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Abstract

The KBS-3 method, based on multiple barriers, is the proposed spent fuel disposal method both
in Sweden and Finland. KBS-3H and KBS-3V are the two design alternatives of the KBS-3
method. Posiva and SKB have conducted a joint research, demonstration and development
(RD&D) programme in 2002—-2007 with the overall aim of establishing whether KBS-3H
represents a feasible alternative to the reference alternative KBS-3V. The overall objectives of
the present phase covering the period 2004-2007, have been to demonstrate that the horizontal
deposition alternative is technically feasible and to demonstrate that it fulfils the same long-term
safety requirements as KBS-3V. The safety studies conducted as part of this programme include
a safety assessment of a preliminary design of a KBS-3H repository for spent nuclear fuel
located about 400 m underground at the Olkiluoto site, which is the proposed site for a spent
fuel repository in Finland. In the KBS-3H design alternative, each canister, with a surrounding
layer of bentonite clay, is pre-packaged in a perforated steel cylinder prior to emplacement in
the deposition drift; the entire assembly is called the supercontainer. Several supercontainers are
positioned along parallel, 100—300 m long deposition drifts, which are sealed following waste
emplacement using drift end plugs. Bentonite distance blocks separate the supercontainers, one
from another, along the drift. Steel compartment plugs can be used to seal off drift sections with
higher inflow, thus isolating the different compartments within the drift.

The present report describes the repository evolution in successive time frames, including

key uncertainties. The description of evolution starts with the initial conditions at the time of
emplacement of the first canisters. The repository evolves through an early, transient phase to
a state where evolution is far slower. Particular attention is given to describing the transient
phase, since this is where most of the important differences between KBS-3H and KBS-3V
occur. The description of evolution in this phase addresses in turn the (i), thermal evolution,
(i1), groundwater flow and evolution of groundwater composition, (iii), mechanical evolution,
(iv), saturation and buffer swelling, (v) evolution of chemical and microbiological conditions
and (vi), evolution of the canister surface and interior. A key issue is the local variability of the
near-field rock around the KBS-3H repository drifts, which, together with the effects of gas
from the corrosion of the supercontainer shells and other steel repository components, results in
widely differing saturation times for different drift sections. Nevertheless, even in the tightest
drift sections, the buffer is expected to retain its initial water content, and will eventually fully
saturate, at which time it is expected to perform its full range of safety functions.

In the more distant future, the evolution of conditions at repository depth may be significantly
affected by major climate change, and, in particular, by the formation of ice sheets at the ground
surface. Key issues, which are common to KBS-3H and KBS-3V, are (i), the possibility that
meltwater penetrating to repository depth may lead to some erosion of the buffer, and (ii), the
impact of post-glacial earthquakes on canister integrity. The impact of anthropogenic emissions
on the magnitude and timing of future major climate changes is a key uncertainty that is also
common to the two alternatives. The description of repository evolution provides the basis for
the identification of evolution scenarios, an assessment of canister longevity and the analysis of
radionuclide release and transport in the event of canister failure.

Scenarios involving canister failure and radionuclide release are, however, also identified based
on the discussion in this report and in the KBS-3H Process Report. These are initiated, in the
first place, by:

 the presence of an initial, penetrating defect in one or more of the canisters;

» perturbations to the buffer and buffer/rock interface (some of which are specific to KBS-3H),
giving rise to an increased rate of transport of sulphide from the geosphere to the canister
surface and an increased canister corrosion rate;



» penetration of dilute glacial meltwater to repository depth, giving rise to chemical erosion
of the buffer, an increased rate of transport of sulphide from the geosphere to the canister
surface and an increased canister corrosion rate; and

» rock shear movements of sufficient magnitude to give rise to shear failure of the canisters.

No new canister failure modes have been identified compared with the KBS-3V design.
The consequences of canister failure and radionuclide release are assessed in the KBS-3H
Radionuclide Transport Report.

This report has been published also as a Posiva report, POSIVA 2007-08.
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1 Introduction

1.1 KBS-3H long-term safety studies

The KBS-3 method, based on multiple barriers, is the selected spent fuel disposal method in
both Sweden and Finland. There are two design alternatives for the KBS-3 method: KBS-3V in
which the canisters are emplaced in individual vertical deposition holes and KBS-3H in which
several canisters are emplaced in horizontal deposition drifts (see Figure 1-1). The reference
alternative for the implementing organisations, SKB in Sweden and Posiva in Finland, is
KBS-3V. Posiva and SKB have conducted a joint research, demonstration and development
(RD&D) programme in 2002—-2007 with the overall aim of establishing whether KBS-3H
represents a feasible alternative to KBS-3V. The overall objectives of the present phase, cover-
ing the period 2004-2007, have been to demonstrate that the horizontal deposition alternative is
technically feasible and to demonstrate that it fulfils the same long-term safety requirements as
the reference design KBS-3V. The safety studies conducted as part of this programme include an
evolution report for a preliminary design of a KBS-3H repository, which is the present report.

Long-term safety studies specific to KBS-3H are complemented by detailed studies of:

 the function of the bentonite buffer;

» repository design and layout adaptation to the Olkiluoto site in Finland;
* deposition equipment;

* the retrievability of the canister in KBS-3H; and

» the comparative costs of the KBS-3H and KBS-3V alternatives.

These are intended to be sufficiently comprehensive that they can be used, along with other
technical demonstration, environmental and cost studies, as a technical basis for a decision at
the beginning of 2008 on whether or not to continue the development of KBS-3H. The main
conclusions from these KBS-3H studies and answers to the high-level questions above will be
presented in the Summary of the KBS-3H Project 20042007 /SKB/Posiva 2008/.

Figure 1-1. The KBS-3V (left) and KBS-3H (right) alternatives of the KBS-3 spent fuel disposal method.
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There are currently a number of design variants under consideration for implementing KBS-3H,
as well as differences between the fuel types, between the characteristics and inventories of the
canisters, and between the designated repository site for a spent fuel repository in Finland and
the sites still under consideration in Sweden. In order to focus the KBS-3H long-term safety
studies, however, they are applied to the Olkiluoto site, in the municipality of Eurajoki, which is
the proposed site for a spent fuel repository in Finland. The reference fuel is the Finnish BWR
fuel from Olkiluoto 1 and 2 reactors and the reference design used in the KBS-3H safety assess-
ment is the Basic Design as described in the Design Description 2006. This choice of reference
design is preliminary and other design variants, also based on KBS-3H, are presented in the
Design Description 2006. At the time of selection of the reference design for the long-term
safety studies, no major differences between the Basic Design and the design alternative, termed
DAWE (Drainage Artificial Watering and air Evacuation), had been identified that were relevant
to long-term safety. The Basic Design is the outcome of several years of studies of different
design options for the drift. DAWE was introduced at a later stage in the programme to address
some uncertainties regarding the feasibility of implementing the Basic Design in less favourable
locations along the drifts. At the time of selection, however, both designs were judged to be
potentially feasible, and the Basic Design was chosen for the safety assessment. Since the
present safety assessment addresses the long-term safety of a KBS-3H repository located at the
Olkiluoto site in Finland, it is appropriate to base the assessment on Finnish regulatory require-
ments.

Specific high-level questions addressed by the KBS-3H long-term safety studies are:

» are there safety issues specific to KBS-3H with the potential to lead to unacceptable radio-
logical consequences?

* is KBS-3H promising at a site with the broad characteristics of Olkiluoto from the long-term
safety point of view?

Due to the limitations in the scope of the KBS-3H long-term safety studies, these do not cur-
rently address the questions:

* is KBS-3H more or less favourable than KBS-3V from a long-term safety point of view?

» does the specific realisation of the KBS-3H design considered in the safety studies satisfy all
relevant regulatory guidelines?

KBS-3H and KBS-3V both have features that are favourable and less favourable to long-term
safety and to its assessment. A comparative study of these favourable and less favourable
features is beyond the scope of the long-term safety studies carried out so far. Regarding the
second question, although the performance of a KBS-3H repository has been analysed in a
number of cases representing alternative evolutions of the repository and its environment and
the results compared with Finnish regulatory guidelines, the analyses have a number of limita-
tions, as described in the KBS-3H Radionuclide Transport Report /Smith et al. 2007a/. These
limitations would have to be addressed before it could be judged whether all relevant regulatory
guidelines are satisfied.

In order to judge the feasibility of implementing KBS-3H from a long-term safety point of
view, relevant safety issues must be understood as well for KBS-3H as they are for KBS-3V.
There is a broad scientific and technical foundation that is common to both alternatives, and
much of the work carried out by both Posiva and SKB in the context of KBS-3V is also directly
applicable to KBS-3H. Thus, there is comparatively much more limited documentation that

has been developed specifically relating to KBS-3H, and this documentation focuses primarily
on the differences identified between the two alternatives in a systematic “difference analysis”
reported in the KBS-3H Process Report! /Gribi et al. 2007/. Site properties and aspects of
system evolution common to the two alternatives are described in more detail in the evolution
report for a KBS-3V at Olkiluoto (/Pastina and Helld 2006/ and references therein). Much of the
information and analysis conducted by SKB in SR-Can /SKB 2006a—e/ for a KBS-3V repository

' Unless stated otherwise, the term Process Report refers to the KBS-3H Process Report /Gribi et al.
2007/.
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in Sweden is also relevant, and drawn upon extensively in KBS-3H safety studies and their
documentation.

Consistent with the “difference analysis” approach, at the start of the KBS-3H safety studies

a decision was taken to follow the SR-Can approach for process selection and to accept the
understanding and modelling basis presented in SR-Can in areas in which KBS-3H and KBS-3V
are very similar, in particular in modelling canister and fuel processes. The reason for this is

that major efforts would have to be made to advance the models beyond what was presented in
SR-Can, and such advances were not part of the KBS-3H programme mandate. Such develop-
ments may, however, be considered in future project stages for both KBS-3H and 3V.

Safety studies refer to long-term or post-emplacement safety, i.e. safety from the time of
emplacement of the first canisters in the repository. Construction and operation of the repository
drifts will continue over several decades following emplacement of the first canisters, and
long-term safety studies consider evolution and performance in this period, as well as in the
period subsequent to repository closure. The safety of the workforce and the public during
construction, operation and closure of the repository (operational safety) is, however, considered
separately from the long-term safety studies.

Differences between the fuel, canisters and repository sites under consideration in Sweden and
Finland will have to be considered in transferring the detailed findings of the current safety
studies to a Swedish context. However, since the difference analysis shows that the key differ-
ences in the evolution and performance of the two alternatives relate mainly to the engineered
barrier system, and, with the exception of overall inventory, these are broadly similar in the
Swedish and Finnish contexts, many of the broad findings on the engineered barrier system are
expected to be readily transferable.

1.2 Reporting of KBS-3H long-term safety studies

The several reports that document and support the safety studies of a KBS-3H repository at
Olkiluoto are shown in Figure 1-2 (although some are common to KBS-3H and KBS-3V and
will be developed in the context of Posiva’s KBS-3V programme). The reporting structure of the
KBS-3H safety studies is based on Posiva’s 2005 safety case plan /Vieno and Ikonen 2005/.

The overall outcome of the KBS-3H safety studies is documented in the summary report,
“Safety assessment for a KBS-3H repository for spent fuel at Olkiluoto” /Smith et al. 2007b/.
The summary report is supported by a number of further high-level reports (those shown in
Figure 1-2), one of which is this Evolution Report.

The geoscientific basis of the safety case is provided in site reports /Posiva 2003, 2005,
Andersson et al. 2007/, including the present situation at, and past evolution of, the Olkiluoto
site, and disturbances caused by ONKALO?, an underground characterisation facility that

will also serve as an access route to the repository. Data from the most recent Olkiluoto Site
Description 2006 /Andersson et al. 2007/ are referenced in the present report, although further
work is required to incorporate this data fully in future safety assessments.

The engineering basis is provided by the reports on the characteristics of spent fuel /Anttila
2005a/, canister design /Raiko 2005/, and repository design /Autio 2007, Autio et al. 2007/.
The preliminary “reference design” analysed in this report is presented in the “KBS-3H Design
Description 2006” report /Autio et al. 2007/. The reference design for the KBS-3H safety studies
(termed Basic Design) was frozen at the beginning of 2007. The KBS-3H repository design is
still ongoing and subsequent design developments are presented in the Design Description 2007
report /Autio et al. 2008/.

2 ONKALO is the Olkiluoto Underground Rock Characterisation facility for site-specific underground
investigations. ONKALO has been under construction since mid-2004 and will serve as an access
route to the repository and the first disposal tunnels are planned to be adjacent to ONKALO’s main
characterization level.

13
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Figure 1-2. The reporting structure for KBS-3H long-term safety studies. The colours of the boxes
indicate the areas covered by the reports (as listed on the right-hand side of the figure). Yellow filling
indicates reports common to the KBS-3H and -3V safety studies. All the other boxes represent reports
produced within the KBS-3H safety studies or design studies. The safety assessment for a KBS-3H spent
nuclear fuel repository at Olkiluoto is presented in the Summary report. For details see the main text.

The scientific understanding supporting the long-term safety studies is described in a Process
Report /Gribi et al. 2007/ and in the present Evolution Report. The Process Report, as its name
indicates, describes the individual processes and discusses the relevance of selected processes
(e.g. gas generation) through scoping calculations. The Evolution Report describes the most
relevant processes identified in the Process report, but in broadly chronological order, highlight-
ing the interactions between the processes and their coupling whenever possible, starting from
repository construction and continuing up to one million years from the beginning of repository
operations.’

The Process and Evolution Reports provide the basis for the selection of the assessment cases
calculated in the Radionuclide Transport Report /Smith et al. 2007b/. A Complementary
Evaluations of Safety Report /Neall et al. 2007/ provides additional arguments, mostly non
quantitative, on the long-term safety aspects of a KBS-3H repository located at the Olkiluoto
site. A Biosphere Analysis Report /Broed et al. 2007/ was produced in parallel to the above-
mentioned reports using input from the KBS-3H radionuclide transport report and the main
conclusions on the ensuing releases to the biosphere are summarised in the present safety
assessment summary report.

These high-level reports are further supported by more detailed technical reports compiled in
support of KBS-3H long-term safety studies, including reports on thermal analyses /Ikonen
2003, 2005/, thermo-mechanical analyses /Lonnqvist and Hokmark 2007/, layout studies based
on analyses of data from the Olkiluoto site /Hell4 et al. 2006/, discrete fracture network model-
ling of the site /Lanyon and Marschall 2006/, analyses of hydro-mechanical, chemical, gaseous
and microbiological (HMCGB) processes related to the steel components /Johnson et al. 2005/,
experimental and modelling studies on the interaction of iron and bentonite /Carlson et al. 2006,
Wersin et al. 2007/, and solubility estimation in support of radionuclide release and transport
calculations /Grivé et al. 2007/.

3 A certain degree of overlap between the Process and the Evolution Reports is unavoidable and deemed
beneficial if the reports are read separately. However, the authors recognise that it is preferable to read
both the Evolution and Process Reports together to fully grasp the couplings and relative importance
of processes in such a complex system.
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1.3 Purpose and scope of this report

This report provides a description of the evolution of a preliminary design of a KBS-3H
repository constructed deep underground at a depth of about 400-500 m at the Olkiluoto site
in Finland, and identifies some of the current uncertainties affecting this evolution.

This report discusses in detail those aspects of the evolution of a KBS-3H repository that differ
from those of KBS-3V, while mostly summarising other aspects. Many aspects are the same

or very similar in both designs. Furthermore, the essential elements of the KBS-3H safety
concept — i.e. the conceptualisation of how the proposed system provides safety — are shared
with KBS-3V. This common KBS-3 safety concept is illustrated in Figure1-3, which shows
the primary roles and relationships between the different technical components of the disposal
systems.

