Water management (groundwater and surface water)
1.4.11 Explosions and crashes
1.4.12 Pollution
1.4.13 Remedial actions
1.4.14 Technological developments
1.4.15 Deliberate human intrusion
1.5 Other External Factors
1.5.01 Impact of meteorites and human space debris
1.5.02 Evolution of biota
2. INTERNAL FACTORS
2.1 Waste, Waste Form & Engineered Components
2.1.01 Waste inventory
2.1.01.01 Radionuclide content
2.1.01.02 Chemical content
2.1.02 Waste-form characteristics
2.1.02.01 Metallic wastes
2.1.02.02 Organic wastes
2.1.02.03 Non-metallic, inorganic wastes
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Category FEP FEP
2.1.03 Waste-packaging characteristics
2.1.03.01 Containers
2.1.03.02 Overpacks
2.1.04 Emplacement room, access tunnel and shaft & services area characteristics
2.1.04.01 Roofs and walls
2.1.04.02 Floors
2.1.04.03 Rock bolts
2.1.04.04 Room and closure walls
2.1.04.05 Backfill
2.1.05 Shaft characteristics
2.1.05.01 Lining
2.1.05.02 Backfill
2.1.05.03 Plugs
2.1.05.04 Rock bolts
2.1.06 Mechanical processes and conditions (in wastes, emplacement rooms,
tunnels and shafts)
2.1.06.01 Packaging collapse
A Steel failure
B Concrete failure
2.1.06.02 Material volume changes
A Concrete shrinkage/expansion
B Bentonite swelling
C Corrosion products
2.1.06.03 Emplacement room/tunnel collapse
2.1.06.04 Container movement
2.1.06.05 Fracture formation
2.1.06.06 Stress-corrosion cracking
2.1.06.07 Gas explosion
2.1.06.08 Influence of climate change
2.1.07 Hydraulic/hydrogeological processes and conditions (in wastes, emplacement

rooms, tunnels and shafts)

2.1.07.01 Resaturation/desaturation

2.1.07.02 Water flow

2.1.07.03 Gas-mediated water flow

2.1.07.04 Failure of drainage system

2.1.07.05 Fracturing of repository components due to hydraulic
pressure

2.1.07.06 Coupled hydraulic processes including temperature,

chemical or electrical gradients
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Category FEP FEP
2.1.07.07 Influence of climate change
2.1.08 Chemical/geochemical processes and conditions (in wastes, emplacement
rooms, tunnels and shafts)
2.1.08.01 pH conditions
2.1.08.02 Redox conditions
2.1.08.03 Chloride and sulphate concentrations
2.1.08.04 Corrosion
A General
B Localized
C Galvanic
2.1.08.05 Polymer degradation
2.1.08.06 Mineralisation
A Leaching
B Chloride attack
C Sulphate attack
D Carbonation
E lllitization
2.1.08.07 Precipitation reactions
2.1.08.08 Chelating agent effects
2.1.08.09 Colloid formation
2.1.08.10 Osmotic effects
2.1.08.11 Chemical concentration gradients
2.1.08.12 Influence of climate change
2.1.09 Biological/biochemical processes and conditions (in wastes, emplacement
rooms, tunnels and shafts)
2.1.09.01 Microbial growth and poisoning
2.1.09.02 Microbially/biologically mediated processes
2.1.09.03 Microbial/biological effects on evolution of redox (Eh)
and acidity/alkalinity (pH).
2.1.09.04 Influence of climate change
2.1.10 Thermal processes and conditions (in wastes, emplacement rooms, tunnels
and shafts)
2.1.10.01 Radiogenic, chemical and biological heat production
from the waste packages
2.1.10.02 Heat production from engineered features
2.1.10.03 Temperature evolution
2.1.10.04 Temperature dependence of processes,

A Mechanical

B Hydraulic
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Category FEP FEP
C Chemical
D Biological
2.1.10.05 Influence of climate change
2.1.11 Gas sources (in wastes, emplacement rooms, tunnels and shafts)
2.1.11.01 Radioactive decay
2.1.11.02 Metal corrosion
2.1.11.03 Organic waste degradation
2.1.11.04 Cement degradation
2.1.11.05 Asphalt degradation
2.1.12 Radiation effects (in wastes, emplacement rooms, tunnels and shafts)
2113 Effects of extraneous materials
2.1.14 Nuclear criticality
2.2 Geological Environment
2.2.01 Stratigraphy

2.2.02 Host rock lithology
2.2.03 Disturbed zone (in geosphere)
2.2.03.01 Emplacement rooms and tunnels
2.2.03.02 Shafts
2.2.04 Large-scale discontinuities (in geosphere)
2.2.04.01 Faults and shear zones
2.2.04.02 Fractures and joints
2.2.04.03 Dykes
2.2.05 Mechanical processes and conditions (in geosphere)
2.2.05.01 Geomechanical properties
2.2.05.02 Current stress regime
2.2.05.03 Future stress regime
2.2.06 Hydraulic/hydrogeological processes and conditions (in geosphere)
2.2.06.01 Hydraulic properties
2.2.06.02 Current hydraulic potentials and gradients
2.2.06.03 Future hydraulic potentials and gradients
2.2.07 Chemical/geochemical processes and conditions (in geosphere)
2.2.07.01 Mineralogical properties
2.2.07.02 Geochemical properties
2.2.07.03 Effects of engineered barriers
2.2.07.04 Effects of climate change
2.2.08 Biological/biochemical processes and conditions (in geosphere)
2.2.09 Thermal processes and conditions (in geosphere)
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Category FEP FEP
2.2.09.01 Thermal properties
2.2.09.02 Effects of waste and repository materials
2.2.09.03 Effects of climate change
2.2.10 Gas processes and effects (in geosphere)
2.2.10.01 Gas sources (excluding waste and repository materials)
2.2.10.02 Gas migration
2.2.10.03 Gas dissolution
2.2.10.04 Gas-induced fracturing
2.2.1 Geological resources (in geosphere)
2.2.12 Undetected features (in geosphere)
23 Surface Environment
2.3.01 Topography and morphology
2.3.02 Biomes
2.3.03 Soil and sediment
2.3.03.01 Surface soils
2.3.03.02 Overburden
2.3.03.03 Aquatic sediments
2.3.04 Near-surface aquifers and water-bearing features
2.3.05 Terrestrial surface-water bodies
2.3.05.01 Wetlands
2.3.05.02 Lakes and rivers
2.3.05.03 Springs and discharge zones
2.3.06 Coastal features
2.3.07 Marine features
2.3.08 Atmosphere
2.3.09 Vegetation
2.3.10 Animal populations
2.3.11 Climate and weather
2.3.12 Hydrological regime and water balance (near-surface)
2.3.13 Erosion and deposition
2.3.14 Ecological/biological/microbial systems
2.3.15 Biotic intrusion
24 Human Behaviour
2.4.01 Human characteristics (physiology, metabolism)
2.4.02 Age, gender and ethnicity
2.4.03 Diet and liquid intake
2.4.03.01 Farming diet
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Category FEP FEP
2.4.03.02 Hunter/gatherer diet
2.4.03.03 Other diets
2.4.04 Habits (non-diet-related behaviour)
2.4.05 Community characteristics
2.4.05.01 Community type
2.4.05.02 Community location
2.4.05.03 Water source
2.4.06 Food preparation and water processing
2.4.07 Dwellings
2.4.08 Natural/semi-natural land and water use
2.4.09 Rural and agricultural land and water use
2.4.10 Urban and industrial land and water use
2.4.11 Leisure and other uses of environment