Early in the evolution of the repository, significant mass and energy fluxes occur as a result of
the various gradients created by repository construction and emplacement of the spent fuel. In
both KBS-3H and KBS-3V, the system evolves from the initial state through an early, transient
phase towards a quasi-steady state, in which key safety-relevant physical and chemical char-
acteristics (e.g. temperature, buffer density and swelling pressure) are subject to much slower
changes than in the transient phase. It is in the transient phase that most of the significant differ-
ences in evolution between the two alternatives arise, although there are also some differences
at later times (for example, in the impact of post-glacial faulting and in the gas-induced release
of dissolved radionuclides in the case of a defective canister). Thus, the transient evolution of
the repository and, in particular, the evolution of the KBS-3H buffer to a state of full saturation,
receives particular attention in this report (Chapter 5).

ISOLATION, RETENTION, RETARDATION,
AND DILUTION OF RADIONUCLIDES

SLOW TRANSPORT IN
THE GEOSPHERE
SLOW RELEASE FROM
THE SPENT FUEL
MATRIX
SLOW DIFFUSIVE
TRANSPORT IN THE
BUFFER

Figure 1-3. Outline of the safety concept for a KBS-3 type repository for spent fuel in crystalline
bedrock. Red pillars link characteristics of the disposal system to other characteristics on which they
primarily depend. Green boxes and pillars indicate secondary characteristics and dependencies /after
Posiva 2006/.
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1.4 The regulatory context

The present safety assessment addresses the long-term safety of a KBS-3H repository for
Finnish spent fuel located at the Olkiluoto site in Finland. It is therefore appropriate to base the
assessment on Finnish regulatory requirements*. The regulatory requirements for a spent fuel
repository at Olkiluoto are set forth in the Government Decision on the safety of the disposal

of spent nuclear fuel /STUK 1999/ and, in more detail, in Guide YVL 8.4 issued by the Finnish
regulator /STUK 2001/. These requirements are, however, currently under revision. A detailed
discussion of regulatory requirements related to the safety case, including dose and radionuclide
release constraints in different time frames, is given in Posiva’s TKS-2006 describing the
programme for research, development and technical design /Posiva 2006/. Some key points
relevant to the present report are summarised below.

Finnish regulations distinguish between the “environmentally predictable future” (lasting
“several thousand years”), during which conservative estimates of dose must be made, and the
“era of large-scale climate events” when periods of permafrost and glaciations are expected,

and radiation protection criteria are based on constraints on nuclide-specific activity fluxes from
the geosphere (“geo-bio flux” constraints). Posiva’s interpretation of the duration of the “envi-
ronmentally predictable future” is typically 10,000 years. The annual effective dose constraint
for the most exposed members of the public applicable over this time frame is 10 Sv per year,
while the average annual effective doses to other members of the public should, according to the
regulations, remain insignificantly low. It is also stated in YVL 8.4 that the radiation exposure of
flora and fauna shall remain clearly below the levels that would cause decline in biodiversity or
other significant detriment to any living population on the basis of the best available scientific
knowledge. Moreover, rare animals and plants as well as domestic animals shall not be exposed
detrimentally as individuals.

Regarding the characteristics and performance of the engineered barrier system, YVL 8.4
requires that:

The barriers shall effectively hinder the release of disposed radioactive substances into the host
rock for several thousands of years.

The early (transient) evolution, which, as mentioned above, receives particular attention in this
report, occurs within this time frame.

The importance to long-term safety of unlikely disruptive events shall, according to regulations,
be assessed. According to STUK, these events are to include at least:

* Dboring a deep water well at the disposal site;
 core drilling hitting a spent fuel canister; and
» asubstantial rock movement occurring in the environs of the repository.

The likelihood and consequence of the first two events is not considered to differ significantly
between KBS-3V and KBS-3H repositories (although some differences in the probability of

a vertical borehole intersecting vertically emplaced canister exist compared with horizontally
emplaced canisters) and these are not discussed in the present report. The impact of substantial
rock movement occurring in the environs of the repository is, however, discussed in Chapter 7
in the context of post-glacial earthquakes.

In the very long term, after at least several hundred thousand years, no rigorous quantitative
safety assessment is required, but the judgement of safety can be based on more qualitative
considerations.

4 The differences between the Swedish and Finnish regulatory systems are discussed in Appendix C of
the Complementary Evaluations of Safety Report /Neall et al. 2007/.
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1.5  Structure of this report
The structure of this report is as follows:

Chapter 2 describes the Olkiluoto site, the KBS-3H design and the long-term safety require-
ments on the KBS-3H system components.

Chapter 3 provides a borad comparison of KBS-3V and KBS-3H, identifying where the impor-
tant differences lie with respect to repository evolution.

Chapter 4 describes the initial conditions within and around a KBS-3H deposition drift, and
gives a broad description of the KBS-3H engineered barrier system for the design variants
currently under consideration.

Chapter 5 describes the evolution of a KBS-3H repository in the transient phase. The chapter
deals separately and in turn with (i), thermal evolution, (ii), groundwater flow and evolution
of groundwater composition, (iii), mechanical evolution, (iv), saturation and buffer swelling,
(v) the evolution of chemical and microbiological conditions and (vi), the evolution of the
canister surface and interior.

Chapter 6 deals with the evolution subsequent to the transient phase and prior to the next major
climate change.

Chapter 7 deals with the effects of major climate change, focussing on aspects with a different
significance to, or potential impact on, KBS-3H compared with KBS-3V.

Chapter 8 deals with evolution of a canister that is assumed to have an initial, penetrating defect.
Chapter 9 discusses evolution in the farthest future.

Chapter 10 provides a summary of the evolution of a KBS-3H repository, based on the descrip-
tions in Chapters 5-9.

Chapter 11 discusses the implications of the evolution of a KBS-3H repository for radionuclide
release and transport, proving a list of scenarios to be considered in the radionuclide release and
transport calculations documented in the Radionuclide Transport Report /Smith et al. 2007a/.

Chapter 12 discusses various issues that will require further work.

The report has two appendices. The first describes the DAWE design variant, which is one of
two broad realisations of KBS-3H currently under consideration. The description of system
evolution in the main text concerns the Basic Design, which is the chosen reference design

for the long-term safety studies® reports (including this report). The second appendix presents
various scoping calculations that have been carried out to support some of the statements made
in the main text. Much of the material in this second appendix is duplicated in, or slightly
adapted from, sections of the KBS-3H Process Report /Gribi et al. 2007/.

> All further uses in this report of the term “safety studies” refer to long-term safety studies.
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2 Disposal site and KBS-3H repository description

2.1  The spent fuel inventory

For the present safety studies, the working hypothesis is that a Finnish repository for spent
fuel will need to accommodate approximately 5,500 tU of fuel, encapsulated in approximately
3,000 canisters /Pastina and Helld 2006/. This comprises fuel from the following facilities:

* Loviisa 1-2: 700 canisters containing 1,020 tU of spent fuel
* Olkiluoto 1-2: 1,210 canisters containing 2,530 tU of spent fuel
Olkiluoto 3: 930 canisters containing 1,980 tU of spent fuel

* Total: 2,840 canisters and 5,530 tU from the spent fuel

The reference fuel used in KBS-3H safety studies is the BWR fuel from the Olkiluoto 1 and

2 reactors. Finnish fuel has an average burn-up of 37-39 MWd/kgU and a maximum burnup of
45 MWd/kgU for Loviisa and 50 MWd/kgU for Olkiluoto. Spent fuel inventory estimates are
based on maximum discharge burnup of 45 and 50 MWd/kgU. These estimates may change in
the future along with the development of reactor load factors, fuel designs and burnup.

2.2 The Olkiluoto site

2.2.1 Reporting of site investigations

The following sections give a brief description of the Olkiluoto site, the location of which is
shown in Figure 2-1, which also indicates the Swedish sites at Forsmark and Laxemar that were
the subject of SR-Can. The description, which focuses largely on those aspects most relevant to
the present Evolution Report, is based on the comprehensive overview of investigations carried
out at Olkiluoto up to the year 2005, most recently compiled into Site Report 2006 /Andersson
et al. 2007/. This description is, in turn, an update of the descriptions provided in the Baseline
Report /Posiva 2003/ and 2004 version of the site description /Posiva 2005/. An extensive sum-
mary of the site description is provided in Chapter 11 of /Andersson et al. 2007/.

2.2.2 Surface conditions, overburden and bedrock geology

Olkiluoto is a relatively flat island with an average height of 5 m above sea level and with the
highest point at 18 m above sea level. The island is covered by forest and shoreline vegetation.
The sea around the island is shallow, with a depth mainly less than 12 m within 2 km of the
current shoreline. The elevations relative to sea level are continuously changing, since the
apparent rate of uplift is significant at 6 mm per year, mainly due to isostatic adjustment of
the bedrock (Section 2.2.6).

The overburden, both onshore and offshore is mostly till. The other terrestrial sediment types
are, in order of abundance, fine sand, sand and silt, with the thickness of the overburden mostly
being between 2 and 4 m, although deposits up to 12 to 16 m in thickness have been observed in
rock surface depressions /Lahdenperi et al. 2005, Posiva 2005/. The groundwater table follows
the surface topography and is mainly 0 to 2 m below surface, with some exceptions. Olkiluoto
Island forms its own hydrological unit; the surface waters flow directly into the sea /Lahdenperd
et al. 2005, Posiva 2005/. Infiltration of surface water is currently being investigated. Current
(and provisional) estimates are approximately 1-2% of the annual precipitation. The evolution
of surface conditions and local ecosystem are described in more detail in the Terrain and
Ecosystems Development Model Report /Ikonen et al. 2007/.
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Figure 2-1. The location of the Olkiluoto site, which is the subject of the present study, and the
Forsmark and Laxemar sites, which were the subject of SR-Can.

The bedrock at Olkiluoto belongs to the Svecofennian domain of Southern Finland and com-
prises a range of high-grade metamorphic and igneous rocks. The metamorphic rocks include
various migmatitic gneisses and homogeneous, banded or only weakly migmatised gneisses,
such as mica gneisses, quartz gneisses, mafic gneisses and tonalitic-granodioritic-granitic
gneisses. The igneous rocks comprise abundant pegmatitic gneisses and sporadic narrow
diabase dykes /Andersson et al. 2007/.

Three different alteration episodes can be identified at Olkiluoto, which have affected the
chemical composition and mineralogical character of the altered rocks and, as a consequence,
the physical properties of the bedrock:

» aretrograde phase of metamorphism, which affected the bedrock during the Svecofennian
Orogeny about 1,900 to 1,800 million years ago;

» hydrothermal alteration processes, which are estimated to have taken place at temperatures
from 50°C to slightly over 300°C and are thought to be related to the late stages of metamor-
phism, to the emplacement of rapakivi granites 1,580 to 1,570 million years ago and to the
intrusion of olivine diabase dykes 1,270 to 1,250 million years ago; and

o surface weathering, which probably dates back some tens of millions of years and is
currently still active.

The bedrock was deformed in a ductile manner during the Svecofennian Orogeny and was
subsequently affected by several tectonic events that resulted in brittle deformation.
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Large post-glacial earthquakes have been observed in Northern Finland and elsewhere in
Northern Fennoscandia. In Southern Finland, however, although some small post-glacial faults
with scarp heights up to 20 cm have been found, none have been identified so far at Olkiluoto
/Lindberg 2007/. Seismic activity in the Olkiluoto region is currently low (see, e.g. /La Pointe
and Hermanson 2002, Enescu et al. 2003, Saari 2006/). GPS and seismic measurements at
Olkiluoto show rock movements of less than 0.1 mm per year /Posiva 2003/. Concerning past
seismic movements, in particular those related to post-glacial earthquakes, no signs of rock
displacements were found in a recent mapping campaign on outcrops in the islands surrounding
Olkiluoto /Lindberg 2007/. On a larger spatial scale, a study of seismicity in the Olkiluoto area
based on historical observations of earthquakes within 500 km of the site /Saari 1997/ showed
that all significant earthquakes (M > 3.5) are related to the Saaristomeri-Paldis-Pskov seismic
zone, which is no closer than 35-40 km to Olkiluoto. Zones 20 km SW of Olkiluoto and 35 km
NE of Olkiluoto have been identified that are possibly related small (2.7 <M < 3.1) earthquakes
/Saari 1997/. /Hutri 2007/ has studied traces of Holocene palacoseismicity in the sea around
Olkiluoto and identified possible relicts of post-glacial reactivation in soft sediment features in
the straight just north of Olkiluoto (e.g. faults, slides, slumps and pockmarks). Dating results
support the suggestion that major seismic activity was greatest during a short period after the
last deglaciation. The lack of indications of recent significant seismic activity at Olkiluoto,
together with indications of post-glacial reactivation in the past, suggest that major seismic
activity in the future is also likely to occur with the greatest frequency following glaciations
/Andersson et al. 2007/, although infrequent but significant seismic events during inter-glacial
periods cannot be excluded.

Ongoing geological characterisation and modelling will give more insight into the character-
istics of deformation zones at the site and their potential to host future large post-glacial
earthquakes.

2.2.3 Rock fracturing and groundwater flow

Polyphase deformation has resulted in a network of fractures and fracture zones with different
scales within the Olkiluoto bedrock. The frequency, spatial distribution, size distribution, shape
and orientation of these structures affect both the hydraulic and mechanical properties of the
rock. The fracture zones often constitute dominant paths for groundwater flow and their size
also determines the size of rock shear movements taking place in the zone. As noted above,
hydrothermal alteration has occurred in certain domains in the rock mass, and this also affects
its strength and transport properties.

Information has been gathered on the occurrence, frequency and orientation of transmissive
fractures at Olkiluoto. Up till now, the focus of the hydrogeological modelling has been on
identifying and characterising the major hydraulically active deformation zones, whereas the
rock masses between these zones have been given average hydraulic properties. However, for
assessing the evolution of the engineered barrier systems and for modelling the performance
of the geosphere transport barrier, it is also necessary to describe the flow system at the scale
of individual fractures. Detailed data on the fractures exist, but so far the analyses of these data
have focused on those fractures reflecting likely conditions in the deposition drifts /Helld et al.
20006/.

According to these analyses, transmissive fractures at relevant depths, especially those with
transmissivities higher than 10®* m? s™!, are concentrated mainly in local zones of abundant
fracturing. Fractures with lower transmissivities occur outside these zones, but also tend to

form clusters /Helld et al. 2006/. The rock matrix between fractures has an average porosity

of 0.14% /Autio et al. 2003/ and a low hydraulic conductivity so that water fluxes through it

are negligible compared to that through fractures. The estimates of /Hella et al. 2006/ may be
revised as a result of the ongoing detailed site characterisation work at ONKALO and associated
modelling.
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Calcite and a range of clay minerals (illite, smectite, kaolinite, vermiculite and chlorite) make
up most of the fracture filling. Pyrite is also abundant, mainly as coatings on calcite grains.
Pyrite has been observed in all boreholes studied so far at the site. These fracture fillings play
an important role in the hydrogeochemical conditions at Olkiluoto and their evolution.

2.2.4 Groundwater composition

Groundwater composition at Olkiluoto has been extensively investigated, and baseline condi-
tions are described in /Posiva 2003/ and /Pitkédnen et al. 2004/. Generally, chemical conditions in
the groundwater are stable at depth at Olkiluoto and reactions and transport processes proceed
slowly, but may be perturbed by the presence of the repository and by external events occurring
in the far future, such as major climate change. Thus, a description of the present-day flow
distribution and groundwater composition at the site, and also their history and prognoses for
future evolution, have also been developed based on hydrogeological and hydrogeochemical
studies and modelling.