3. CONTAMINANT FACTORS

3.1 Contaminant Characteristics
3.1.01 Radioactive decay and in-growth
3.1.02 Organics and potential for organic forms
3.1.03 Chemical/organic toxin stability
3.1.04 Inorganic solids/solutes
3.1.05 Volatiles and potential for volatility
3.1.06 Noble gases
3.2 Contaminant Release and Migration Factors
3.2.01 Contaminant release pathways
3.2.02 Water-mediated migration of contaminants
3.2.02.01 Water-mediated effects (repository)
A Advection

B Molecular diffusion

C Dispersion

3.2.02.02 Water-mediated effects (geosphere)

A Advection

B Molecular diffusion

C Dispersion

D Matrix diffusion

3.2.02.03 Water-mediated effects (biosphere)

A Groundwater discharge to biosphere

B Infiltration

C Capillary rise
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Category FEP FEP
D Transport by surface run-off
E Transport by interflow
F Transport in surface-water bodies
3.2.02.04 Multiphase transport processes
3.2.03 Solid-mediated migration of contaminants
3.2.04 Gas-mediated migration of contaminants
3.2.05 Atmospheric migration of contaminants
3.2.06 Microbially/biologically-mediated processes, effects on contaminant release
and migration
3.2.07 Animal-, plant- and microbe-mediated migration of contaminants
3.2.08 Human-action-mediated migration of contaminants
3.2.09 Colloid-mediated migration of contaminants
3.2.10 Dissolution, precipitation and mineralization
3.2.10.01 Dissolution and Precipitation (repository)
3.2.10.02 Dissolution and Precipitation (geosphere)
3.2.10.03 Dissolution and Precipitation (biosphere)
3.2.10.04 Change in mineralization
3.2.11 Speciation and solubility (contaminant)
3.2.11.01 Speciation and solubility (solubility limitation, repository)
3.2.11.02 Speciation and solubility (solubility limitation,
geosphere)
3.2.11.03 Speciation and solubility (solubility limitation, biosphere)
3.2.11.04 Solubility changes caused by chemical interaction
between waste and pore water
3.2.11.05 Solubility changes caused by change in temperature
3.2.11.06 Species equilibrium change caused by change in
temperature
3.2.12 Sorption and desorption (contaminant)
3.2.12.01 Sorption and desorption (repository)
3.2.12.02 Sorption and desorption (geosphere)
3.2.12.03 Sorption and desorption (biosphere)
3.2.12.04 Chemical reactions caused by adsorption or desorption
3.2.12.05 Anion exclusion effects
3.2.12.06 Sorption change caused by change in temperature
3.2.13 Complexing agent effects (contaminant)
3.2.13.01 Organics
3.2.13.02 Inorganic ligands
3.2.13.03 Microbes
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Category FEP FEP
3.2.14 Food chains and uptake of contaminants
3.3 Exposure Factors

3.3.01

Contaminant concentrations in drinking water, foodstuffs and drugs

3.3.02 Contaminant concentrations in non-food products
3.3.03 Contaminant concentrations in other environmental media
3.3.04 Exposure modes

3.3.04.01 Exposure of humans

3.3.04.02 Exposure of biota other than humans
3.3.05 Dosimetry and biokinetics

3.3.05.01 Dosimetry and biokinetics for humans

3.3.05.02 Dosimetry and biokinetics for biota other than humans
3.3.06 Radiological toxicity/effects

3.3.06.01 Radiological toxicity/effects for humans

3.3.06.02 Radiological toxicity/effects for biota other than humans
3.3.07 Chemical toxicity/effects

3.3.07.01 Chemical toxicity/effects for humans

3.3.07.02 Chemical toxicity/effects for biota other than humans
3.3.08 Radon and radon daughter exposure
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APPENDIX F: POSIVA’S KBS-3V INTERNAL FEP LIST

Chapter 3: Fuel/cavity in canister

3.2.1 Radioactive decay and in-growth (E)

3.2.2 Radiogenic heat generation and heat transfer (E)

3.2.3 Structural alteration of the fuel pellets and fuel cladding (E)
3.2.4 Radiolytic acid production (E)

3.2.5 Radiolysis of the groundwater (E)

3.2.6 Corrosion of the fuel assembly (E)

3.2.7 Dissolution of the fuel matrix (E)

3.2.8 Dissolution of the gap inventory (E)

3.2.9 Production of helium gas (E)

3.3.1 Diffusion in fuel pellet (M)

3.3.2 Radionuclide release from the fuel - radionuclide solubility (M)
3.3.3 Water and gas transport (M)

3.3.4 Radionuclide transport - advection and diffusion (M)
3.3.5 Colloidal transport (M)

Chapter 4: Cast iron insert and copper over pack (canister)
4.2.1 Radiation attenuation by canister metal (E)

4.2.2 Heat transfer in canister metal (E)

4.2.3 Deformation of cast iron insert (E)

4.2.4 Deformation of copper overpack (E)

4.2.5 Thermal expansion of the canister (E)

4.2.6 Deformation from internal corrosion products (E)

4.2.7 Corrosion of cast iron insert (E)

4.2.8 Corrosion of copper overpack (E)

4.2.9 Deposition of salts on canister surface (E)

4.3.1 Radionuclide retardation by iron corrosion products (M)
Chapter 5: Bentonite buffer

5.2.1 Heat transfer (E)

5.2.2 Water uptake (E)

5.2.3 Piping and erosion, including chemical erosion (E)

5.2.4 Swelling/mass redistribution (E)
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5.2.5 Radiolysis of porewater (E)

5.2.6 Montmorillonite transformation (E)

5.2.7 Alteration of accessory minerals and impurities (E)
5.2.8 Microbial activity (E)

5.3.1 Advection - Diffusion (M)

5.3.2 Gas transport (M)

5.3.3 Colloid formation and transport (M)

5.3.4 Sorption (including ionic-exchange) (M)

5.3.5 Osmosis/Donnan equilibrium (M)

5.3.6 Speciation of radionuclides (M)

5.3.7 Precipitation and co-precipitation (M)

Chapter 6: Backfill

6.2.1 Heat transfer (E)

6.2.2 Freezing (E)

6.2.3 Water uptake (E)

6.2.4 Piping and erosion, including chemical erosion (E)
6.2.5 Swelling/mass redistribution (E)

6.2.5 Radiolysis of porewater (E)

6.2.6 Alteration of accessory minerals and impurities (E)
6.2.7 Microbial activity (E)

Chapter 7: Plugs, seals, grout

7.2.1 Heat transfer (E)

7.2.2 Freezing (E)

7.2.3 Degradation of cementitious materials due to radiation and thermal effects (E)

7.2.4 Degradation of cementitious materials due to reactions with groundwater (E)

7.3.1 Diffusion (M)

7.3.2 Sorption (M)

7.3.3 Colloid formation (M)
Chapter 8: Geosphere

8.2.1 Heat transfer (E)

8.2.2 Freezing and permafrost (E)

8.2.3 Stress redistribution due to excavation (E)

8.2.4 Reactivation-displacements along existing fractures (E)

8.2.5 Spalling of rock (E)
8.2.6 Rock creep (E)
8.2.7 Erosion and sedimentation in fractures (E)

8.2.8 Rock-water interaction (E)
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8.2.9 Methane hydrate formation (E)