The groundwater composition over the depth range 0 to 1,000 m at Olkiluoto is characterised
by a significant range in salinity (see, e.g. Figure 11-8 in /Andersson et al. 2007/). Fresh
groundwater with low total dissolved solids (TDS less than about 1 g/l) is found only at shallow
depths, in the uppermost tens of metres. Brackish groundwater, with TDS up to 10 g/l dominates
at depths between 30 m and about 400 m. Saline groundwaters (TDS > 10 g/l) dominate at still
greater depths. The current salinity of groundwater at repository depth (400 to 500 m below
ground) ranges from 10 to 20 g per litre TDS /Andersson et al. 2007/. Chloride is normally the
dominant anion in all bedrock groundwaters. Near-surface groundwater is also rich in dissolved
carbonate and groundwater at depths between about 100 and 300 m is characterised by high
sulphate concentrations. The sulphate content in the sulphate-rich brackish groundwater is at
maximum about 500 mg/l. Both carbonate and sulphate concentrations decrease significantly at
greater depths. Sodium and calcium dominate as main cations in all groundwaters, and magne-
sium is also notably enriched in sulphate-rich waters.

The ions dominating in different groundwater types reflect the origins of their salinity. In
crystalline rocks, high dissolved carbonate content is typical of meteoric groundwaters that
have infiltrated through organic soil layers. High sulphate content indicates a marine origin in
crystalline rocks without sulphate mineral phases. More generally, the wide groundwater salin-
ity variations at Olkiluoto can be interpreted in terms of varying degrees of mixing of certain
reference water types, together with a range of water/rock interactions that buffer pH and redox
conditions and stabilise groundwater composition. The reference water types are present-day
Baltic seawater and four different groundwater types, termed, in order of decreasing age, brine
reference, glacial reference, Littorina (Sea) reference and meteoric water. The groundwater
flow and composition near to the surface is characterised by a dynamic hydraulic regime and a
significant imprint of young meteoric waters. Below about 300 m depth, studies of methane and
of isotopic composition indicate that the deep stable groundwater system has not been disturbed
by glacial and post-glacial transients and that neither oxidising glacial meltwater® nor marine
water have mixed in this deeper system.

Redox conditions deep underground are reducing, and are buffered by a range of redox
processes, with microbes playing an important role. The anaerobic reduction of sulphate to
sulphide at the interface where sulphate-rich marine derived brackish groundwater comes into
contact with deeper, methane-rich saline groundwater results in an abundance of sulphide in the
groundwater at repository depth, the highest measured sulphide concentration being 12 mg per
litre. In a repository, sulphide may diffuse through the buffer and react with the copper canister,
as described in various sections of this report. Sulphide ions thus play an important role in
considerations of canister lifetime.

¢ Glacial meltwater is a very dilute ice-melting water. Saline groundwater represents a water with a

salinity, expressed as Total Dissolved Solids of about 20 g/l. For detailed composition of the waters
used in the assessment, see Appendix D of Radionuclide Transport report.
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The variation of dissolved gas composition with depth at Olkiluoto, the origin of gases and their
coupling to chemical reactions with other dissolved species is discussed in detail in /Pitkdnen
and Partamies 2007/. Dissolved nitrogen and methane content is high in Olkiluoto groundwater,
nitrogen being the dominant dissolved gas in the upper 300 m with methane being dominant at
greater depths. Methane is potentially relevant to canister corrosion in that it may participate in
the reduction of sulphate in the groundwater to sulphide in the presence of sulphate reducing
bacteria. Methane in the groundwater is thought to have two primary sources. Thermal abio-
genic hydrocarbons (a crustal inorganic carbon source without biogenic processes) dominate

in the deepest sampled groundwaters, where the highest methane concentrations are found, and
are near to saturation values. It may be speculated that methane percolates from great depths or
even from the Earth’s mantle and that the source term is practically infinite. At shallow depths,
the methane content of the water decreases and the fraction of biogenic methane increases
steadily. At repository depth, biogenic methane dominates. The concentration is lower here than
at greater depths and is far from saturation, but, as noted in Chapter 12, the role of methane in
the reduction of sulphate to sulphide, its evolution over time and its impact on canister lifetime
are issues requiring further investigation. In sulphate-rich groundwater above about 300 m
depth, only traces of hydrocarbons are observed, consistent with the possibility that dissolved
methane reacts with sulphate in a system where sulphate reducing bacteria are present.

The pH conditions in the deep aquifer system at Olkiluoto are well buffered by the presence
of abundant carbonate and clay minerals found in fracture fillings. The pH values at relevant
depths are generally in the range 7.5-8.2 /Pitkanen et al. 2004/.

2.2.5 Rock stress

The stress state at the Olkiluoto site has been determined for different depths /Johansson et al.
2002a, Posiva 2005, Andersson et al. 2007/. The repository drifts will be aligned as much as
possible with the direction of the maximal horizontal stress for reasons of mechanical stability
(see Section 2.2.7). Regional data indicate that the mean orientation of the maximum horizontal
stress is roughly E-W, but the data display a large scatter, so that it is currently uncertain
whether the stress orientation at the site differs from the mean regional orientation. At 500 m,
the maximal horizontal stress is estimated to be between 15 and 31 MPa and the minimum
horizontal stress is estimated to be in the range 10 to 18 MPa. The vertical stress is estimated to
be between 7 and 15 MPa at 500 m. The major principal stress is subhorizontally orientated, and
is thus slightly larger in magnitude than the maximum horizontal stress. The other two principal
stress components vary significantly in magnitude and orientation between the different
measurement locations, indicating the need to relate the stress field to geological structure and
to conduct associated numerical analyses. The minimal principal rock stress is relevant to the
early evolution of the repository in that it may affect, for example, the maximum gas pressures
that can develop around the repository as a result of gas generation by the corrosion of steel
components. In Section 5.5, a minimal principal rock stress of 9 MPa is tentatively assumed.

2.2.6 Post-glacial adjustment

During the last glacial maximum, 17-22 thousand years ago, the Fennoscandian ice sheet
reached as far south as northern Germany. The thickness of the ice sheet at that time is thought
to have been about 2 km over Finland /Lambeck et al. 1998/. The weight of the ice mass against
the viscous mantle caused the Earth’s crust to sink some hundreds of metres. As the ice sheet
started to melt about 13,500-10,300 years ago, the crust started to rise. The crust is currently
still in the process of returning to its position of isostatic equilibrium.

The most obvious consequences of postglacial adjustment in Fennoscandia are the land uplift
along both sides of the northern part of the Baltic Sea and the concomitant retreat of the
shoreline. Olkiluoto Island began to emerge from the Baltic Sea about 3,000-2,500 years ago.
Currently, the rate of isostatic post-glacial uplift at the site is estimated to be 6.8 mm per year
/Johansson et al. 2002b, Kahma et al. 2001, Eronen et al. 1995/. The apparent uplift rate, which
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is the rate of isostatic uplift minus the eustatic component due to sea-level change associated
with the changing shapes of the sea basins, is 6 mm per year (this does not include the impact
of global sea level change). The land uplift rate is expected to vary little over the next few
centuries, but will decrease significantly within the next few thousand years /Mékiaho 2005,
Pésse 1996, 1997, 1998/. Such post-glacial land uplift is not to be confused with tectonic uplift,
which in Finland is very slow, as discussed in the Complementary Evaluations of Safety Report
/Neall et al. 2007/.

2.2.7 Repository layout and depth

The layout of a repository at Olkiluoto will be adapted according to the locations of major
deformation zones, which will be avoided when constructing deposition drifts. Two broad
arrangements of deposition drifts are currently under consideration: 1) a one-storey facility with
deposition drifts at a depth of approximately 400 metres (reference design) or 2) a two-storey
facility with deposition drifts at depths of approximately 400 and 500 metres (alternative
design). This report addresses the evolution of a one-storey repository only, although any
differences compared with the alternative design are expected to be minor.

The number, length and orientations of the drifts themselves will be constrained by a range of
factors, including safety-related requirements regarding:

» the hydraulic properties of fractures intersecting the deposition drifts at canister and buffer
emplacement locations;

* the maximum allowable temperature within the deposition drifts; and

* the extent and hydraulic conductivities of the excavation-damaged zones (EDZs) around the
drifts, including the risk of rock spalling.

Efforts will be made to avoid fractures at canister emplacement locations that could undergo
shear movements that could damage the canisters in the event of a large post-glacial earthquake
(Section 7.4.5). The extent to which it will be possible to identify and avoid fractures capable

of undergoing potentially damaging displacements is currently under investigation for both
KBS-3V and KBS-3H. The amount of shear movement that will occur as a result of future post-
glacial earthquakes is uncertain, but is related to fracture size. The size of fractures will, to some
(uncertain) extent, be correlated to their transmissivity, and the more transmissive fractures

(and fractures with the highest initial inflow) will be avoided for reasons outlined below and

in Appendix B.2.

According to the simulations by /Helld et al. 2006/ (see Section 4.1.2), repository drifts

are likely to pass through long relatively tight, sparsely fractured sections of rock between
localised clusters of transmissive fractures. In the current reference design, ~ 10 m long drift
sections’ with initial inflows higher than 0.1 litres per minute will be excluded as canister and
buffer emplacement locations in order to limit the possibility of piping and erosion during the
operational period and subsequent period of buffer saturation (Section 5.5.6 and Appendix L
of /Autio et al. 2007/). This implies that transmissive fractures that could give rise to relatively
high flows around the repository drift in the longer term, once the drift is saturated, will also be
avoided.

The relationship between initial inflow and longer-term flow is, however, complicated by a
number of factors. On the one hand, grouting may reduce the observed inflow of some larger
aperture fractures. On the other hand, a larger leakage elsewhere may reduce the hydrostatic
pressure at the observation point and thus give a wrong interpretation of the observed inflow.
Furthermore, initial inflows may also be reduced by drawdown of the water table, which will
give a reduction in the hydrostatic pressure at repository depth; the impact of other open reposi-
tory tunnels and drifts; and potentially by mineral precipitation and degassing in the fracture.

710 m is the approximate combined length of a supercontainer and distance block, as defined in
Section 2.3.
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These are generally transient effects which do not affect flow in the longer term, once the drifts
are saturated. Finally, inflow is determined not only by the hydraulic properties of fractures
intersecting the drift, but also by those of other connected fractures in the wider fracture
network.

The grout is likely to become degraded and ineffective in reducing flow in the longer term. In
view of current uncertainties in the performance of any grout, an inflow of less than 0.1 litres
per minute prior to grouting is used as a criterion for a drift section to be suitable for the
emplacement of canisters and buffer in deriving a preliminary repository layout.

In many of the scoping calculations and radionuclide release and transport calculations carried
out for the KBS-3H safety studies, it is tentatively assumed that the highest transmissivity

of any fracture intersecting a drift at locations where canisters and buffer are emplaced is

3 x 107 m?s™". This assumption, which is discussed further in Appendix B.2, is based on an
application of Darcy’s law in a radial configuration (Thiem’s equation; Eq. B.2-1) to a single
fracture giving an inflow of 0.1 litres per minute, assuming a 4 MPa pressure difference
between the drift and the undisturbed rock during saturation and a distance of 50 m between the
drift wall and the nearest major fracture zone. In view of the factors mentioned above, higher
transmissivities cannot currently be excluded (radionuclide release and transport calculations
include the possibility that a higher transmissivity fracture intersects the drift at the location of a
failed canister in a variant case — see /Smith et al. 2007a/), but a transmissivity of 3 x 10° m?s™!
at a canister and buffer emplacement location is nevertheless considered to be towards the high
end of the expected distribution.

The maximum allowable temperature in the buffer is currently set at 100°C. This limit should
favour the thermal and mineralogical stability of bentonite. According to /Pusch and Karnland
1990/, irreversible chemical changes such as illite formation® and cementation that would reduce
swelling capacity are expected to be insignificant below 100°C (Section 2.5.9 of /SKB 2006b/),
although, as noted in Chapter 12, the possibility of cementation due to silica precipitation is an
issues requiring further investigation. The 100°C limit is met through an adequate spacing of the
canisters along the drift using distance blocks of sufficient length (Section 2.3), and through an
adequate spacing between the drifts /Ikonen 2003/.

Finally, the orientations of the drifts in relation to the stress field in the rock are selected, in
part, to minimise the extent and hydraulic conductivities of the excavation-damaged zones
(EDZs) around the drifts and in part to minimise the risk of rock spalling (although additional
design measures may be needed to avoid thermally-induced rock spalling in tight drift sections
— Section 5.4.5).

A preliminary layout for a one-storey facility based on the current bedrock model and the
hydraulic, thermal and mechanical considerations described above is given in /Johansson et al.
2007/. In this preliminary layout, which is illustrated in Figure 2-2, the repository is constructed
in a single layer at a depth in the range 400 to 420 m below ground (note that the drifts are
slightly inclined to the horizontal to facilitate drainage during construction and operation — see
Figure 2-4). The layout is based on a drift separation of 25 m, and a canister pitch ranging from
9.1 to 11 m, depending on the specific Finnish fuel type under consideration (see Table 4-1)
The layout features 170 deposition drifts with an average length of 272 m. It is estimated by
/Johansson et al. 2007/ that about 25% of the total drift length is unusable for canister and buffer
emplacement (see the discussion of groundwater control and compartmentalisation of the drifts
in Section 2.3.3). Thus, the total “usable” drift length is about 34,700 m, which is sufficient for
the approximately 3,000 canisters to be emplaced in the current KBS-3H reference design, as
described in Section 2.3. The drifts are orientated at 120°, with their axes close to the direction
of maximum horizontal stress (Section 2.2.5).

8 Tllitisation also requires a supply of potassium from the groundwater, which may limit the rate at
which this process can occur at higher temperatures.
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Figure 2-2. Example layout adaptation of a KBS-3H repository at Olkiluoto at a depth of about 420 m
below ground /after Johansson et al. 2007/. Grey areas indicate the area that the layout is not allowed
to intersect due to the proximity of hydraulically conductive zones (termed “hydrogeological zones”

in the Site Description 2006 /Andersson et al. 2007/). These zones are shown in blue. Features shown
in green are not considered to be layout determining, and may thus intersect the deposition drifts. The
layout is based on the bedrock model presented in the Site Description 20006, in which the hydraulically
conductive zones and their extensions are taken into account.

This preliminary layout uses about 95% of the currently well-characterised and available
bedrock resource’ at Olkiluoto, which takes into account the major fracture zones shown in
Figure 2-2, respect distances to investigation boreholes, the access tunnel to the ONKALO, the
shoreline of Olkiluoto Island, and the boundaries of the current investigation area. Although the
margin for uncertainties is therefore small in this layout, it would, if necessary, be possible to
increase this margin by extending the current investigation area (there is, for example, land to
the east that is potentially available) or constructing the repository in multiple layers.

2.2.8 Impact of repository excavation

Construction of the repository will significantly perturb mechanical, hydrogeological and
geochemical conditions deep underground. The resulting state of the bedrock at repository
depth at the time of emplacement of the first canister, including rock stress, ambient rock
temperature, fractures and fracture zones and groundwater composition and flow are described
in Section 4.1.1. Transient perturbations are also described in Chapter 5.

2.3 Repository design

2.3.1 General description

In KBS-3H, the spent fuel is encapsulated in copper canisters with cast iron inserts. Each
canister, with a surrounding partly saturated layer of bentonite clay, is placed in a perforated
steel cylinder prior to emplacement and the entire assembly is called the supercontainer.

®  For comparison, the current reference KBS-3V layout at Olkiluoto uses about 80% of the available

bedrock resource /Johansson et al. 2007/.
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The supercontainers are deposited coaxially in the drifts, supported on steel feet to leave an
annular gap to the drift wall (about 4 cm in the current reference design). Bentonite distance
blocks separate the supercontainers, one from another, along the drift. A section of drift with
two supercontainers and two distance blocks is shown in Figure 2-3. Void spaces around the
supercontainers and distance blocks will become filled with bentonite as the drift saturates and
the bentonite swells, although the rate at which this occurs may vary considerably along the drift
due to the heterogeneity of the rock and the variability of water inflow, as discussed at length in
Chapter 5. The bentonite inside the supercontainers and the bentonite distance blocks are jointly
termed the buffer.