8.2.10 Salt exclusion (E)

8.2.11 Microbial populations and processes (E)

8.3.1 Radionuclide solubility, sorption and precipitation (M)
8.3.2 Groundwater flow (advection) (M)

8.3.3 Dispersion (M)

8.3.4 Matrix diffusion (M)

8.3.5 Two-phase flow (M)

8.3.6 Colloidal transport (M)
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FEP
Number

1.1.12.01
1.1.12.02
1.2.01.01
1.2.01.02
1.2.01.03
1.2.01.04
1.2.02.01
1.2.02.02
1.2.03.01
1.2.04.01
1.2.05.01
1.2.06.01
1.2.07.01
1.2.07.02
1.2.08.01
1.2.09.01
1.2.09.02
1.3.01.01
1.3.03.01
1.3.04.01
1.3.04.02
1.3.05.01
1.3.05.02
1.3.05.03
1.5.01.01
1.5.03.01
2.1.01.01
2.1.01.02
2.1.01.03
2.1.01.04
2.1.02.01
2.1.03.01
2.1.03.02
2.1.03.03
2.1.03.04
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FEP Name

Unplanned events during operational phase
Sticking of canisters

Tectonic movements

Orogeny

Sinking of earth crust

Lifting of earth crust

Crustal deformation

Graben formation

Seismicity

Magmatic activity
Metamorphism

Hydrothermal activity

Erosion

Sedimentation

Diagenesis

Salt diapirism

Subrosion

Global climate change
Transgression and regression
Permafrost

Cryogenic joints

Continental ice sheet close to site
Continental ice sheet above site
Subglacial tunnel valleys
Meteorite impact

Pathways in exploration drillings
Inventory: Radionuclides
Inventory: Metal compounds
Inventory: Organic compounds
Inventory: Other compounds
Waste form materials

Spent fuel containers

Other disposal containers

Loss of integrity of a spent fuel container
Failure of other container
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2.1.04.01
2.1.05.01
2.1.05.02
2.1.05.03
2.1.05.04
2.1.05.05
2.1.06.01
2.1.06.02
2.1.07.01
2.1.07.02
2.1.07.03
2.1.07.04
2.1.07.05
2.1.07.06
2.1.07.07
2.1.07.08
2.1.07.09
2.1.08.01
2.1.08.02
2.1.08.03
2.1.08.04
2.1.08.05
2.1.08.06
2.1.08.07
2.1.08.08
2.1.09.01
2.1.09.02
2.1.09.03
2.1.09.04
2.1.09.05
2.1.09.06
2.1.09.07
2.1.09.08
2.1.10.01
2.1.10.02
2.1.11.01
2.1.11.02
2.1.11.03
2.1.12.01
2.1.12.02
2.1.12.03
2.1.12.04
2.1.13.01
2.1.13.02

76

Backfill materials

Sealing materials

Shaft seals

Drift seals

Alteration of shaft and drift seals

Other seals

Technical installations and their characteristics
Borehole tubing

Convergence

Fluid pressure

Compaction of crushed salt

Non thermally—induced volume change of materials
Early loss of tightness of a shaft seal

Early loss of tightness of a drift seal
Displacement of the shaft seals

Failure of drift plug

Failure of borehole tubing

Porosity

Permeability

Brines in mine excavations

Channeling in crushed salt

Channeling in sealing components

Brine intrusion into mine excavations

Flow processes in mine excavations

Swelling of bentonite

Geochemical regime in the repository
Dissolution and precipitation

Corrosion of metal

Corrosion of spent fuel

Corrosion of glass

Corrosion of cement- or sorel-based materials
Corrosion of graphite waste and uranium enrichment tails
Hydrogen induced embrittlement

Degradation of organic compounds

Microbial processes in the repository and the salt rock
Heat production

Thermal expansion or contraction
Vaporisation of water

Gas production

Gases in mine workings

Gas entry pressure

Ignitable gas mixtures

Radiation-induced activation
Radiation-induced embrittiement
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2.1.13.03
2.1.14.01
2.2.01.01
2.2.02.01
2.2.02.02
2.2.03.01
2.2.04.01
2.2.06.01
2.2.06.02
2.2.07.01
2.2.07.02
2.2.07.03
2.2.07.04
2.2.08.01
2.2.09.01
2.2.10.01
2.2.10.02
2.2.10.03
2.2.10.04
2.2.10.05
2.2.11.01
2.3.01.01
2.3.04.01
3.1.01.01
3.2.01.01
3.2.03.01
3.2.04.01
3.2.05.01
3.2.07.01
3.2.07.02
3.2.07.03
3.2.07.04
3.2.07.05
3.2.07.06
3.2.08.01
3.2.09.01

Radiolysis

Nuclear criticality

Excavation disturbed zone

Host rock

Faults and joints in the host rock

Overburden and adjoining rock

Faults and joints in the overburden

Change and redistribution of stress

Self compaction

Fluid occurrences in the host rock

Hydrocarbon occurrences in the host rock
Groundwater flow in the overburden and adjoining rock
Gas flow in the overburden and adjoining rock
Hydrochemical regime in the overburden and adjoining rock
Microbial processes in the overburden and adjoining rock
Thermally-induced lifting of the overburden and adjoining rock
Thermomigration

Thermal degradation of carnallite

Melting of salt rock

Thermochemical sulfate reduction

Pressure-induced fluid infiltration into the salt rock
Geomorphology

Surface waters

Radioactive decay

Mobilisation of radionuclides

Sorption and desorption

Colloids

Complexing agents

Water-mediated transport of radionuclides

Advection

Mechanical dispersion

Diffusion

Matrix diffusion

Other transport processes

Lifting or sinking of containers

Gas-mediated transport of radionuclides
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APPENDIX H: TRU-2 FEP LIST
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Initial State FEPs

APPENDIX I: SR-SITE FEP LIST

FEP ID FEP name Description
1SGen01 Major mishaps/accidents/ Major mishaps/accidents like fire, explosions, earthquakes and flooding in
sabotage encapsulation plant, during transport and repository operation. Possible
decontamination following severe mishap.
Ditto sabotage (chemical, physical etc), improper management.

1SGen02 Effects of phased operation Phased operation mainly affects the geosphere and the subsequent
development of the entire repository. The hydrological state of the bedrock
is perturbed as soon as repository excavation starts (a smaller perturbation
even occurs earfier during site investigations). Different parts of the repository,
completed at different times, will be exposed to different hydrological condi-
tions, affecting e.g. the saturation of the buffer and backfill. Possible upcon-
ing of saline water could also vary between different parts of repository due
to phased operation. Other factors to consider are the effects of blasting and
underground traffic on completed parts of the repository. All these issues
are part of the expected evolution of the repository, but are not automatically
captured in the system of processes describing the repository evolution
over time or by the initial state descriptions. As they need to be adequately
included in the discussion of the repository evolution, they are propagated to
the analysis of the reference evolution.

1SGen03 Incomplete closure Concems the effects of an unsealed, abandoned repository.

1SGen04 Monitoring activities Implications of monitoring activities, including underground monitoring
boreholes, on long-term safety.

ISCO1 Mishaps — canister Concems mishandling and breakage of a canister during manufacturing,
sealing, transport and deposition. Random defects are considered, despite
quality control in manufacturing and sealing.

A number of defects may be related by a common cause, despite quality
control in manufacturing and sealing.

1ISC02 Design deviations — canister Welding or material defects (geometry, material composition), e.g. loss of
ductility due to impurities in the copper material or bad manufacturing meth-
ods or “cold cracks™ due to bad manufacturing methods. Random defects
despite quality control in manufacturing and sealing.

A number of defects may be related by a common cause, despite quality
control in manufacturing and sealing.

1SBu01 Mishaps — buffer Fauity or deviating buffer emplacement caused by e.g. difficulties due to
inflow, problems with remote control handling, etc leading to e.g. inhomo-
geneous buffer and/or reduced density.

1SBu02 Design deviations — buffer  Deviations in buffer properties despite quality control.

ISBTO1 Mishaps — backfill in tunnels Faulty or deviating backfill emplacement due to e.g. difficuities due to inflow,
etc leading to e.g. inhomogeneous backfill.

ISBfTD2 Design deviations — backfill Deviations in backfill properties despite quality control.

in tunnels

1ISBPO1 Mishaps — bottom plate in Faulty or deviating emplacement of bottom plate in deposition holes.

deposition holes

ISBP02 Design deviations — bottom  Deviations in structural material (concrete bottom plate) properties despite

plate in deposition holes quality control.
ISPgD1 Mishaps - plugs Faulty or deviating emplacement of plugs.
ISPg02 Design deviations — plugs ~ Deviations in plug properties despite quality control.
ISCAD1 Mishaps - central area Faulty or deviating backfill emplacement in central area due to e.g. difficulties
due to inflow, etc leading to e.g. inhomogeneous backfill.
ISCAD2 Design deviations — central  Deviations in central area backfill properties despite quality control.
area

ISTS01 Mishaps/Design deviations  Faulty or deviating top seal emplacement leading to e.g. inhomogeneity and
—top seal deviations in top seal properties despite quality control.

1SBhS01 Mishaps/Design deviations  Faulty or deviating emplacement of borehole seals and deviations in
— borehole seals properties despite quality control.

Process FEPs: Fuel
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SR-Site FEPID  SR-Site FEP name

FO1 Radioactive decay

F02 Radiation attenuation/heat generation

FO3 Induced fission (criticality)

FO4 Heat transport

FO5 Water and gas transport in canister cavity, boiling/condensation
F06 Mechanical cladding failure

FO7 Structural evolution of fuel matrix

FO8 Advection and diffusion

FO9 Residual gas radiolysis/ acid formation

F10 Water radiolysis

F11 Metal corrosion

F12 Fuel dissolution

F13 Dissolution of gap inventory

F14 Speciation of radionuclides, colloid formation
F15 Helium production

F16 Chemical alteration of the fuel matrix

F17 Radionuclide transport

Process FEPs: Canister

SR-Site FEPID SR-Site FEP name

co1 Radiation attenuation/ heat generation

co2 Heat transport

co3 Deformation of cast iron insert

co4 Deformation of copper canister from extenal pressure
C05 Thermal expansion (both cast iron insert and copper canister)
Cco06 Copper deformation from intemal corrosion products
cor7 Radiation effects

cos Corrosion of cast iron insert

co9 Galvanic corrosion

Cc10 Stress corrosion cracking of cast iron insert

c11 Corrosion of copper canister

c12 Stress corrosion cracking of the copper canister

C13 Earth currents — stray current corrosion

C14 Deposition of salts on canister surface

C15 Radionuclide transport
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Process FEPs: Buffer

SR-Site FEPID SR-Site FEP name

Bu01
Bu02
Bu03
Bul4
Bu05
Bu06
Bu07
Bu08
Bu09
Bu10
But1
Bu12
Bu13
Bul4
Bu15
Bu16
Bu17
Bu18
Bu19
Bu20
Bu21
Bu22
Bu23
Bu24
Bu25
Bu26

Radiation attenuation/ heat generation
Heat transport

Freezing

Water uptake and transport for unsaturated conditions
Water transport for saturated conditions
Gas transport/dissolution

Piping/erosion

Swelling/mass redistribution

Liquefaction

Advective transport of species

Diffusive transport of species

Sorption (including exchange of major ions)
Alterations of impurities

Aqueous speciation and reactions

Osmosis

Montmorillonite transformation
Iron-bentonite interaction

Montmeorilionite colloid release
Radiation-induced transformations
Radiolysis of porewater

Microbial processes

Cementation

Colloid transport

Speciation of radionuclides

Transport of radionuclides in the water phase
Transport of radionuclides in a gas phase

Process FEPs: Backfill

SR-Site FEP ID

SR-Site FEP name

BfTO1
BfTO2
BITO3
BITO4
BfTO5
BIT06
BITO7
BfTO8
BIT09
BIT10
BIT11
BIT12
BIT13
BIT14
BfT15
BfT16
BIT17
BiT18
BIT19
BIT20
BIT21
BiT22

Heat transport

Freezing

Water uptake and transport for unsaturated conditions
Water transport for saturated conditions
Gas transport/dissolution

Piping/erosion

Swelling/mass redistribution

Liquefaction

Advective transport of species

Diffusive transport of species

Sorption (including exchange of major ions)
Alterations of backfill impurities

Aqueous speciation and reactions
Osmaosis

Montmorillonite transformation

Backfill colloid release

Radiation-induced transformations
Microbial processes

Colloid formation and transport

Speciation of radionuclides

Transport of radionuclides in the water phase
Transport of radionuclides by a gas phase
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Process FEPs: Tunnel Plugs, Ventral Area, Top Seal, Bottom Plate in Disposition Holes
and Borehole Seals

SR-Site FEP ID SR-Site FEP name

BPO1, Pg01, CA01, Heat transport

TS01, BhS01

BP02, Pg02, CA02, Freezing

TS02, BhS02

BPO03, Pg03, CAD3, Water uptake and transport under unsaturated conditions
TS03, BhS03

BP04, Pg04, CA04, Water transport under saturated conditions
TS04, BhS04

BP05, Pg05, CA05, Gas transport/dissolution
TS05, BhS05

BP06, Pg06, CA06, Piping/erosion

TS06, BhS06

BPO7, Pg07, CAD7, Swelling/mass redistribution
TS07, BhSO7

Pg08, CAD8, TS08, Liquefaction

BhS08

BPO8, Pg09, CADS, Advective transport of species
TS09, BhS09

BP09, Pg10, CA10, Diffusive transport of species
TS10, BhS10

BP10, Pg11, TS11,
BhS11

CA11
CA12

BP11, Pg12, TS12,
BhS12

Sorption (including exchange of major ions)

Sorption
Alteration of central area backfill
Alteration of concrete

CA15 Alteration of concrete components
BP12, Pg13, CA13, Aqueous speciation and reactions
TS13,BhS13

BP13,BhS14 Copper corrosion

BhS15 Alterations of impurities in bentonite
Pg14, CA14, BhS16 Osmosis

Pg15, BhS17 Montmorillonite transformation
Pg16, BhS18 Montmorillonite colloid release
TS14 Colloid release

TS15 Steel corrosion

CA16 Corrosion of steel components
BP14, Pg17, CA17, Microbial processes

TS16, BhS19

BP15, Pg18, CA18, Speciation of radionuclides

TS17, BhS21

BP16, Pg19, CA19, Transport of radionuclides in the water phase
TS18, BhS22
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Process FEPs: Geosphere

SR-Site FEPID SR-Site FEP name

Ge01
Ge02
Ge03
Gel4
Gel5
Gel6
GelT
Ge08
Ge09
Ge10
Gell
Ge12
Gel3
Ge14
Ge15
Ge16
Gel7
Gel8
Gel19
Ge20
Ge21
Ge22
Ge23
Ge24
Ge25

Heat transport
Freezing

Groundwater flow

Gas flow/dissolution

Displacements in intact rock

Reactivation — Displacement along existing discontinuities
Fracturing

Creep

Surface weathering and erosion
Erosion/sedimentation in fractures

Advective transport/mixing of dissolved species
Diffusive transport of dissolved species in fractures and rock matrix
Speciation and sorption

Reactions groundwater/rock matrix
Dissolution/precipitation of fracture-filling minerals
Microbial processes

Degradation of grout

Colloidal processes
Formation/dissolution/reaction of gaseous species
Methane hydrate formation

Salt exclusion

Radiation effects (rock and grout)

Earth currents

Transport of radionuclides in the water phase
Transport of radionuclides in the gas phase

Variable FEPs: Fuel

SR-Site FEP ID SR-Site FEP name SR-Site definition

VarFo1 Radiation intensity Intensity of alpha, beta, gamma and neutron radiation as
a function of time and space in the fuel assembly.