2.3.2 Design options under consideration

Localised water inflow along the drift may potentially give rise to large hydraulic pressure
differences along the drift between the void spaces around neighbouring supercontainers. A key
consideration in the development of the present reference and alternative designs is to minimise
the possibility that these pressure differences develop rapidly, before the bentonite of the
distance blocks swells and contacts the drift walls and a high swelling pressure and bentonite
density develop at this interface. The concern is that, if high pressure differences develop too
rapidly, this could result in movement of the distance blocks and supercontainers, or in transient
water flows (“piping”) along the interface, which could in turn lead to erosion and loss of
bentonite density in some supercontainer sections, and possibly an increase in density in others.

Two broad design options are currently being developed in parallel. The Basic Design is the
current reference design chosen for safety studies and is described below (some alternative
realisations of the Basic Design are described in Appendix K of /Autio et al. 2007/). The
Drainage, Artificial Watering and air Evacuation (DAWE) design variant is described briefly
in Appendix A.

Each design option has a number of open design issues (e.g. physical dimensions of some
components) that are still under consideration, thus both design options are considered to be
preliminary. After the main design features have been fixed, development will concentrate on
dimensioning of components and confirmation that they will perform their intended design
functions. The current reference design, Basic Design, as described in the following sections,
is the basis for description of repository evolution in this report.

In all design options, the copper canisters are fully retrievable, as will be described in the
coming Design Description 2007 /Autio et al. 2008/. An SKB report evaluating canister retriev-
ability techniques for both KBS-3H and KBS-3V /Kalbantner and Sjoblom 2000/ concluded that
canister retrieval feasibility is equivalent for both horizontal and vertical disposal alternatives.
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Figure 2-3. Illustration of a section of a KBS-3H deposition drift with two supercontainers separated
by a distance block. The 5.475 m distance block length is for the reference fuel for the present safety
studies (BWR spent fuel from the Olkiluoto 1 and 2 reactors).
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2.3.3 Groundwater control and compartmentalisation of the drifts

Groundwater control measures in the form of pre- or post-grouting to reduce inflow to the drifts
will be implemented for reasons of engineering practicality and operational safety, and to limit
the possibility of piping and erosion of the buffer during the operational period. Currently, the
possibility of using a large-scale post-grouting device (called Mega-Packer, see /Autio et al.
2007/) to inject Silica Sol, or other types of grout (low-pH cement) into transmissive fractures
is being investigated

The performance of grout in reducing inflows is currently uncertain, and grout cannot be relied
upon in the long term to reduce groundwater flow around the drifts. Thus, irrespective of any
grouting that is undertaken, transmissive fractures intersecting the drift may render particular
sections unsuitable for the emplacement of supercontainers and distance blocks. In the current
reference design, additional “filling blocks” are emplaced in those ~ 10 m long drift sections
where the total inflow to the section exceeds about 0.1 litres per minute, but excluding those
higher inflow drift sections where inflow exceeds about 1 litre per minute even after grouting'’.

The maximum allowable inflow of 1 litre per minute is thus higher in the case of filling blocks
compared with the 0.1 litres per minute allowed for distance blocks. This is because of the
different functions of these two components. The distance blocks should prevent significant
water flow by piping between adjacent supercontainer drift sections during saturation of the
drift, which could otherwise lead to buffer erosion. The limit of 0.1 litres per minute is related
to this requirement. The filling blocks, on the other hand, are not used to separate adjacent
supercontainers and so the prevention of piping is not a primary consideration in deciding
where they can be emplaced. There is, however, a requirement to avoid erosion of these blocks
by water flowing around the drift through intersecting transmissive fractures and erosion, as
discussed in Section 5.5.6 and in Sections 4.5.2 and 4.6.1 of the Process Report /Gribi et al.
2007/. The relevant inflow criterion is expected to be higher, although the present choice of

1 litre per minute is preliminary and somewhat arbitrary value that may be updated in view of
future studies and possible design changes. Steel compartment plugs are used to seal off drift
sections where inflows are higher than 1 litre per minute after grouting, thus dividing the drift
into compartments. Main features of a KBS-3H drift are shown in Figure 2-4.

According the discrete fracture network modelling carried out by /Lanyon and Marschall 2006/,
based on hydrogeological considerations, a 300-metre long KBS-3H drift at Olkiluoto contains,
on average, two compartments, one drift section (30 m long) isolated by compartment plugs,
3—4 filling blocks (10 m each) and 22 to 23 supercontainers on average considering all fuel/
canister types (or 17 to 18 considering only Olkiluoto BWR fuel, which is the reference fuel
considered in this report). On average, 17% of the drift is unusable due to high water inflow.
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Figure 2-4. [llustration of a generic KBS-3H drift showing one canister in copper colour for better
visualisation. At one end of the drift, a wider area (deposition niche) hosts the deposition equipment
while the other end of the drift is closed off- The different components are described in Section 2.3.4.

10" Note that fractures giving inflows of less than 0.1 litres per minute may not be amenable to further
flow reduction by grouting on account of their small apertures.
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A higher figure of 25% is tentatively and conservatively assumed in the layout adaptation
(Section 2.2.7). This takes into account the possibility that some relatively tight fractures that
have the potential to undergo shear movements sufficiently large to damage the canisters in
the event of a large earthquake are identified and avoided. The impact of earthquakes and rock
shear on canister integrity is discussed in Section 7.4.5 in the context of future glaciation and
post-glacial earthquakes.

2.3.4 Key components specific to KBS-3H in the current reference design

The KBS-3H deposition drifts, and key engineered system components emplaced within a drift
that are specific to KBS-3H, as realised in the current reference design, are described individu-
ally in the following sections.

The drifts

In the preliminary layout described in Section 2.2.7, the drifts have an average length of 272

m, and have a shallow dip of 1.5 to 2 degrees towards the tunnels from which they are bored to
provide drainage during the operational period. In the current reference design, the drift diam-
eter is 1.85 m. At the beginning of each deposition drift, before the drift end plug, is a 15-metre
long, wider section of the drift, termed the deposition niche, with a 50 m? cross section, which is
used to host the deposition equipment for supercontainers and distance blocks (Figure 2-5). The
maximum length of the drifts is 300 m, the estimated minimum length is 100 m and the average
length is about 272 m, based on site-specific features /Autio et al. 2007/. In the current design,
the drifts are dead-ended, i.e. there is no access tunnel on the other end.

The supercontainers

The supercontainers are 1.765 m in diameter. Their lengths will vary according to fuel type that
they contain. They are, for example, 5.525 m long for BWR fuel from the Olkiluoto 1-2 reac-
tors. The buffer inside each supercontainer is comprised of a set of MX-80 bentonite ring blocks
surrounding the canister and two end blocks (Figure 2-6).

The cylindrical steel shell that contains the buffer and canister is § mm thick and perforated with
100 mm diameter holes covering 62% of the cylindrical surface (Figure 2-7). The buffer inside
the supercontainers will swell through these perforations as it saturates. The surfaces of the

end plates are unperforated, to minimise the gap in order to favour a good contact between the
supercontainers and the adjacent distance blocks. The mass of the steel components (cylindrical
shell, end plates and feet) is 1,071 kg.

Figure 2-5. The main tunnel and deposition drifts including the deposition niche (after Figure 4-2 of
/Autio et al. 2007/).
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Figure 2-7. Section of supercontainer cylindrical shell surface, showing dimensions [mm] of the
perforations.

The ring blocks have a 10% initial water content and a dry density of 1,885 kg m™. The end
blocks also have a 10% initial water content, but have a lower dry density (1,753 kg m™). The
design density and porosity of these buffer components following saturation and swelling into
the gap around the supercontainer are 2,000 kg m~ and 0.44, respectively. Differences in buffer
density are, however, likely to occur, especially between the saturated buffer inside and outside
the supercontainer. These differences will reduce over time, but some residual differences may
persist indefinitely because friction limits buffer homogenisation (Section 5.5).

The distance blocks

The distance blocks, which hydraulically separate the supercontainers one from another, are also
composed of MX-80 bentonite. In the current reference design, the distance block consists of
two different bentonite components in series; a “tight” block and a “loose” block as shown in
Figure 2-8. The gap between the distance block and the drift wall is made small (a few mm in
the case of the “tight” blocks and up to a maximum of 15 mm in the case of the “loose blocks”)
to favour rapid closing and sealing /Autio et al. 2007/.
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Figure 2-8. “Tight” and “loose” components of the distance block (after Figure 5-2 of /Autio et al.
2007)).

Large hydraulic pressure differences may develop along the drift during and after operation

due to localised water inflow. A distance block separating a tighter drift section from a drift
section in which the gaps become rapidly water filled may full hydrostatic pressure around the
periphery of one vertical face, while the pressure on the opposite vertical face remains low.

The vertical gaps between distance blocks and supercontainer are minimised to prevent the
possibility of exposing the entire vertical face of a distance block to full hydrostatic pressure,
which could otherwise lead to the possibility of pressure-induced movement of distance blocks
and supercontainers. If the gap is made small (a few millimetres), the full hydrostatic pressure is
initially expected to be exerted only around the periphery of the face, reducing the overall force
on the face. There is, however, uncertainty concerning the possible deformation of the distance
block, which could result in greater forces being exerted on the face, and this is being addressed
in current design studies. In current safety studies, it is assumed that friction, together with the
presence of fixing rings (below), will prevent and significant movement prior to the installation
of compartment and drift end plugs. These issues are discussed further in Section 5.5.

The length of the distance blocks is determined by the thermal management requirements on
the spent fuel (see Section 5.2 for a description of thermal evolution in the early phase). The
distance blocks for BWR fuel from the Olkiluoto 1-2 reactors are 5.475 m long (Figure 2-3 and
Figure 2-8).

The “loose and “tight” blocks both have a 24% initial water content, The “loose” blocks have an
initial dry density of 1,610 kg m~, and the “tight” blocks an initial dry density of 1,559 kg m™.
As in the case of the buffer originally inside the supercontainers, the design saturated density
and porosity are 2,000 kg m~ and 0.44, respectively, for both the “loose” blocks and the “tight”
blocks.

Filling blocks

The MX-80 bentonite filling blocks are similar in design to the distance block units. Their use is
illustrated in Figure 2-9.
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Figure 2-9. Filling block between two distance blocks (after Figure 5-15 in /Autio et al. 2007/).

Fixing rings

Steel fixing rings are installed, where necessary, to avoid displacement of the distance blocks
prior to the installation of compartment and drift end plugs. Such displacements could otherwise
arise as a result of large hydraulic pressure differences along the drift due to localised water
inflow. Displacement in case of limited pressure exerted over the end face of a distance block
can be prevented during compartment operation by the fixing rings that are installed along the
drift and, following operations, by the compartment plug, which is designed to withstand full
hydrostatic pressure at repository depth.

The principle of using fixing rings to prevent displacement during drift operation is described in
Section 5.2.3 of /Autio et al. 2007/ and illustrated in Figure 2-10.

The fixing ring consists of a 10 mm-thick steel plate, supported by a steel collar grouted and
bolted into the rock, as described in Section 5.2.3 of /Autio et al. 2007/. In the current reference
design, fixing rings are installed in every position where the inflow to a “supercontainer unit”
(comprising one supercontainer and distance block) exceeds 0.01 litres per minute. This tenta-
tive criterion will, however, need to be confirmed by further studies.
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Figure 2-10. The principle of using fixing rings to prevent displacement of a distance block during drift
operation. Pyosuaic 1S the rock matrix pore pressure (after Figure 5-8 of /Autio et al. 2007/).
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Compartment plugs

Steel compartment plugs will be used to seal off drift sections where inflows are higher

than 1 litre per minute (after grouting). The design of the compartment plugs is still under
development and demonstration tests are planned to be performed at the Aspd Hard Rock
Laboratory. In the current provisional design, the compartment plugs are steel structures, and
these are described in detail in Section 4.3 of /Autio et al. 2007/. At each location where a plug
is required, a steel collar structure will be attached to the drift surface before drift operation
starts and sealed using concrete. The centre part of the plug, which takes the form of one or
two dome-shaped caps attached to a flange (see Figure 4-12 in /Autio et al. 2007/), will then
be installed rapidly during drift operation following emplacement of the supercontainers and
distance blocks in a compartment. The plugs are designed to withstand full hydrostatic pressure
exerted on the convex side of the cap. If the hydrostatic pressure is exerted on both sides, the
double-capped version of the plug is used.

Filling adjacent to, within and between compartment plugs

Void spaces within and around the compartment plugs will be filled to avoid the presence of
large void spaces within the drift that could eventually lead to a loss in buffer density. Spaces to
be filled are:

 the space between the compartment plugs and the adjacent distance blocks;
» the space between the concave surfaces of the compartment plugs; and

* the drift section unsuitable for distance blocks and supercontainer emplacement that is sealed
off by compartment plugs.

The design of filling components has not yet been finalised. In the current reference design,
cylindrical transition blocks are placed between the compartment plugs and the adjacent
distance blocks. The transition blocks are similar to the “loose” component of the distance
blocks. The remaining void space next to the convex surfaces of the plugs will be filled with
MX-80 bentonite pellets or sand (Figure 2-11). The space between the concave surfaces of the
compartment plugs will also be filled with sand, according to preliminary considerations.

As described in Section 2.3.7, after the filling of a compartment and the installation of compart-
ment plugs, operations may be interrupted to monitor the development of hydraulic pressure in
the sealed compartment. The high-inflow drift section (leakage > 1 litre per minute) enclosed by
compartment plugs will be backfilled and drained during this period. No detailed design has as
yet been developed for the backfill between the plugs in the enclosed high-inflow section. One
tentative possibility is illustrated in Figure 2-12.
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Figure 2-11. Filling adjacent to and within compartment plugs (after Figure 5-12 of /Autio et al.
2007)).
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Figure 2-12. Filling between steel compartment plugs (after Figure 5-14 of /Autio et al. 2007/). The

design of filling components between the steel plugs will be presented in the coming Design Description
2007 /Autio et al. 2008/.

In this possible design, the inflow zone is filled with a permeable material, such as crushed rock,
which is graded to prevent the bentonite used to fill the “no-flow zone” and the “through-flow
zone” from swelling into interstitial spaces. It should be noted that, in the term “through flow
zone”, “through-flow” refers to flow along the floor of the drift prior to installation of the plug
nearest to the entrance to the drift. Once the plug is installed and the bentonite saturates, the

only long-term flow will be into and out of the fracture zone.

Spray and drip shields

The possibility of erosion of bentonite due to the spraying, dripping and squirting of water
from the drift walls onto the distance blocks and supercontainers will be prevented by placing
thin steel spray and drip shields over inflow points (Section 4.2.2 of /Autio et al. 2007/). It is
anticipated that four to five drip and spray shields will be used in each drift. These shields will
be left in place after plugging the drift.

Drift end plugs

Drift end plugs are placed at the ends of the drifts at their intersection with the deposition niche
(Figure 2-4). The reference design for the drift end plugs is a steel-reinforced low-pH concrete
bulkhead positioned in a notch (Figure 4-6 of /Autio et al. 2007/). A steel plug similar to the
single-cap compartment plug is installed first, where necessary, to provide rapid sealing while
the concrete structure is emplaced and hardens. It is also likely that one or more filling blocks
is/are installed in the drift adjacent to the drift end plugs, to isolate the canisters and their sur-
rounding buffer from any leachates from the concrete bulkhead (see Section 5.6.5). The detailed
composition of the concrete is yet to be developed, but one example of a possible composition is
given in Table 4-3 of /Autio et al. 2007/.

The backfill and seals of other repository cavities

The backfilling and sealing of other repository cavities (e.g. deposition niche, central tunnel,
shafts, characterisation boreholes) with impermeable material is required to prevent the forma-
tion of water-conductive flow paths. It is also required to keep the drift end plug in place once
the backfill has reached the desired swelling pressure. Backfilling and sealing materials and
methods are likely to be similar to those envisioned for the KBS-3V design, as outlined below.

The current candidate backfill materials are Friedland clay and/or a mixture of bentonite
(MX-80) and crushed rock (30% bentonite and 70% crushed rock or 15% bentonite 85%
crushed rock, depending on the backfill location). Friedland clay and bentonite/crushed rock
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mixtures both carry impurities into the repository, such as organic carbon, pyrite and gypsum,
which may have long-term safety implications (Section 4.2.5).

The design of plugs for sealing boreholes, shafts and other access routes to the surface is
ongoing for the KBS-3V design. The current plan is to employ a combination of bentonite and
cementitious material for the different types of plugs to be emplaced at different places (e.g.
characterisation boreholes, shafts). The same type of plugs are expected to be used in KBS-3H.

2.3.5 Use of cement and other construction materials

Cement and other construction materials are being used in the construction of ONKALO and
will be used in the construction and operation of a repository, whether based on KBS-3V or on
KBS-3H. The purposes of such materials include limitation of groundwater inflow (grouting),
stabilisation of the rock (shotcrete, castings of rock bolts), construction of various plugs and
seals, and use in temporary structures required for construction and for operational safety
purposes (floors, supporting walls etc).

Detailed descriptions and inventories of cement and other construction materials are presented
in /Hagros 2007ab/. Grouting materials considered for both the KBS-3H and KBS-3V designs in
various parts of the repository include:

» ordinary cement;
* low-pH cement; and

» Silica Sol (colloidal silica).

High alkalinity materials, such as Ordinary Portland Cement, are not envisaged in the deposition
drift. The composition of the low-pH cement and Silica Sol considered for grouting in the
current reference design are given in Appendix A of /Gribi et al. 2007/.

Shotcreting is not envisaged in the deposition drifts, although other parts of the repository,
including the deposition niches, which have a larger diameter and height than the rest of the
deposition drifts (Figure 2-5), may require support by shotcreting /Hagros 2007b/. As in the
KBS-3V case, ordinary and low-pH cement are both considered as shotcreting materials. The
detailed composition of shotcrete in both designs is described in /Hagros 2007a/.

Shotcrete and other temporary structures made from cementitious materials will be removed

as far as possible before the final closure of the repository but, according to the estimates of
residual materials in the KBS-3H repository, between 1,200,000 and 1,800,000 kg'"' of cement
will be left in the repository (including ONKALO). Of these, an average of 2,600 to 3,900 kg of
cement will be located in each drift /Hagros 2007a/.

Cement has the potential to interact with the host rock and with the bentonite buffer.
Furthermore, additives, such as accelerators (i.e. inorganic salts) and superplasticisers (i.e.
organic substances), also have the potential to perturb the safety functions of the repository.
The impact of cement and stray materials on the repository safety functions is discussed in
Section 5.6.5. A joint (Nagra, NUMO, Posiva and SKB) study on the potential effect of organic
cement additives on the sorption of radionuclides on rock is ongoing.

2.3.6 Use of steel

A key difference between KBS-3V and KBS-3H is the use, in KBS-3H, of additional steel com-
ponents external to the canisters that will corrode and generate gases. As part of the safety case,
the overall effect of these steel components thus needs to be evaluated with respect to corrosion,
gas formation, the potential for the creation of gas overpressures, and the chemical interaction
with, and consequences for, the bentonite buffer.

" Estimates depend on the alternatives for design, rock support, grouting, backfill and drift end plug.
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The uncertainties discussed in Chapter 5 associated with gas production and pressure develop-
ment arising from the corrosion of steel, and with the interaction of steel corrosion products
with the buffer, give some incentive to minimise the volume of steel used in the repository.
Amounts of steel in a repository constructed according to the current reference design are
shown in Table 2-1.

2.3.7 Operational procedure for implementing the current reference design

The operational procedure for implementing the current reference design is given in Box 2-1.
Assuming that a drift is divided into two compartments of similar length, the period required to
emplace supercontainers, distance blocks and a compartment plug in the first compartment is in
the order of 10—14 days, depending on the length and capacity of the compartment and, to some
extent, on the requirement for fixing rings, as described in /Autio et al. 2007/. After the filling of
this compartment, it may be necessary to interrupt operations and monitor the development of
groundwater pressure for, say, a further week before proceeding with the installation of filling
material and a second compartment plug to isolate the drift section considered unsuitable for
supercontainer and distance block (or filling block) emplacement. This is likely to require in the
order of another week. Finally another 10-14 days will be required to emplace supercontainers,
distance blocks and a drift end plug in the second compartment, giving an overall operational
period for a drift in the order of about 6 weeks (the drift end plug will require time to harden,
but, as noted in Section 2.3.4, there is a steel plug next to the end plug to enable rapid sealing

if needed).

The operational procedure for the DAWE alternative design is described in Appendix D of

the Process Report /Gribi et al. 2007/. Operational risks, such as fires, rock falling, sudden

water inflow during the operational period are being addressed in the coming report Design
Description 2007 /Autio et al. 2008/.

2.3.8 Possible deviations from planned operations and relevance to
system evolution

The feasibility of implementing the Basic Design without significant safety-relevant deviations
is assumed, although several design issues remain to be addressed, as discussed in Section 12.2.
The feasibility of implementing the chosen design must be justified as part of any future safety
case. Feasibility issues are discussed in the Design Description 2007 report /Autio et al. 2008/.

Sections 4.7.1 and 5.5.1 of /Autio et al. 2007/ list a number of possible deviations from planned
operations (for both the current reference design and for the DAWE design alternative). All

of these can be addressed by remedial measures of some kind, including the disassembly and
replacement of defective components or the reversal and repetition of supercontainer and
distance block emplacement steps. The operational period would become longer, but provided it
remained in the order of a couple of months, the effects on longer-term repository evolution are
expected to be minor. If deviations from planned operations result in longer delays, recent buffer
tests /Sandén et al. 2007/ indicate that the humidity-induced cracking of the distance blocks
could occur (experimental studies have shown humidity-induced cracking after about 3 months
for bentonite with an initial water content of 10% — see Appendix L of /Autio et al. 2007/).

Table 2-1. Steel components and masses in a KBS-3H repository at Olkiluoto (data from
IHagros 2007a/).

Steel component Mass (whole repository) [kg]
Supercontainer shells (incl. feet) 3,041,640 (1,071 kg per supercontainer)
Compartment plugs 872,100 (5,100 kg per set of 2 plugs)
Steel plug (adjacent to drift end plug) 360,810 (2,110 kg per plug)

Fixing rings (4.5 per drift assumed) 461,700 (600 kg per ring)

Spray and drip shields (4.5 per drift assumed) 462 (0.6 kg per shield)

36



Box 2-1 The operational procedure for implementing the current reference design in
a single compartment

* Planning of drift specific implementation and definition of positions for design compo-
nents (e.g. supercontainers, distance blocks, fixing rings, filling blocks, compartment
plugs). The positions of compartment borders and of each component are determined
before operation starts.

* Preparatory rock works (e.g. installation of drip shields, excavation of grooves and
notches). Preparation of positions for steel plugs and fixing rings.

 Installation of attachments to steel structures (mainly plugs and fixing rings).

*  Emplacement of distance blocks, supercontainers and other design components to one
compartment. The estimated longest time for this step without attachment of fixing rings
is around 10 days. Installation of two fixing rings would increase the operation time to
approximately 14 days.

* The compartment plug is installed. The estimated longest time for this is one day.
* The free space behind the plug is filled (see Figure 2-11).

* An option currently kept open is to fill the free gap and adjacent open volume with water
to speed up the saturation in proximity to the plug.

*  When the drift is plugged and sealed the deposition operation of the compartment is
completed.

The impact that this would have on continued operations and on long-term safety is again likely
to be minor, but requires further investigation. Some bentonite fragments could fall though the
holes in the supercontainer walls. This is unimportant in the case of the current reference design,
but could be more problematic in the case of DAWE (Appendix A). It is also conceivable that
a), cracking of distance block next to fixing rings may cause reduction in strength followed by
movement of the distance block, or that b), plastic deformation of distance block could occur, so
that it could start to be extruded through the centre hole in fixing ring. It is expected that these
potential problems can be solved by design if found to be critical. The possibility to precision
handle thousands of large bentonite blocks will be discussed in the Design Description 2007
report /Autio et al. 2008/.

2.4 Safety functions and how they are provided in the
current design

241 Safety functions in KBS-3H

The canister, the buffer (i.e. the bentonite material originally inside the supercontainers, together
with the distance blocks) and the host rock are the main KBS-3H system components that
together ensure isolation of the spent fuel and containment of radionuclides according to the
safety concept shown in Figure 1-3. Other system components, including the filling blocks,

the compartment and drift end plugs, the steel supercontainer shells, fixing rings and other
structural materials, have not been assigned safety functions. They are, however, designed to be
compatible with, and support the safety functions of, the canister, the buffer and the host rock.

The safety function on the canister is common to the KBS-3V. The main safety function of the
canisters is to ensure a prolonged period of complete containment of the spent fuel as in the case
of KBS-3V (see Figure 1-3). As long as its copper shell is not breached, a canister will provide
complete containment of radionuclides, and the spent fuel will interact with the environment
only by means of heat generation and low level gamma and neutron radiation penetrating
through the canister walls.
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Safety functions of the buffer are (a), protection of the canisters, and (b), limitation and
retardation of radionuclide releases in the event of canister failure. These safety functions are
also common for KBS-3V and KBS-3H. The current KBS-3H design includes the use of steel
components external to the canisters that will corrode over time and give rise to potentially
porous or fractured corrosion products (Section 5.6.4). These may interact chemically with
adjacent bentonite and the slow formation of an altered zone with perturbed mass-transport
properties at the bentonite/rock interface at supercontainer locations cannot be excluded
(Section 6.5.3). A final safety function of the KBS-3H buffer (or, more specifically, the distance
blocks) is, therefore, (c), to separate the supercontainers hydraulically one from another, thus
preventing the possibility of preferential pathways for flow and advective transport within the
drifts through the corrosion products or altered buffer.

The safety functions of the host rock are again the same as for the KBS-3V. They are (a), to
isolate the spent fuel from the biosphere, (b), to provide favourable and predictable mechanical,
geochemical and hydrogeological conditions for the engineered barriers, protecting them from
potentially detrimental processes taking place above and near the ground surface, and (c), to
limit and retard both the inflow of harmful substances'? to the engineered barrier system and
radionuclide releases to the biosphere.

2.4.2 Design requirements to support the safety functions
Design requirements related to mutual compatibility of the system components

A requirement common to all engineered system components, including not only the canister
and the buffer, but also the filling blocks, the compartment and drift end plugs, the steel
supercontainers shells and other structural materials, is that they should be mutually compatible.
Although all components will inevitably undergo physical and chemical changes over time

(e.g. due to chemical alteration or corrosion, saturation, swelling), none should evolve in such

a way as to significantly undermine either the long-term safety functions or the design functions
of the others. Thus:

* no component should contain any chemical constituents that lead to significant negative
effects on the performance of the others;

* no component should generate gases at rates that could lead to a build-up of potentially
damaging gas pressure (taking into account the gas permeability of the other components);

* no component should give rise to mechanical stresses that could lead to significant damage
to the canisters or host rock; and

* no component should undergo volume changes (due, e.g. to swelling, compaction, corrosion
or alteration) that could lead to significant changes in density of the adjacent buffer.

The degree to which the current reference design meets these requirements is discussed in
various places throughout this report. In particular:

* the significance of interactions of iron and cement with the buffer and (in the case of cement)
the host rock is discussed in Sections 5.6.4 and 6.5.3 (iron) and 5.6.5 (cement);

* the issue of gas generation and pressurisation is discussed in Section 5.5;

» the potential for buffer swelling pressure and gas pressure to damage the rock is discussed
in Section 5.4.5; and

 the stability of the canister under isostatic loading is discussed in Section 5.4.3.

Scoping calculations of potential buffer density changes during the early phase of evolution

are discussed in Section 5.5 (and described in detail in Appendix B.4). The range of densities
compatible with the buffer fulfilling its safety functions taking into account the evolution of
groundwater and buffer porewater salinity (1,890 to 2,050 kg m~) is discussed in Section 5.3.2.

12" Including the chemically toxic components of spent fuel, as discussed in the Complementary

Evaluations of Safety Report /Neall et al. 2007/.
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The following sections describe design requirements over and above the general requirement of
mutual compatibility, which are intended to support the safety functions, and indicate how they
are met in the current design.

Design requirements to support the safety function of the canister

The requirements on the canister are common to KBS-3V and KBS-3H. The canisters have a
design lifetime of at least 100,000 years. This means that the canisters are designed to maintain
their integrity taking into account the processes and events that are considered likely to take
place in the repository over a design basis period of 100,000 years. It does not exclude the
possibility that canister integrity will be retained significantly beyond the design basis period,
nor that (less likely) extreme conditions will give rise to earlier canister failures, and these
possibilities must be considered in the safety assessment. The terminology is similar to that used
in the reactor safety area: a design basis is defined to reflect the most likely conditions for the
system but the safety assessment must address less likely situations as well.

In order to achieve its minimum design lifetime, canisters are required to have:

1. alow probability of occurrence of initial penetrating defects;
2. corrosion resistance; and
3. mechanical strength.

The probability of occurrence of initial penetrating defects is still under investigation. In the
current design, corrosion resistance is provided by the copper canister shell, and mechanical
strength primarily by the cast iron insert.

The minimum design lifetime also implies a number of design requirements on repository layout
(avoidance of fractures that may undergo shear movements that could damage the canisters —
Section 2.2.7) and the buffer.

If the copper shell is breached, then a canister is considered to have failed, even though it may
continue to offer some resistance to the ingress of water and the release of radionuclides for a
significant period thereafter (Chapter 8).

Design requirements to support the safety functions of the buffer

The first safety function of the buffer (a, above in Section 2.4.1) is to protect the canisters from
external processes that could compromise their safety function of the complete containment of
the spent fuel. Corresponding design requirements on the buffer are that it should be:

+ sufficiently plastic (or ductile) to protect the canister from small rock movements, including
shear displacements smaller than 10 cm at canister locations (the issue of potential larger
shear movements caused by large earthquakes is discussed in Section 7.4.5);

 sufficiently stiff to support the weight of the canisters and maintain their central vertical
positions in the drift in the long term;

 sufficiently dense that microbes are metabolically barely active in the buffer and thus do not
give rise to unfavourable chemical conditions at the canister surface; and

» sufficiently impermeable, once saturated, that the movement of water is insignificant and
diffusion is the dominant transport mechanism for corrosive agents present in the ground-
water that may reduce the lifetime of the canisters.

A further safety function of the buffer (b, above in Section 2.4.1) is to limit and retard the
release of any radionuclides from the canisters, should any be damaged. This implies design
requirements that the buffer be:

 again sufficiently impermeable, once saturated, that the movement of water is insignificant
and diffusion is the dominant radionuclide transport mechanism;
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and have:

» asufficiently fine pore structure such that microbes and colloids are immobile (filtered) and
microbe- or colloid-facilitated radionuclide transport will not occur.

It also implies a self-healing capability of the buffer, which means that any potential advective
pathways for flow and transport that may arise, for example, as a result of piping and erosion,
sudden rock movements or the release of gas formed in a damaged canister are rapidly closed.

These safety functions are common to KBS-3V and KBS-3H. In addition, for the KBS-3H
design the final safety function of the buffer (c, Section 2.4.1) is to separate the supercontain-
ers hydraulically one from another. This implies a design requirement that the buffer should
provide:

* tight interfaces with the host rock within a reasonable time.

Competing requirements on buffer density are balanced in the design process. For example,
excessive density would lead to a correspondingly high swelling pressure and to a risk of
damage to the rock. It would also offer less protection of the canisters from rock movements.
On the other hand, insufficient density would lead to the possibility of colloid-facilitated
radionuclide transport. The choice of MX-80 bentonite as a buffer material with a design target
for saturated density of 2,000 kg m~ (Section 2.3.4) is made with a view to balancing these
various requirements.