VarF02 Temperature Temperature as a function of time and space in the fuel
assembly.

VarF03 Hydrovariables (pressure and flow) Flows, volumes and pressures of water and gas as a function
of time and space in the cavities in the fuel and the canister.

VarF04 Fuel geometry Geometric dimensions of all components of the fuel assembly,
such as fuel pellets and Zircaloy cladding. Also includes the
detailed geometry, including cracking, of the fuel pellets.

VarF05 Mechanical stresses Mechanical stresses as a function of time and space in the fuel
assembly.

VarF06 Radionuclide inventory Occurrence of radionuclides as a function of time and space in
the different parts of the fuel assembly. The distribution of the
radionuclides in the pellets between matrix and surface is also
described here.

VarF07 Material composition The materials of which the different components in the fuel
assembly are composed, excluding radionuclides.

VarF08 Water composition Composition of water (including any radionuclides and dissolved
gases) in the fuel and canister cavities.

VarF09 Gas composition Composition of gas (including any radionuclides) in the fuel
and canister cavities.
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Variable FEPs: Canister

SR-Site FEP ID SR-Site FEP name SR-Site definition

VarC01 Radiation intensity Intensity of gamma and neutron radiation as a function of time
and space in the cast iron insert and copper canister.

VarC02 Temperature Temperature as a function of time and space in the cast iron
insert and copper canister.

VarC03 Canister geometry Geometric dimensions of all components of the cast iron insert
and copper canister.

VarCo4 Material composition The detailed chemical composition of the materials used for the
cast iron insert and copper canister. This also includes cast iron
and copper corrosion products.

VarC05 Mechanical stresses Mechanical stresses as a function of time and space in the

cast iron insert and copper canister.

Variable FEPs: Buffer

SR-Site FEPID SR-Site FEP name SR-Site definition

VarBu01 Radiation intensity Intensity of (a-, B-), ¥ and neutron radiation as a function of time
and space in buffer.

VarBu02 Temperature Temperature as a function of time and space in buffer.

VarBu03 Water content ‘Water content as a function of time and space in buffer.

VarBu04 Gas content Gas contents (including any radionuclides) as a function of time
and space in buffer.

VarBu05 Hydrovariables (pressure and flow) Flows and pressures of water and gas as a function of time and
space in buffer.

VarBu06 Buffer geometry Geometric dimensions for buffer. An example is description of
interfaces (on the inside towards the canister and on the outside
towards the geosphere).

VarBu07 Pore geometry Pore geometry as a function of time and space in buffer. The

porosity, i.e. the fraction of the volume that is not occupied by
solid matenial, is often given.

VarBu08 Stress state Stress conditions as a function of time and space in buffer.

VarBu09 Bentonite composition Chemical composition of the bentonite (including any radionuclides)
in time and space in buffer, levels of impurities in time and space
in buffer.

VarBu10 Montmorillonite composition The mean molecular structure of montmorillonite including the
type of charge compensating cations.

VarBu11 Porewater composition Composition of the porewater (including any radionuclides and
dissolved gases) in time and space in the buffer.

VarBu12 Structural and stray materials Chemical composition and quantity of any stray matenals

accidently left in the buffer. At this stage, no structural materiais
are defined for this component.

86 Updating the NEA International FEP List, An IGSC Technical Note, Technical Note 1: Identification and Review of Recent Project-specific FEP Lists



NEA/RWM/R(2013)7

Variable FEPs: Backfill

SR-Site FEPID SR-Site FEP name

SR-Site definition

VarBfT01

VarBfT02

VarBfT03

VarBfT04

VarBfT05

VarBfT06

VarBfT07

VarBfT08

VarBfT09

VarBfT10

Temperature
Water content

Gas content

Temperature as a function of time and space in deposition
tunnels.

Water content as a function of time and space in deposition
tunnels.

Gas content (including any radionuclides) as a function of time
and space in deposition tunnels.

Hydrovariables (pressure and flow) Flows and pressures of water and gas as a function of time and

Backfill geometry

Backfill pore geometry

Stress state

space in deposition tunnels.
Geometric dimensions for backfill. A description of e.g. interfaces
towards buffer and towards the geosphere.

Pore geometry as a function of time and space in backfill. The
porosity, i.e. the fraction of the volume that is not occupied by
solid material, is often given.

Stress state as a function of time and space in backfill.

Backfill materials — composition and Total chemical composition and content of the backfill material

content
Backfill porewater composition

Structural and stray materials

(including any radionuclides) in time and space.

Composition of the porewater (including any radionuclides and
dissolved gases) in time and space in backfill.

Chemical composition and quantity of structural materials (rock
bolts, filling material in boreholes for grouting, nets etc) and
stray materials in deposition tunnels.

Variable FEPs: Bottom Plate

SR-Site FEPID SR-Site FEP name

SR-Site definition

VarBPO1
VarBP02
VarBP03
VarBP04

VarBP05

VarBP06

VarBP07

VarBP08

VarBP09

VarBP10

Temperature
Bottom plate water content
Bottom plate gas content

Hydrovariables (pressure
and flow)

Bottom plate geometry
Bottom piate pore geometry

Stress state

Bottom plate materials —
composition and content
Bottom plate porewater
composition

Structural and stray materials

Temperature as a function of time and space in the bottom plate.
Water content as a function of time and space in the botiom plate.
Gas content as a function of time and space in the bottom plate.

Flows and pressures of water and gas as a function of time and space
in the bottom plate.

Geometric dimensions of the bottom plate.

Pore geometry as a function of time and space in the plate components.
The porosity, i.e. the fraction of the volume that is not occupied by solid
material, is often given.

Stress conditions as a function of time and space in the bottom plate.
Composition of the concrete plate and the copper plate.

Composition of the porewater in time and space in the bottom plate.

(undefined) The structural materials in the bottom plate are already
included in the “Bottom piate materials — composition and content”
variable — stray materials are assumed to be of no concem since no
long-term performance is expected from the bottom plate.
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Variable FEPs: Plugs

SR-Site FEPID SR-Site FEP name

SR-Site definition

VarPg01
VarPg02
VarPg03
VarPg04

VarPg05
VarPg06
VarPg07
VarPg08

VarPg09
VarPg10

Temperature
Water content
Gas content

Hydrovariables (pressure
and fiow)

Plug geometry
Plug pore geometry

Stress state

Plug materials — composition
and content

Plug porewater composition
Structural and stray materials

Temperature as a function of time and space in the plug.

Water content as a function of time and space in the plug.

Gas content as a function of time and space in the components.
Flows and pressures of water and gas as a function of time and space
in the plug.

Geometric dimensions of the plug.

Pore geometry as a function of time and space in the components.

The porosity, i.e. the fraction of the volume that is not occupied by solid
material, is often given.