The filling blocks are not considered part of the buffer and are not assigned any long-term safety
functions — i.e. they are not required to contribute directly to the isolation of the spent fuel and
containment of radionuclides. On the other hand, in the current design, they have the same prop-
erties as the buffer as they are likely, in practice, to contribute to the limitation and retardation of
the release of any radionuclides from the canisters, should any canisters be damaged.

During the saturation of the repository, high hydraulic pressure gradients and gradients in buffer
swelling pressure may develop along the drifts, which could potentially lead to phenomena such
as piping and erosion of the buffer and displacement of the distance blocks and supercontainers
(Section 5.5.6). The distance blocks and filling blocks, together with the compartment and drift
end plugs, have the important design function of keeping the adjoining buffer in place, and

not allowing any significant loss or redistribution of buffer mass by piping and erosion during
the operational period and subsequent period of buffer saturation. The fixing rings also have

the short-term safety-related design function of preventing displacement of a distance block
while the adjoining components are installed. The distance blocks and filling blocks have a

low hydraulic conductivity at saturation and will develop swelling pressure against the drift
wall, such that friction will resist buffer displacement. Furthermore, each compartment plug is
designed to stay in place under the applied loads (i.e. no significant displacement are allowed)
until the next compartment is filled and a further compartment plug or drift end plug installed.
Likewise, the drift end plug is designed to stay in place under the applied loads (no significant
displacement allowed) until the adjoining transport tunnels are backfilled.

The temperature of the buffer is kept below 100°C to avoid significant chemical alteration of the
buffer that could undermine its ability to satisfy the above requirements. This in turn imposes
requirements on buffer layout and dimensioning (Section 2.2.7).

Design requirements to support the safety functions of the host rock

Unlike the engineered components of the repository, the implementer has no control over the
undisturbed properties of the host rock, except in as far as by grouting of intersecting transmis-
sive fractures during construction to avoid drawdown of surface waters and upconing of saline
groundwaters, and by adaption of the depth and layout of the repository, for example, to avoid
unacceptable features (Section 2.2.7). It should be noted, however, that grouting also affects the
rock mass properties (Section 2.3.3). Furthermore it should be noted, however, that backfilling
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and sealing of the repository cavities support the safety functions of the host rock, being carried
out with the main purpose of preventing the formation of water conductive flow paths, and
making the inadvertent human intrusion to the repository more difficult. Requirements on the
host rock related to site selection are similar to those for the KBS-3V design and will not be
further discussed here.

Design requirements related to the issue of repository-generated gas

The repository must be designed so as to avoid the build-up of potentially damaging pressures
due to repository-generated hydrogen gas formed due to corrosion of supercontainer steel shell
and structural components in the drift, and after canister failure also corrosion gases formed due
to corrosion of the cast iron insert. This does not imply that the drifts and access tunnels need to
be gas permeable, provided gas can escape to from the drift by other routes, e.g. via transmis-
sive fractures in the rock. The issue of gas pressurisation in the repository near field is discussed
in Section 5.5.

2.5 Safety function indicators and criteria

2.5.1 Use of safety function indicators and criteria in safety assessment

To assess the performance and safety of a KBS-3H or KBS-3V repository, it is necessary to
determine the conditions under which the identified safety functions will operate as intended,
and the conditions under which they will fail, or operate with reduced effectiveness. Following
the methodology adopted in the Swedish SR-Can safety assessment /SKB 2006a/, KBS-3H
safety studies make use of the concept of safety function indicators and associated criteria.

One or more safety function indicators are assigned to each safety function. A safety function
indicator is a measurable or calculable property of the system that is critical to a safety function
being fulfilled. If the safety function indicators fulfil certain criteria, then the safety functions
can be assumed to be provided. If, however, plausible situations can be identified where the
criteria for one or more safety function indicators are not fulfilled, then the consequences of loss
or degraded performance of the corresponding safety function should be evaluated in the safety
assessment.

It is important to distinguish design requirements, as discussed in Section 2.4.2, from the criteria
for safety function indicators. In general, design requirements refer to attributes that the reposi-
tory is ensured to have by design at the time of emplacement of the first canister, or during the
early evolution of the repository in the period leading up to saturation, although some design
requirements also affect the long-term evolution of the system. Repository design also aims

to ensure that the criteria for the safety function indicators are fulfilled over the required time
frames, but this is seen as a target, rather than as a design requirement.

Adherence to design requirements is primarily the concern of design studies, whereas safety
studies focus more on the fulfilment of safety function indicator criteria, taking into account
the associated uncertainties. It is emphasised that, if there are plausible situations where one

or more criteria for safety function indicators are not satisfied, this does not imply that the
system as a whole is unsafe. Such situations must, however, be carefully analysed, for example
by means of radionuclide release and transport calculations, as described in the Radionuclide
Transport Report /Smith et al. 2007a/.

2.5.2 Safety function indicators and criteria for the canisters

Four fundamental modes have been identified by which, in principle, one or more canisters
could fail to provide their safety function of complete containment of the spent fuel and associ-
ated radionuclides /SKB 2006a/: 1) initial, penetrating defects, ii) failure due to corrosion of
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copper shell, iii) rupture due to rock shear and the transfer of shear stresses from the rock via
the buffer to the canister (in particular, in the event of a large earthquake), and iv) collapse due
to isostatic loading. The probability of initial penetrating defects for the Finnish and Swedish
canister designs is discussed in Section 4.2.2. The slow corrosion of the copper shell in the
various phases of system evolution is described in Sections 5.7.4, 6.5.1 and 7.4.3. The mechani-
cal strength of the canisters, which must be such as to allow them to withstand that isostatic
pressures and shear stresses to which they will be exposed over time, is discussed in /Raiko
2005/.

Safety function indicators for the canister are (i), minimum copper thickness — failure occurs

if this is zero at any point on the canister surface, due to the presence of an initial defect that
penetrates the entire thickness of the shell or due to localised and general corrosion processes
leading to the gradual thinning of the shell, (i), the isostatic pressure on the canister — failure
occurs if this exceeds the isostatic pressure for collapse, and (iii), the shear stress on the canister
— failure occurs if this exceeds the rupture limit. The canister safety function indicators and
associated criteria, as presented in SR-Can /SKB 2006a/, are summarised in Table 2-2.

2.5.3 Safety function indicators and criteria for the buffer

Three broad modes can be envisaged by which the bentonite buffer could conceivably cease to
perform its safety functions fully: loss or redistribution of buffer mass, mineral alteration of the
buffer, freezing of the buffer.

1. Loss or redistribution of buffer mass

The loss or redistribution of buffer mass due, for example, to piping and erosion by flowing
water could in principle lead to:

» aloss of swelling pressure at the drift wall, which could, if sufficiently large, lead to a loss of
tightness of the contact between the buffer and the rock, and, in turn, enhance the transfer of
mass (dissolved corrosive agents — especially sulphide — and radionuclides) between the rock
and the buffer and thus compromise or reduce the ability of the buffer to perform any of its
three safety functions;

* aloss of swelling pressure at the drift wall, which could also lead to enhanced thermal
spalling due to reduction in confining pressure associated with time-dependent degradation
of rock strength;

» amore general loss of swelling pressure, which could, if sufficiently large, lead to increased
microbial activity within the buffer, potentially increasing the rate of canister corrosion by
reducing dissolved sulphate to sulphide, and, for still larger losses in swelling pressure, the
possibility of canister sinking;

* an increase in buffer hydraulic conductivity, which, if sufficiently high, could lead to
advective transport of dissolved corrosive agents and radionuclides in the buffer and hence
compromise the ability of the buffer to perform any of its three safety functions (note that
isolated regions of higher hydraulic conductivity around the canisters would have a less
significant affect);

» areduction in buffer density, which, if sufficiently large, could lead to the possibility of
colloid-facilitated radionuclide transport in the buffer and reduce the ability of the buffer to
limit and retard radionuclide releases (note again that isolated regions affected in this way
would have a less significant affect); and

* an increase in buffer density at some locations along the drift, which, if sufficiently large,
could lead to mechanical damage of the rock, and compromise the ability of the buffer to
protect the canisters from rock shear movements of less that 10 cm.
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2. Mineral alteration of the buffer

Mineral alteration of the buffer due, for example, to high temperatures around the canisters or
to chemical interactions between the buffer and the steel or cementitious components could in
principle lead to:

» achange to a less plastic material, which, if it affects a significant proportion of the buffer
between the canisters and the drift wall, could compromise the ability of the buffer to protect
the canister from rock movements, including shear displacements at canister locations;

* aloss of swelling pressure, with potential consequences as described above in the context of
loss or redistribution of buffer mass; and

* aloss of self-healing capacity, which could lead to fracturing of the buffer and an increase in
hydraulic conductivity, again with potential consequences as described above in the context
of loss or redistribution of buffer mass.

3. Freezing of the buffer

Freezing of the buffer as a result, for example, of the deep penetration of permafrost following
a major climate change would, if it were to occur, detrimental changes in buffer properties

that could compromise its capacity to protect the canister and to limit and retard radionuclide
releases from a failed canister. As noted in Section 12.4.1 of /SKB 2006a/, it is uncertain what
transport properties the buffer would have after thawing. According to present knowledge based
on past glaciations, the permafrost layer is not expected to reach more than 180 metres below
ground at Olkiluoto /Hartikainen 2006/ and is thus not considered as a potential cause of major
loss of buffer safety functions in the present study. The possibility that conditions at Olkiluoto
could in the future differ significantly compared with those during the past glaciations and lead
to buffer freezing may, however, require further consideration in future studies.

Consideration of these three possible modes for loss or degradation of the buffer safety
functions leads to the safety function indicators and associated criteria that are summarised in
Table 2-3. Most are taken directly from SR-Can. However, the criterion that there is a negligible
impact on the rheological and hydraulic properties of the buffer due to mineral alteration
replaces the SR-Can criterion for a Swedish KBS-3V repository that buffer temperature remains
below 100°C. The potential chemical processes that may occur at elevated temperature are, for
example, silica dissolution close to the canister followed by transport outwards by diffusion to
colder parts and precipitation, as well as buffer cementation due to the dissolution, transport and
precipitation of silica or aluminosilicate minerals. But neither experimental nor natural analogue
studies have shown that these processes will actually occur. The effect of buffer cementation
due to silica precipitation is, however, an issue for further work. The present criterion also

takes account of the concern that the buffer of a KBS-3H repository may be more affected by
certain chemical interactions, and particularly those between the corrosion products of steel
components external to the canisters and bentonite (see Sections 5.6.4 and 6.5.3) and those
between cementitious materials and bentonite (see Section 5.6.5), than is the case for a KBS-3V
repository.

Table 2-2. Safety function indicators and criteria for the canister (after Figure 7-2 of /SKB
2006a/).

Safety function indicator Criterion Rationale

Minimum copper thickness >0 mm Zero copper thickness anywhere on the copper
surface would allow relatively rapid water ingress
to the canister interior and radionuclide release

Isostatic pressure on < pressure for isostatic collapse An isostatic pressure on the canister greater
canister (varies between canisters, but ~ than 44 MPa would imply a more significant
probability of collapse at 44 MPa possibility of failure due to isostatic collapse
is vanishingly small) (see Section 7.4.4)
Shear stress on canister < rupture limit A shear stress on the canister greater than the

rupture limit would imply failure due to rupture
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Table 2-3. Safety function indicators and criteria for the buffer (adapted for KBS-3H from

Figure 7-2 of /ISKB 2006a/).

Safety function indicator Criterion Rationale

Bulk hydraulic conductivity <10 ms™’ Avoid advective transport in buffer

Swelling pressure at drift wall > 1 MPa Ensure tightness, self sealing

Swelling pressure in bulk of buffer > 2 MPa Prevent significant microbial activity
> 0.2 MPa’ Prevent canister sinking

Saturated density > 1,650 kg m= Prevent colloid-facilitated radionuclide transport
< 2,050 kg m= Ensure protection of canister against rock shear

Mineralogical composition

No changes resulting in significant
perturbations to the rheological and
hydraulic properties of the buffer
(e.g. from iron or cement interaction
or related to temperature)

>-5°C

Minimum buffer temperature

See main text

Avoid freezing

" Although developed for KBS-3V, this criterion is also expected to be applicable to KBS-3H, and is likely to be
more conservative for this alternative since, in KBS-3H, the weight of the canister is distributed over a larger

horizontal area compared with KBS-3V.

2.5.4 Safety function indicators and criteria for the host rock

Loss or degradation of the isolation function of the host rock would occur if the Precambrian
Shield were to erode away sufficiently to expose the repository at the surface (this situation,
which concerns the farthest future, is discussed in Chapter 9). Loss or degradation of the protec-
tive function of the host rock could occur if chemical conditions in the groundwater become
unfavourable to buffer and canister longevity, or if a fracture intersecting the deposition drifts
near a canister location were to slip sufficiently to cause rupturing of the canister. Finally, there
are several rock properties that can favour its performance as a radionuclide transport barrier
(for example, absence or low frequency of highly transmissive fractures, low hydraulic gradient,
mineralogical and geochemical characteristics giving high retention by sorption). Some of

these may vary over time (especially geochemical characteristics), potentially leading to some
degradation of the host rock as a transport barrier.

The host rock safety function indicators and associated criteria, as presented in SR-Can, are

summarised in Table 2-4.

Table 2-4. Safety function indicators and criteria for the host rock (adapted for KBS-3H from

Figure 7-2 of /SKB 2006a/).

Safety function indicator

Criterion

Rationale

Redox conditions
Minimum ionic strength

Maximum chloride concentration or
minimum pH

Limited alkalinity

Limited salinity (expressed in terms of
total dissolved solids, TDS)

Limited concentration of detrimental
agents for buffer, distance block and
canister

Limited rock shear at canister/distance
block locations in deposition drift

No dissolved oxygen

Total divalent cation
concentration > 10 M
pH®Y > 4 or

[CFeY <3 M

pHSW < 11

[NaCl] < 100 g/I

(or other compositions of
equivalent ionic strength)
Applies to HS, K* and Fe(ll)/
Fe(lll). The lower the better
(no quantitative criterion)

<10cm

The presence of measurable O,
would imply oxidising conditions

Avoid buffer erosion
Avoid chloride corrosion of canister

Avoid dissolution of buffer smectite

Avoid detrimental effects, in particular
on swelling pressure of buffer and
distance block

Avoid canister corrosion by sulphide,
avoid illitisation (K*) and chloritisation
(Fe) of buffer and distance block

Avoid canister failure due to rock
shear in deposition drift
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3 Comparison of KBS-3V and KBS-3H

A comparison of the features, events and processes (FEPs) relevant to KBS-3H and KBS-3V is
reported in /Johnson et al. 2005/. The Swedish Nuclear Power Inspectorate (SKI) also carried
out a comparison of the alternatives /Bennett and Hicks 2005/.

In /Johnson et al. 2005/, FEPs that have different significance to, or potential impact on,
KBS-3H compared with KBS-3V were identified as those related to gas issues, to the evolution
of steel components external to the canisters, and to the distance blocks.

SKI noted that key technical issues for KBS-3H are associated with:
1. the accuracy of deposition drift construction;

2. water inflow to the deposition drifts from fractures in the host rock and the ability to seal
such fractures;

the ability of the buffer to seal the deposition drifts;
piping and erosion of the buffer;
steel corrosion and interactions of corrosion products with bentonite;

evolution of processes and materials within failed canisters; and

N R

gas generation and flow.

Of these, the most important were identified by SKI as probably the interrelated issues of water
inflow from fractures and buffer performance (Issues 2, 3 and 4), and the evolution of processes
and materials within failed canisters (Issue 6). It was noted that, although issues 1 to 7 represent
potentially important uncertainties for the KBS-3H repository design, the most important issues
(Issues 2, 3, 4, 6) also apply to some extent to the KBS-3V design. It was further noted that
there are also issues and uncertainties specific to the KBS-3V design, such as the ability of the
backfill to achieve its performance requirements in that system.