Stress conditions as a function of time and space in the plug.
Composition of the concrete plug, the concrete beams, the bentonite,
the drainage and the filter material in space and time.

Composition of the porewater in time and space in the plug.
(undefined) The structural materials in the plug are already included
in the “Plug materials — composition and content” variable — stray
materials are assumed to be of no concem since no long-term
performance is expected from the plug.

Variable FEPs: Central Area

SR-Site FEPID SR-Site FEP name

SR-Site definition

VarCAO1
VarCAD2
VarCAQ3
VarCAQ4

VarCAD5
VarCAD6
VarCA07
VarCAD8
VarCADS

VarCA10

Temperature

Water content

Gas content

Hydrovariables (pressure
and flow)

Central area geometry
Central area pore geometry

Stress state

Central area materials —
composition and content
Central area porewater
composition

Structural and stray materials

Temperature as a function of time and space in the component.
Water content as a function of time and space in the component.
Gas content as a function of time and space in the component.

Flows and pressures of water and gas as a function of time and space
in the component.

Geometric dimensions of the component.

Pore geometry as a function of time and space in the component.
The porosity, i.e. the fraction of the volume that is not occupied by solid
material, is often given.

Stress conditions as a function of time and space in the component.
Composition of the crushed rock in time and space in the component.

Composition of the porewater in time and space in the component.

Composition and quantity of construction, reinforcements and stray
materials in the component as a function of time and space.

Variable FEPs: Top Seal

SR-Site FEPID  SR-Site FEP name

SR-Site definition

VarTs01
VarTs02
VarTs03
VarTS04

VarTs05
VarTs06
VarTs07

VarTs08

VarTs09
VarTsS10

Temperature
Water content
Gas content

Hydrovariables (pressure
and flow)

Top seal geometry
Top seal pore geometry

Stress state

Temperature as a function of time and space in the component.
Water content as a function of time and space in the component.
Gas content as a function of time and space in the component.

Flows and pressures of water and gas as a function of time and
space in the component.

Geometric dimensions of the component.

Pore geometry as a function of time and space in the components.
The porosity, i.e. the fraction of the volume that is not occupied by
solid matenal, is often given.

Stress conditions as a function of time and space in the component.

Top seal materials — composition Composition of the crushed rock in time and space in the component.

and content

Top seal porewater composition Composition of the porewater in time and space in the component.

Structural and stray materials

Composition and quantity of construction, reinforcements and
stray materials in the component as a function of time and space.
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Variable FEPs: Borehole Seals

SR-Site FEPID SR-Site FEP name

SR-Site definition

VarBhs01
VarBhS02
VarBhS03
VarBhS04

varBhs05
VarBhS06
VarBhS07
VarBhsS08

VarBhS09
VarBhS10

Temperature
Water content
Gas content

Hydrovariables (pressure
and flow)

Borehole geometry
Pore geometry

Stress state

Sealing materials — compaosition
and content

Porewater composition
Structural and stray materials

Temperature as a function of time and space in the components.
Water content as a function of time and space in the components.
Gas content as a function of time and space in the components.
Flows and pressures of water and gas as a function of time and
space in the component.

Geometric dimensions of the components.

Pore geometry as a function of time and space in the component.
The porosity, i.e. the fraction of the volume that is not occupied by
solid material, is often given.

Stress conditions as a function of time and space in the component.
Composition of the bentonite and the concrete in time and space in
the component.

Composition of the porewater in time and space in the component.
Composition and quantity of construction, reinforcements and stray
materials in the components as a function of time and space. This

includes the copper tube, the till, rock cylinders and the anchor
materials.

Variable FEPs: Geosphere

SR-Site FEPID SR-Site FEP name

SR-Site definition

VarGe01
VarGe02

VarGe03

VarGe04

VarGe05

VarGe06

VarGe07
VarGe08

VarGe09

VarGe10

VarGe11

VarGe12

VarGe13

Temperature
Groundwater flow

Groundwater pressure
Gas phase fiow
Repository geometry

Fracture geometry

Rock stresses
Matrix minerals

Fracture minerals

Groundwater composition

Gas composition

Structural and stray materials

Saturation

Temperature in the bedrock as a function of time and space.
Groundwater flow as a function of time and space in the geosphere's
fracture system.

Groundwater pressure as a function of time and space in the
geosphere’s fracture system.

Gas phase flow as a function of time and space in the geosphere's
fracture system.

Geometric description of deposition holes, tunnels, ramps, boreholes
etc; i.e. of all excavated volumes.

All cavities, from fracture zones to micropores in the matrix. Also
included here is the excavation-disturbed zone (EDZ) and any other
geometric changes in the fracture structure induced by construction.
Rock stresses as a function of time and space.

Chemical composition of the rock matrix as a function of (time and)
space, i.e. a description of the various minerals that occur and their
extent.

Chemical compaosition of the fracture minerals as a function of time
and space, i.e. a description of the various fracture-filling minerals
that occur. Also the amount and composition of these fracture-filling
minerals.

Chemical composition of the groundwater as a function of time and
space, i.e. concentrations of relevant components in the groundwater.
This variable also includes quantities such as Eh and pH, as well as
any radionuclides and dissolved gases.

Chemical composition of gases, including any radionuclides and
naturally occurring gases, in geosphere cavities.

Chemical composition and quantities of grouts and other structural
and stray materials injected/located in fractures in the rock and left
there at repository closure.

Degree of water saturation of the geosphere
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Biosphere Process FEPs

SR-Site FEP ID SR-Site FEP name

Bio01 Bioturbation

Bio02 Consumption

Bio03 Death

Bio04 Decomposition

Bio05 Excretion

Bio0D6 Food supply

Bio07 Growth

Bio08 Habitat supply

Bio09 Intrusion

Bio10 Material supply

Bio11 Movement

Bio12 Particle releaseitrapping
Bio13 Primary production
Bio14 Stimulation/inhibition
Bio15 Uptake

Bio16 Anthropogenic release
Bio17 Material use

Bio18 Species infroduction/extermination
Bio19 Water use

Bio20 Change of pressure
Bio21 Consolidation

Bio22 Element supply

Bio23 Loading

Bio24 Phase ftransitions
Bio25 Physical properties change
Bio26 Reactions

Bio27 Sorption/desorption
Bio28 Water supply

Bio29 Weathering

Bio30 Wind stress

Bio31 Acceleration

Bio32 Convection

Bio33 Covering

Bio34 Deposition

Bio35 Export

Bio36 Import

Bio37 Interception

Bio38 Relocation

Bio39 Resuspension

Bio40 Saturation

Bio41 Decay

Bio42 Exposure

Bio43 Heat storage

Bio44 Irradiation

Biod5 Light-related processes
Bio46 Radiolysis

Biod7 Radionuclide release
Bio48 Change in rock surface location
Bio49 Sea level change
Bio50 Terrestrialisation

Bio51 Thresholding
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Biosphere Component FEPs

SR-Site FEPID SR-Site FEP name

CompBio01
CompBio02
CompBio03
CompBioD4
CompBio05
CompBioD6
CompBio07
CompBio08
CompBio09
CompBio10
CompBio11
CompBio12
CompBio13
CompBio14
CompBio15

Geosphere!
Regolith

Primary producers
Decomposers

Filter feeders
Herbivores
Camivores
Humans

Water in regolith
Surface water
Water composition
Gas and local aimosphere
Temperature
Radionuclides
External conditions’

External FEPs: Climate

SR-Site FEPID SR-Site FEP name

Cli01
Clio2
Clio3
Clio4
Cli05
Clio6
Clio7
Clio8
Cli09
Cli10
Clin

Climate system — Components of the climate system
Climate system — Climate forcing

Climate system — Climate dynamics

Climate system — Climate in Sweden and Forsmark
Climate related issues — Development of permafrost
Climate related issues - Ice-sheet dynamics
Climate related issues — Ice—sheet hydrology
Climate related issues — Glacial isostatic adjustment
Climate related issues — Shoreline migration
Climate related issues — End-glacial faulting

Climate related issues — Denudation

External FEPs: Geology

SR-Site FEPID SR-Site FEP name

LSGe01
LSGe02

Mechanical evolution of the Shield
Earthquakes

External FEPs: Future Human Actions

SR-Site FEPID SR-Site FEP name

FHAD1
FHAO2
FHAD3
FHAD4
FHAO5
FHADS
FHAO7

General considerations

Societal analysis, considered societal aspects

Technical analysis, general aspects

Technical analysis, actions with thermal impact and purpose
Technical analysis, actions with hydraulic impact and purpose
Technical analysis, actions with mechanical impact and purpose
Technical analysis, actions with chemical impact and purpose
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External FEPs: Other

SR-Site FEP ID SR-Site FEP name

Oth01 Meteorite impact

Site-specific Factors

SR-Site FEP ID SR-Site FEP name

SiteFact02 Construction of nearby rock facilities
SiteFact03 Nearby nuclear power plant

SiteFact04 Mine excavation

Methodological Issues
SR-Site FEP ID SR-Site FEP name
Meth01 Assessment basis

Meth02 Assessment methodology
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APPENDIX J: NAGRA’S PROCESSES AND PARAMETERS
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Table J.2: List of Indicators used in the Procedure for Narrowing down the Geological Siting Possibilities

SGT criteria Indicators used MR IR AS
1.1 Spatial extent Depth below ground level with respect to engineering feasibility x x x
Depth below ground level with respect to rock decompaction x x X
Depth below ground level with respect to surface erosion x X
Depth below rock surface with respect to glacial erosion X x x
Thickness X X X
Distance from regional fault zones x
Lateral extension X X
Space available underground x X
1.2 Hydraulic barrier Hydraulic conductivity X X X
efficiency
Multi-aquifer structure X
1.3 Geochemical Mineralogy x
conditions oH N
Redox conditions X X
Salinity X
Microbial processes X
Colloids x
1.4 Release Type of transport pathways and structure of pore space X
pathways Homogeneity of the rock structure (x) x
Length of release pathways x
Transmissivity of preferential release pathways x x
Clay content x
Self-sealing capacity x

110 Updating the NEA International FEP List, An IGSC Technical Note, Technical Note 1: Identification and Review of Recent Project-specific FEP Lists



NEA/RWM/R(2013)7

SGT criteria Indicators used MR IR AS
2.1 Stability of the Geodynamic and neotectonic model concepts x X
site anq rock Seismicity %
properties
Model concepts for geochemical processes" x
Rare geological events (volcanism) x X
Potential to form new water pathways (karstification) x x
2.2 Erosion Large-scale erosion in the period under consideration x X
2.3 Repository- Excavation-disturbed zone in the vicinity of underground excavations x
induced effects Chemical interactions x
Behaviour of the host rock with respect to gas x
Behaviour of the host rock with respect to temperature (x)
2.4 Resource Resource deposits within the host rock X x
conflicts Resource deposits beneath the host rock x X
Resource deposits above the host rock x
Mineral and thermal springs x X
Geothermal sources X
3.1 Rock characteris- | Diffusely damaged zones x
ability Variability of rock properties with respect to characterisability x X
Experience x
3.2 Explorability of Regional fault patterns and deposition conditions x X
spatfal conditions Continuity of potentially interesting rock formations x
Exploration conditions deep underground x
Surface exploration conditions x x
3.3 Predictability of Tectonic regime (zones conceptually to be avoided) X
long-term
changes Independent evidence of long-term isolation x
4.1 Rock mechanical
properties and Rock strength and deformation properties x x
conditions
4.2 Underground Geotechnical and hydrogeological conditions in overlying rock formations x
access and
water drainage Natural gas (in the host rock) x x

1) Only used for description.
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APPENDIX K: WIPP FEP LIST
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EPAFEP

e FEP Name
N1 Stratigraphy
N2 Brine Reservoirs
N3 Changes in Regional Stress
N4 Regional Tectonics
N5 Regional Uplift and
Subsidence
N6 Salt Deformation
N7 Diapirism
N8 Formation of Fractures
N9 Changes in Fracture
Properties
N10 Formation of New Faults
NI11 Fault Movement
N12 Seismic Activity
N13 Volcanic Activity
Ni4 Magmatic Activity
N15 Metamorphic Activity
N16 Shallow Dissolution
*N = Natural FEP

® H = Human-induced EP
¢ W = Waste- and Repository-Induced FEP
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LD.2b< FEP Name

N18 Deep Dissolution

N20 Breccia Pipes

N21 Collapse Breccias

N22 Fracture Infills

N23 Saturated Groundwater Flow

N24 Unsaturated Groundwater
Flow

N25 Fracture Flow

N27 Effects of Preferential
Pathways

N26 Density effects on
Groundwater Flow

N28 Thermal effects on
Groundwater Flow

N29 Saline Intrusion
[Hydrogeological Effects]

N30 Freshwater Intrusion
[Hydrogeological effects]

N31 Hydrological Response to
Earthquakes

N32 Natural Gas Intrusion

N33 Groundwater Geochenustry

N34 Saline Intrusion
(Geochemuical Effects)

N38 Effects of Dissolution

N35 Freshwater Intrusion
(Geochemucal Effects)

N36 Changes in Groundwater Eh

N37 Changes in Groundwater pH

N39 Physiography

N40 Impact of a Large Meteorite

N41 Mechanical Weathening

N42 Chemical Weathering

N43 Aeolian Erosion

* N = Natural FEP

* H = Human-induced EP
¢ W = Waste- and Repository-Induced FEP
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EPATEP FEP Name

N44 Fluvial Erosion

N45 Mass Wasting [Erosion]

N46 Aeolian Deposition

N47 Fluvial Deposition

N48 Lacustrine Deposition

N49 Mass Wasting [Deposition]

N50 Soil Development

Ns51 Stream and River Flow

N52 Surface Water Bodies

N53 Groundwater Discharge

N54 Groundwater Recharge

NS5 Infiltration

Ns56 Changes in Groundwater
Recharge and Discharge

N57 Lake Formation

Ns58 River Flooding

N59 Precipitation (e.g. Ramfall)

N60 Temperature

N61 Climate Change

N62 Glaciation

N63 Permafrost

N64 Seas and Oceans

N65 Estuaries

N66 Coastal Erosion

N67 Marine Sediment Transport
and Deposition

N68 Sea Level Changes

N69 Plants

N70 Animals

N71 Microbes

N72 Natural Ecological
Development

*N = Natural FEP

* H = Human-induced EP
©W = Waste- and Repository-Induced FEP

i FEP Name

H1 01l and Gas Exploration

H2 Potash Exploration

H4 01l and Gas Exploitation

HS8 Other Resources

H9 Enhanced Oil and Gas
Recovery

H3 Water Resources Exploration

H5 Groundwater Exploitation

H6 Archaeological
Investigations

H7 Geothermal

H10 Liquid Waste Disposal

Hi1 Hydrocarbon Storage

Hi2 Deliberate Drilling Intrusion

H13 Conventional Underground
Potash Mining

Hi4 Other Resources (mining
for)