A systematic difference analysis of KBS-3V and KBS-3H is described in the Process Report
/Gribi et al. 2007/. The principal objective of this analysis is to identify issues relevant to
KBS-3H that may have been missing or differently treated in previous studies of KBS-3V

and need to be specifically addressed in the analysis of KBS-3H. The analysis is based on the
Olkiluoto site, although the main outcomes may also be applicable to other repository sites for
spent fuel in crystalline rock.

For many aspects of the two alternatives, the processes to be considered and their expected
impacts on the systems are similar or identical. In a few instances, however, major differences
are identified. These are shown in Table 3-1, which also indicates where in the present report
the impact of these major differences in terms of system evolution are discussed.
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Table 3-1. Major differences identified in the difference analysis of safety-relevant features and processes in KBS-3V and KBS-3H.

System components/
(groups of) processes

KBS-3V

KBS-3H

Discussion of impact on system evolution
in present report

1 Fuell/cavity in canister
No major differences identified

2 Castiron insert/copper canister

No major differences identified

3 Buffer/distance block
Materials, geometry, properties

Piping/erosion by water and gas,
chemical erosion

Displacement of buffer/distance
block (leading to a reduction in
bentonite density)

Major differences related to compartment plugs, distance blocks, etc.

Within deposition hole at buffer/rock interface

in the case of high initial inflow rates (however,
the holes can be selected individually and those
with larger inflows will be rejected). Also, in the
longer term, chemical erosion is possible in the
event of an influx of glacial meltwater. Loss of
buffer around one canister due to piping/erosion
or chemical erosion by glacial meltwater will not
affect the buffer around neighbouring canisters.

Swelling of buffer from deposition hole into drift
above the hole may lead to lowering of bentonite
density; rock stress distribution leads to risk of
rock slabs at mouth of deposition hole.

Piping/erosion may affect buffer density at
bentonite/rock interface in canister sections

with high initial inflow rates and in canister
sections adjacent to these; mitigating the effects
of piping/erosion is considered to be a major
challenge in the design of KBS-3H and has led
to the consideration of two candidate designs
and various design alternatives. Deposition drift
sections with inflows larger than a specified limit
are not used for deposition — but sealed tightly.
This will affect the utilisation degree of deposition
drifts. Design is still under development /Autio

et al. 2007/. Chemical erosion is possible in the
event of an influx of glacial meltwater. Loss of
buffer around one canister due to piping/erosion
or chemical erosion by glacial meltwater may
affect the buffer around neighbouring canisters,
since the buffer density along the drift will tend to
homogenise over time.

Axial displacement of distance block by hydraulic
pressure build-up may lead to lowering of
bentonite density and must be counteracted by a
rapid emplacement rate and by the use of steel
plugs and steel rings bolted to rock, as described
in the current reference design /Autio et al. 2007,
Borgesson et al. 2005/. Axial displacement due to
heterogeneous swelling is limited by friction and
by drift end plug.

Throughout report.

Discussion of early, transient phase —
Section 5.5, and evolution affected by
climatic change — Section 7.4.7.

Discussion of early, transient phase —
Section 5.5.
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System components/
(groups of) processes

KBS-3V

KBS-3H

Discussion of impact on system evolution
in present report

Iron/bentonite interaction

Gas transport and possibly gas-
induced porewater displacement

Effects of engineering and stray
materials

Relevant only for failed canisters.

Relevant only for failed canisters.

Effects of concrete bottom plate, stray materials,
bentonite pellets.

4 Supercontainer and other structural components within the deposition drifts

Materials, geometry, properties

Steel corrosion and formation of
corrosion products

Gas generation by anaerobic
corrosion of steel

N/A
N/A

N/A

In addition to the processes relevant to KBS-3V,
significant geochemical interactions between
supercontainer and buffer will take place (iron/
smectite interaction, iron-silicate formation, cation
exchange, etc); these processes may affect

the buffer density, swelling pressure, hydraulic
conductivity and other properties; these effects
are locally limited at early times, but may develop
with time and affect larger parts of the buffer
/Johnson et al. 2005, Carlson et al. 2006, Wersin
et al. 2007/.

In addition to the processes relevant to KBS-3V,
significant gas effects are expected /Johnson

et al. 2005/ due to anaerobic corrosion of
supercontainer and other steel components
(retarded resaturation, air trapping, gas
dissolution/diffusion/advection, gas pressure
build-up, gas leakage, gas pathways along drifts,
etc); during this early phase, no radionuclide
transport is expected.

Effects of steel rings, rock bolts, steel feet, water/
gas evacuation pipes, grouting, spray and drip
shields, cement.

For the expected steel corrosion rate, complete
conversion to oxidised species occurs within a few
thousand years.

Gas generation rates are significant although the
overall amount of gas produced is moderate; for
the effects of gas, see buffer.

Discussion of early, transient phase —
Section 5.6.

Discussion of subsequent evolution prior to
next major climate change — Section 6.5.

Discussion of canister with initial,
penetrating defect — Section 8.5.

Discussion of early, transient phase —
Section 5.5.

Discussion of canister with initial,
penetrating defect — Sections 8.3-8.6.

Depending on the types and quantities of
these materials, all safety function indicators
of buffer may be affected to some extent;
under reasonable assumptions (e.g.
functioning sealing of pipes), however, all
buffer safety function indicator criteria are
expected to be met both in KBS-3V and
KBS-3H (Sections 5.6.4 and 5.6.5).

Throughout report.

Discussion of early, transient phase —
Section 5.6.

Discussion of early, transient phase —
Section 5.5.
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System components/ KBS-3V KBS-3H Discussion of impact on system evolution
(groups of) processes in present report
Effects of volume expansion N/A Volume expansion of corrosion products may Discussion of early, transient phase —
(magnetite formation) increase buffer density and swelling pressure. Section 5.4.
lon release to bentonite porewater N/A Leads to iron/bentonite interaction. See buffer, above
Effect of supercontainer on water ~ N/A The physical properties of the corroded Consequences for radionuclide transport —
flow paths along the periphery of supercontainer have not been evaluated. Although Chapter 11.
the drift the porosity and hydraulic conductivity of the

corrosion products may be low, the possibility that

fracturing could lead to the formation of pathways

for water flow and advective transport cannot

currently be excluded. Selected radionuclide

transport calculation cases cover the case of

a disturbed buffer/rock interface due to the

presence of iron corrosion products in contact

with bentonite.
Displacement of supercontainer/ N/A See buffer. Discussion of early, transient phase —
buffer by swelling of distance Section 5.5.
blocks
Breaching of supercontainer shells  N/A The supercontainer shell may be breached by Discussion of early, transient phase —

by bentonite swelling

5 Deposition drift, central tunnel, access tunnel, shafts, boreholes

the different forces due to bentonite swelling
acting inside and outside the supercontainer shell
(secondary effect, because the supercontainer
has no safety function).

Section 5.4.

A major difference is in the geometry and backfilling of the KBS-3H deposition drifts compared with the KBS-3V deposition tunnels. In KBS-3H, supercontainers are emplaced along
relatively narrow deposition drifts, separated by compacted bentonite distance blocks. In KBS-3V, deposition holes are bored from relatively large diameter deposition tunnels, backfilled

with swelling clay or clay/crushed rock mixture.

For other underground openings (transport and main drifts, ramp shaft, boreholes) no major differences have been identified.
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System components/
(groups of) processes

KBS-3V

KBS-3H

Discussion of impact on system evolution
in present report

6 Geosphere

Gas transport, gas-induced
porewater displacement

Transmissive fractures and flow
conditions

Mechanical stability of the drift/
tunnel

Orientation of fractures

7 Biosphere

No major differences identified
8 Human activities

No major differences identified

Relevant only for failed canisters.

The selection of deposition hole locations is more
flexible than in KBS-3H because rock sections
with larger inflows can be rejected.

High stresses at the mouth of deposition holes
and at the top of backfill tunnel.

KBS-3V is more sensitive to sub-horizontal than
to sub-vertical fractures with respect to potential
damage to the engineered barrier system by rock
shear.

Limited storage volume and transport capacity
within deposition drift, combined with increased
gas generation (rates and total amount).

Gas dissolution/diffusion/advection in
groundwater, gas pressure build-up, gas-induced
porewater displacement, capillary leakage.

For tight canister sections: gas transport along
drift (EDZ) to the next transmissive fracture,
possibly involving reactivation of fractures in
near-field rock, when minimal principal stress is
exceeded.

Local variations in groundwater flow conditions
along the drift may lead to variable saturation time
for the buffer along the drift (see Figure 10-2).

Lower rock stresses than in KBS-3V because
the deposition drifts can be better adapted to the
stress field.

KBS-3H is more sensitive to sub-vertical
fractures with respect to potential damage to
the engineered barrier system by rock shear.

Discussion of early, transient phase —
Section 5.5.

Consequences for radionuclide transport —
Chapter 11.

Consequences for radionuclide transport —
Chapter 11.

Potential for rock spalling, hence
consequences for radionuclide transport —
Chapter 11.

Discussion of impact of earthquakes and
rock shear on canisters — Section 7.4.5.




4 Initial conditions and operational phase

4.1 Expected conditions

4.1.1 Impact of repository excavation on the near-field rock

Undisturbed hydrogeological and geochemical conditions at Olkiluoto are summarised in
Section 2.2. Excavation of ONKALO and of the repository tunnel and drift system will, how-
ever, significantly perturb these conditions, causing a transient drawdown of the water table and
an associated reduction in the hydrostatic pressure at repository depth /Pastina and Helld 2006/.
Grouting of fractures in the rock is, however, likely to be used (Section 2.3.3), and this will
significantly reduce hydraulic disturbance caused by excavation.

Excavation is also likely to cause a transient increase in the mixing of water types. In particular,
there will be mixing of fresh water and brackish, sulphate-rich marine-derived waters from
closer to the surface as well as of saline water from greater depths. The mixing of the waters
from closer to the surface may induce some changes in pH and Eh of the groundwaters,
although buffering by the host rock should prevent significant Eh and pH changes. Preliminary
calculations have been carried out based on the estimation of the lifetime of fracture mineral
buffers, such as calcite and pyrite in the fractures, against acid pH and oxygen containing
infiltrating waters from the surface /Andersson et al. 2007/. Further field studies and more
advanced modelling are planned. At the time of emplacement of the first canister, the water is
expected to be diluted as compared with the undisturbed conditions prior to excavations. During
the operational phase (100 years) the salinity (TDS, total dissolved solids) may rise from a
maximum of 12 g per litre at the time of emplacement of the first canister to a maximum of 25 g
per litre in the vicinity of the excavations at repository level, about 400 m below ground (and
from a maximum of 30 g per litre to a maximum of 47 g per litre at 550 m depth) according to
groundwater flow simulations, depending on the extent of fracture grouting used /Vieno 2000,
Vieno et al. 2003, Léfman 2005, Pastina and Helld 2006/. This is due to upconing of deeper,
saline waters while the repository is open. Figure 4-1 shows the evolution of the salinity at
repository depth (about 400 m below ground) and at 550 m below ground from the beginning
of repository operations (2020) until 100,000 years later /Pastina and Helld 2006/.

Groundwater monitoring will be performed during the construction of ONKALO to better
understand these effects (see summary of ongoing and planned activities in /Ahokas et al. 2006/
and /Posiva 2006/). The monitoring results will also be analysed with the site descriptive model
and used to verify or, where necessary, update the hydrogeological model, see e.g. Section 9.4
of the Olkiluoto Site Description 2006 /Andersson et al. 2007/.

In addition to these transient hydrogeological and geochemical perturbations, excavation

of underground openings will also give rise to irreversible mechanical disturbances and, in
particular, to the formation of excavation-damaged zones (EDZs) around the openings. The
EDZs around the deposition drifts are potentially of significance to long-term safety because,
if sufficiently conductive, they could create additional pathways for groundwater flow along
the drifts. EDZ properties are described in Section 4.1.2, below.

4.1.2 The deposition drift
Excavation disturbance

A description of the expected characteristics of the EDZs adjacent to the deposition drifts of a
KBS-3H repository at Olkiluoto, together with associated uncertainties, is given in Appendix D
of /Johnson et al. 2005/. A drift excavation technique is being designed that should ensure that
the degree of excavation disturbance is small. EDZ properties are, however, subject to con-
siderable uncertainties, being dependent on a variety of rock-specific and site-specific factors
as well as on the repository layout (see the discussion in Section 2.4 of /Johnson et al. 2005/).

51



Ther masirasn T 0 in the Dunnes

| | L
— T dipssnl banek (F=-420m)
oL === The lowmst poirt of OMEALD (z=-550m)

C [g4]

ﬂ 1 1 1

10 10 10 10
1 [years after disposal of 138 cansier & 22040)

Figure 4-1. Evolution of maximum salinity at the repository level (about 400 m below ground, solid
line) expected from the beginning of repository operations (2020) onward. The starting salinity takes
into account the effect of construction on salinity. The maximum salinity at the lowest point in the
ONKALO-repository tunnel system (550 m below ground, dotted line) is also shown for comparison.
Salinity is expressed in g per litre of Total Dissolved Solids (TDS). The figure (after Figure 6-19 of
/Pastina and Helld 2006/) was developed for KBS-3V disposal tunnels, but is also expected to be
applicable to KBS-3H deposition drifts.

Furthermore, the measurements made so far have been on a limited number of samples taken
from the Research Tunnel located in the intermediate and low-level waste repository (the

VLI repository) at Olkiluoto. These may not correspond fully to the properties at repository
depth. In particular, measurements of intrinsic gas permeability were based on unfractured
samples. Samples containing fractures or microfractures were rejected. Thus, the EDZ is likely,
on average, to have a higher intrinsic permeability than suggested by the measured values.
Nevertheless, current understanding is that the hydraulic significance of the EDZ is low, as
assumed in the radionuclide release calculations described in the Radionuclide Transport Report
/Smith et al. 2007a/. The significance of the EDZ with respect to gas pressurisation is discussed
in Section 5.5.

Drift temperature

The air temperature in open deposition drift sections will be controlled during operations.
Following the sealing of a drift compartment, however, the heat generated by the fuel, the heat-
transfer properties of the system components and the ambient rock temperature will determine
subsequent temperature evolution. The ambient rock temperature at depths of 400 m and 500 m
are 10.5°C and 12°C, respectively /Anttila et al. 1999/. The evolution of temperature in the drift
during the operational period and at later times is discussed in Section 5.2.
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Air humidity

Water vapour in the air in the deposition drifts will originate from the rock and, during the
operational period, from the water cushion system that is proposed for the deposition vehicle
/Autio et al. 2007/. The humidity in the deposition drifts is expected to be close to 100% at the
start of operations. Although evaporation from wet surfaces within the drift will tend to maintain
high levels of humidity, this could be affected during the operational period by design features,
such as the use of spray and drip shields, which would cover such surfaces, and will remain in
place following sealing of a drift compartment. Humidity could also be reduced as bentonite is
emplaced in the drifts and starts to take up moisture from the air. The rate of uptake of moisture
by bentonite in an open drift is, however, affected by significant uncertainties (Section 5.5).

Water inflow

As described in Section 2.2, groundwater flow at Olkiluoto is concentrated in transmissive
fractures. These are likely to intersect the deposition drifts at irregularly spaced locations, and
will lead to water inflow and saturation of the initially air filled voids during the early, transient
phase. Some water inflow to the drifts will occur at discrete locations due to intersections with
transmissive fractures (or channels within those fractures), while some may be more dispersed
by the EDZs surrounding the drifts.