HI15 Tunneling

H16 Construction of
Underground Facilities (for
Example Storage, Disposal,
Accommodation)

H17 Archaeological Excavations

His Deliberate Mining Intrusion

*N = Natural FEP

* H = Human-induced EP
¢ W = Waste- and Repository-Induced FEP
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et FEP Name

H19 Explosions for Resource
Recovery

H20 Underground Nuclear
Device Testing

H21 Drilling Fluid Flow

H22 Dnlling Flwd Loss

H23 Blowouts

H24 Dnlling-Induced
Geochemical Changes

H25 01l and Gas Extraction

H26 Groundwater Extraction

H27 Liquid Waste Disposal-OB

H28 Enhanced Oil and Gas
Production-OB

H29 Hydrocarbon Storage-OB

*N = Natural FEP

* H = Human-induced EP
¢ W = Waste- and Repository-induced FEP
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E:;.m FEP Name

H60 Liquid Waste Disposal-1B

H61 Enhanced Oil and Gas
Production-1B

H62 Hydrocarbon Storage-IB

H30 Fluid-injection Induced
Geochemical Changes

H31 Natural Borehole Fluid Flow

H32 Waste-Induced Borehole
Flow

H34 Borehole-Induced Solution
and Subsidence

H35 Borehole-Induced
Mineralization

H36 Borehole-Induced
Geochemical Changes

H37 Changes mn Groundwater
Flow Due to Mining

H38 Changes i Geochenmustry
Due to Mining

*N = Natural FEP

*H = Human-induced EP
¢ W = Waste- and Repository-induced FEP
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EPA FEP

e i FEP Name

H39 Changes mn Groundwater
Flow Due to Explosions

H40 Land Use Changes

H41 Surface Disruptions

H42 Dammiung of Streams or
Rivers

H43 Reservoirs

H44 Irrigation

H45 Lake Usage

H46 Altered Soil or Surface
‘Water Chemustry by Human
Activities

H47 Greenhouse Gas Effects

H48 Acid Rain

H49 Damage to the Ozone Layer

H50 Coastal Water Use

H51 Sea water Use

H52 Estuarine Water Use

H53 Arable Farming

H54 Ranching

H55 Fish Farming

H56 Demographic Change and
Urban Development

*N = Natural FEP

* H = Human-induced EP
¢ W = Waste- and Repository-induced FEP

LD FEP Name

H57 Loss of Records

H58 Solution Mining for Potash

H59 Solution Mining for Other
Resources

w1 Disposal Geometry

w2 Waste Inventory

w3 Heterogeneity of Waste
Forms

w4 Container Form

w5 Contamer Matenal
Inventory

w6 Shaft Seal Geometry

w7 Shaft Seal Physical
Properties

w109 Panel Closure Geometry

w110 Panel Closure Physical
Properties

w8 Shaft Seal Chemucal
Composition

Wii1 Panel Closure Chemucal
Composition

* N = Natural FEP

*H = Human-induced EP
¢ W = Waste- and Repository-induced FEP
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EPATER | e
w9 Backfill Physical Properties
w10 Backfill Chemucal
Composition

w11 Post-Closure Monitoring

w12 Radionuclide Decay and In-
Growth

w13 Heat from Radioactive
Decay

Wi4 Nuclear Cnticality: Heat

W15 Radiological Effects on
Waste

W16 Radiological Effects on
Containers

w17 Radiological Effects on
Shaft Seals

w112 Radionuclide Effects on
Panel Closures

w18 Disturbed Rock Zone (DRZ)

w19 Excavation-Induced
Changes in Stress

w20 Salt Creep

w21 Changes i the Stress Field

w22 Roof Falls

w23 Subsidence

W24 Large Scale Rock Fracturing

W25 Disruption Due to Gas
Effects

W26 Pressurization

*N = Natural FEP

* H = Human-induced EP
¢ W = Waste- and Repository-induced FEP
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EPA FEP
LD.*b< FEP Name

w27 Gas Explosions

W28 Nuclear Explosions

w29 Thermal Effects on Material
Properties

W30 Thermally-Induced Stress
Changes

w3l Differing Thermal
Expansion of Repository
Components

W72 Exothermic Reactions

w73 Concrete Hydration

W32 Consolidation of Waste

W36 Consolidation of Shaft Seals

W37 Mechanical Degradation of
Shaft Seals

w39 Underground Boreholes

w113 Consolidation of Panel
Closures

W114 Mechanical Degradation of
Panel Closures

W33 Movement of Containers

W34 Container Integnty

*N = Natural FEP

® H = Human-induced EP

©W = Waste- and Repository-induced FEP
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s FEP Name

w35 Mechamcal Effects of
Backfill

W40 Brine Inflow

W41 Wicking

w42 Fluid Flow Due to Gas
Production

W43 Convection

W44 Degradation of Organic
Matenal

W45 Effects of Temperature on
Microbial Gas Generation

W48 Effects of Biofilms on
Microbial Gas Generation

W46 Effects of Pressure on
Microbial Gas Generation

W47 Effects of Radiation on
Microbial Gas Generation

W49 Gases from Metal Corrosion

ws1 Chemical Effects of
Corrosion

w50 Galvanic Coupling (Within
the Repository)

w52 Radiolysis of Brine

Ws3 Radiolysis of Cellulose

W54 Helium Gas Production

W55 Radioactive Gases

*N = Natural FEP

* H = Human-induced EP

¢ W = Waste- and Repository-induced FEP

EIP;..M FEP Name

W56 Speciation

w57 Kinetics of Speciation

Ws8 Dissolution of Waste

w59 Precipitation of Secondary
Minerals

W60 Kinetics of Precipitation and
Dissolution

w61 Actinide Sorption

w62 Kinetics of Sorption

W63 Changes i Sorptive
Surfaces

w64 Effects of Metal Corrosion

W66 Reduction-Oxidation
Kinetics

we6s Reduction-Oxidation Fronts

w67 Localized Reducing Zones

W68 Organic Complexation

W69 Organic Ligands

W71 Kinetics of Organic
Complexation

w70 Humic and Fulvic Acids

*N = Natural FEP

* H = Human-induced EP

¢ W = Waste- and Repository-induced FEP
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Er;.m FEP Name E{gm FEP Name
W74 Chemical Degradation of w97 Chemical Gradients
Shaft Seals wos Osmotic Processes
W76 Microbial Growth on W99 Alpha Recoil
Concrete aced Diffes
: : W100 E
w115 Chemical Degradation of m‘i succi
Panel Closures w101 Plant Uptake
W75 Chemical Degradation of
Backfill -
W77 Solute Transport s o
W78 Colloid Transport
W79 Colloid Formation and
Stability w103 Accumulation i Soils
W80 Colloid Filtration
W81 Colloid Sorption
w82 Suspensions of Particles W104 Ingestion
W83 Rinse
we4 Cuttings -
W85 Cavings W10 auon
W86 Spallings
w87 Microbial Transport W106 Irradiation
w388 Biofilms
W89 Transport of Radioactive .
Gases w107 Dermal Sorption
W90 Advection s
— W108 Injection
w91 Diffusion
w92 Matrix Diffusion
*N = Natural FEP
w93 Soret Effect i e ke
¢ W = Waste- and Repository-induced FEP
W94 Electrochenucal Effects
w95 Galvanic Coupling (Outside
the Repository)
W96 Electrophoresis
*N = Natural FEP

* H = Human-induced EP
¢ W = Waste- and Repository-induced FEP
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