/Hella et al. 2006/ have generated different realisations of the flow conditions in a deposition
drift, based on the available field data. It has been inferred from the simulations and from
borehole data that:

* the total leakage into a drift may be up to 10 litres per minute'?;

+ the average frequency with which fractures with transmissivities greater than 10~ m?* s
intersect a drift is 4 per 100 m (10° m? s is the detection limit — fractures of this transmis-
sivity would be expected each to give rise to an initial inflow of about 0.04 litres per minute
into the drift — see, however, the discussion of the relationship between initial inflow and
transmissivity in Section 2.2.7);

* the initial inflow into 5 m drift intervals (corresponding to the length of a KBS-3H super-
container) is less than 0.1 litres per minute over more than 90% percent of the drift length;

* the initial inflow into 10 m drift intervals (corresponding to the length of a KBS-3H “super-
container unit” comprising one supercontainer and one distance block) is less than 0.1 litres
per minute (with fracture transmissivities less than 10%° m? s') over about 85% percent of
the drift length; and

* there are long sections (100 m or more) of the drift that are intersected by no fractures with
transmissivities greater than 10® m? s,

The drifts will have a shallow dip of 1.5 to 2 degrees towards the tunnels from which they are
bored to provide drainage during the operational period, as illustrated in Figure 2-4. As noted
above, spray and drip shields will be used to avoid the possibility of dripping water, which
could otherwise damage the engineered barrier system by causing erosion of bentonite /Autio
et al. 2007/.

As described in Section 2.3.3, the possibility of controlling water inflow, for example by inject-
ing Silica Sol into transmissive fractures using a Mega-Packer-type grouting device is currently
under investigation.

13

From Figures 16 and 17 in /Helli et al. 2006/. It has, however, been observed at Aspd and in the
interim storage facilities for low-level waste at Loviisa and Olkiluoto (VLIJ repositories) that inflows
have a tendency to decrease over time, possibly due to precipitation in fractures (see, e.g. /Hagros and
Ohberg 2007/). See also Section 7.5 in the Process Report /Gribi et al. 2007/.
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4.1.3 The spent fuel

Spent fuel consists of cylindrical pellets of uranium dioxide, stacked in closed tubes (fuel rods)
of zirconium alloy cladding (Zircaloy). Collections of fuel rods are integrated to form fuel
assemblies, held together with spacers and plates.

The material compositions of typical Olkiluoto and Loviisa fuel assemblies are presented in
Table 4-1 (data from /Anttila 2005a/). Figures and dimensions of the Olkiluoto and Loviisa fuel
assemblies are presented in TVO-92 /Vieno et al. 1992/, in TILA-96 /Vieno and Nordman 1996/
and in /Pastina and Hella 2006/.

Activity inventories, heat production and other radioactive properties of three spent fuel types
have been evaluated as functions of cooling time for different burnups, void history, and enrich-
ment /Anttila 2005a/. The three fuel types are VVER-440 PWR fuel from the Loviisa 1 and

2 reactors, BWR fuel from the Olkiluoto 1 and 2 reactors and EPR fuel from Olkiluoto 3. The
reference fuel type for the KBS-3H safety case reports is the BWR fuel from Olkiluoto 1-2.

The cladding tubes are expected to limit the migration of water to fuel surfaces and the migra-
tion of radionuclides away from these surfaces in the event of canister failure. The majority of
the cladding tubes should provide a complete barrier to migration for at least 100,000 years,
based on a maximal corrosion rate of 8§ nm per year /SKB 2006a/. Damage may, however, occur
during handling. Furthermore, if tubes experience high temperatures during dry storage, this
will lead to increased gas pressure inside the tubes that can cause immediate failure or, in the
longer term, failure by creep (the timescale is uncertain).

Irradiation of the fuel assemblies produces a large number of radionuclides. These radionuclides
include those produced by the fission of uranium and plutonium in the fuel pellets (fission
products), as well as activation products arising from neutron absorption. The majority of
fission products and higher actinides in the fuel exist as a solid solution in the uranium dioxide
matrix. However, some of the activation products, such as '“C and **Cl, are present in both the
fuel pellets and structural materials. Certain radionuclides are also enriched at grain boundaries
in the fuel, at pellet cracks and in the fuel/sheath gap as a result of thermally driven segregation
during irradiation of the fuel in the reactor, as illustrated in Figure 4-2.

For the purpose of radionuclide transport calculations, as reported in /Smith et al. 2007a/, the
radionuclide inventory is assigned to three characteristic locations in a fuel rod:

 the fuel matrix;
* the grain boundaries and gaps (instant release fraction); and
 structural materials (cladding).

Table 4-1. Material compositions of the fuel assemblies for each of the spent fuel types at
Olkiluoto and Loviisa /after Anttila 2005a/. The reference fuel type for KBS-3H safety studies
is the BWR fuel from Olkiluoto 1-2.

BWR VVER-440 (PWR) EPR
(Olkiluoto 1-2) (Loviisa 1-2) (Olkiluoto 3)
Mass (kg per Mass (kg per Mass (kg per
tonne UO,) tonne UO,) tonne UO,)
Cladding (Zry-2 in BWR, ZrNb1 265 342.62 282.55
in VVER, M5 in EPR)
Flow channel (Zry-4 in BWR, 190 112.31 -
ZrNb2.5 in VVER)
Inconel parts 2.9 - 4.8
Stainless steel parts 53 194.30 50.90
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Figure 4-2. Schematic illustration of the distribution of radionuclides within a fuel rod (from /Nagra
2002/, based on /Johnson and Tait 1997/).

4.1.4 The canister

The spent fuel assemblies are sealed in copper canisters. The canisters are designed for long-
term integrity, i.e. gas and water-tightness, and have a design lifetime of at least 100,000 years
(the concept of design lifetime is described in Section 2.4.2).

There are three versions of the canister, one for each reactor type in Finland, the main dimen-
sions and masses of which are given in Table 4-2. The total number of canisters is estimated to
be approximately 3,000. For comparison purpose, the total number of canisters for the Swedish
spent fuel inventory is about 6,000. The design and dimensioning of the canisters, as well as
the manufacturing and encapsulation procedures and quality control, are described in detail by
/Raiko 2005/.

The canisters have iron inserts with channels for the fuel assemblies. The canister cavity may
initially be filled with air containing a small amount of water vapour (600 g). Alternatively, the
air in the canister cavity may be replaced by an inert gas (argon or helium) if this is considered
necessary to prevent radiolytic formation of nitric acid from nitrogen and moisture remaining in
the canister. Nitric acid could potentially promote stress corrosion cracking /SKB 2004, Raiko
2005/.

Induced fission inside intact canisters is not expected for the entire range of Finnish burnups,
due to the lack of any moderator. In particular, no significant amount of liquid water will be
present inside the canisters prior to failure. The issue of nuclear criticality in the case of an
initial penetrating defect is discussed in Section 8.11 (the discussion also applies to canisters
that fail at later times).

4.1.5 Other engineered components

Other components in the current reference design have been described in Section 2.3 of this
report. These include the supercontainer, the compartment plugs, the drift end plugs, fixing rings
and grout to control water flows.
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Table 4-2. Main dimensions and masses of canisters for different types of spent fuel /after
Raiko 2005/.

Loviisa 1-2 Olkiluoto 1-2 Olkiluoto 3

(VVER-440) (BWR) (EPR)
Outer diameter (m) 1.05 1.05 1.05
Height (m) 3.60 4.80 5.25
Thickness of copper cylinder (mm) 48 48 48
Thickness of copper lid and bottom (mm) 50 50 50
Total volume (m?3) 3.0 4.1 4.5
Fuel assemblies 12 12 4
Amount of spent fuel (tU) 1.4 2.2 21
Void space (m?) 0.61 0.95 0.67
Mass of fuel assemblies (tonnes) 2.6 3.6 3.1
Mass of iron and steel (tonnes) 10.4 13.4 18.0
Mass of copper (tonnes) 5.7 7.4 8.0
Total mass (tonnes) 18.6 243 29.1

4.2 Possible deviations and remedial actions

4.21 Treatment of possible deviations in the description of
repository evolution

The following sections discuss briefly some possible deviations during the manufacture of
canisters and during the construction, operation and closure of the repository that could affect
its future evolution, as well remedial actions (canister retrieval). In general, the description of
repository evolution given in the present report is based on the assumption that the canisters
are manufactured and the repository constructed, operated and closed according to design
specifications. As discussed below, however, the possibility of initial canister defects, variations
in buffer density, and the presence of some stray materials in the repository following closure
cannot be excluded, and these possibilities are included in the description of evolution (see
e.g. Section 5.6.5 on interactions involving cement and stray materials and Chapter 8 on the
evolution of a canister with an initial penetrating defect). No attempt has so far been made to
assess the likelihood of such deviations. Other possible deviations include accidents during
construction and operation and poor canister emplacement within a drift. These possibilities
are discussed briefly in the following sections, but, at the current programme stage, they are
regarded as design and operational issues and are dealt with in the coming report Design
Description 2007 /Autio et al. 2008/.

4.2.2 |Initial canister defects

Given the long (100,000 year at least) design lifetime of the canisters, which relies on the
corrosion resistance of the copper shell, the possibility of initial defects that penetrate the copper
shell is of crucial importance in the safety assessment. In principle, such defects could occur
anywhere in the copper shell, but they are most likely to occur along welds and, in particular,

at the seal of the canister top lid, which is less amenable to inspection than other welds.

SKB has made a first evaluation of the reliability of the friction stir welding process for canister
sealing, which is the reference method assumed in SR-Can, and concluded that “the welding
process produces reproducible results which satisfy stipulated requirements on minimum
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copper thickness with very good margins” /Ronneteg et al. 2006/. According to SR-Can, there
are expected to be no canisters with initial penetrating defects in their copper shells /SKB
2006b/. Furthermore, out of the entire canister inventory considered in the SR-Can assessment
(4,500 canisters), it has been estimated that 99% have no defect deeper than 10 mm and 1%
have no defect deeper than 15 mm. SKB also studied the reliability of non-destructive testing
(NDT) of the copper seal welds and concluded that the proposed NDT methods are well suited
to checking the weld quality /Miiller et al. 2006/.

SKB has conducted tests on 20 canister lids welded by friction stir welding under production-
like conditions (/SKB 2006¢/ and references therein). SKB’s conclusion on the reliability of the
friction stir welding method is that the welding process produces reproducible results which satisfy
stipulated requirements on minimum copper thickness with very good margins /Ronneteg et al. 2006/.
After the lids were welded, each weld was examined using the Non Destructive Testing (NDT)
methods available at the SKB Canister Laboratory. SKB conclusion on the proposed NDT methods
is that they are suitable to indicate the weld quality /Miiller et al. 2006/. After NDT, the welds were
further analysed using destructive methods to determine the exact size and, for some welds, the
material composition in the defects. The maximum defect sizes obtained for this demonstration
series were then used to predict the expected maximum defect size for the total production series
using extreme value statistics, i.e. by fitting the measured defect sizes to a generalised extreme
value distribution /SKB 2006b/.

Based on the results of these tests, for the purpose of the SR-Can safety assessment, the defect
distribution was assumed to be as follows (see Table 4-1 in /SKB 2006b/):

*  99% of all canisters have a maximum defect size smaller than 10 mm

* 1% of all canisters have a maximum defect size smaller than 15 mm

In other words, one percent of canisters have a maximum defect size between 10 and 15 mm
and none have larger defects. No initial penetrating defects are expected.

Posiva plans to seal the lid of the copper overpack with electron beam welding, but currently
retains friction stir welding as an alternative option. Although there are differences in Posiva’s
and SKB’s canister designs, including the chosen reference welding techniques, the probability
of initial penetrating defects in Finnish canisters is also expected to be low. On the other hand,
in Finland, the quality assurance program for NDT techniques is still in an early phase of
development. A non-destructive examination method for canister component manufacture and
sealing will only be selected by the end of 2008. A qualification programme for the applicable
examination procedures will be made by the end of 2009 and executed by the end of 2012,
before the application of the encapsulation plant construction license is submitted. Thus, Posiva
is not yet taking any position on the likelihood of occurrence of canisters with initial penetrating
defects.

In both methods, the seal location is on, or within a few centimetres of, the end-face of the
canister, so that no differences can be identified between electron beam welding and friction stir
welding from the long-term safety point of view if an initial penetrating defect is assumed to be
present.

The evolution of a canister with a postulated initial penetrating defect is described in Chapter 8.
In the Radionuclide Transport Report /Smith et al. 2007a/, a scenario in which a canister has an
initially penetrated canister is used to illustrate the impact of a range of uncertainties affecting
release and transport processes in the event of canister failure, whatever the cause or the timing
the failure event. In SR-Can, although no initial penetrating defects are expected, evolution in
case of a growing pinhole failure was described and its consequences evaluated (Section 10.5 of
/SKB 2006a/).
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4.2.3 Variations in buffer thickness and density

The design saturated buffer density is 2,000 kg m~. The density will, however, have a statistical
spread due to small variations in the drift diameter and variations in the density of the emplaced
bentonite. As discussed in Section 5.5, there is also expected to be a difference in the density of
the buffer inside the supercontainers and the buffer extruded into the surrounding gaps through
perforations in the supercontainer walls. These differences will reduce over time, but some
residual differences may persist indefinitely because friction limits buffer homogenisation.

The initial spread of buffer densities following saturation has been calculated in the case of

a KBS-3V repository using data from the Prototype Repository experiment at the Aspd Hard
Rock Laboratory /Birgersson and Johannesson 2006/. The mean density 95% confidence
interval for a complete deposition hole was calculated to be 2024-2038 (the mean density was
higher than the KBS-3V and -3H design saturated buffer density, due to limited information
when planning the experiment). No similar experiment or calculation has as yet been performed
for KBS-3H.

Poor emplacement of canisters in the drift, such as off-centred or tilted deposition, could

also have potentially detrimental effects on the safety functions of the buffer with respect to
protection of the canisters and the limitation and retardation of radionuclide release from a
failed canister. The thickness of the diffusion barrier provided by the buffer could be reduced.
The swelling pressure could also be reduced, although a swelling pressure reduction leading

to a significant increase of the hydraulic conductivity of the buffer is less likely; it is noted in
SR-Can that substantial loss of buffer density would be required for advection in the buffer to be
an important process (Section 9.4.8 of /SKB 2006a/). Either situation, if it were to occur, would
result in an increase in the rate of transport of sulphide from the groundwater to the canister
surface, thereby increasing the copper corrosion rate, and, in the event of canister failure, an
increase of the radionuclide release rates at the interface between buffer and rock. During the
early, transient phase, no impact on the integrity of either intact or initially defective canisters is,
however, expected.

4.2.4 Accidents

Handling and transport of canisters from the encapsulation plant to a KBS-3H deposition drift
is expected to be performed according to prescribed QA procedures and the emplacement of
canisters is expected to take place as designed. Nevertheless, accidents or mishaps during the
operational period can never be completely excluded, and must either be demonstrated not to
have any significant impact on the long-term behaviour of the canisters, or, if such a demonstra-
tion is not possible, affected canisters will have to be removed from the drift and returned to the
encapsulation plant, where appropriate measures would be taken to fully restore their functional-
ity. Extreme cases, such as major mishaps or accidents during construction or operation of the
repository, rock fall, failure of grouting causing sudden inflow to a compartment, sabotage,

as well as a repository left open or unsealed after the operation period, have not so far been
considered in KBS-3H safety studies.

/Knuutila 2001/ has studied the impact of possible accidents involving falling or dropping

of canisters during encapsulation or transport to the underground facilities in the context of

a KBS-3V repository. The findings are also largely applicable to KBS-3H. The strength and
rigidity of the canister insert and the ductility of the copper shell ensure that the canisters remain
gas tight even in the event of accidents that cause significant deformations of the insert. The

fire resistance of the canister, when transferred in a rubber wheeled transfer lorry in the ramp

or central tunnel of the repository, has been analysed in /Lautkaski et al. 2003/. According to
simulation results, the spent fuel in its transportation cask would endure a fire with a flame
temperature of 1,000 £ 100°C for 3—4 hours, and in a radiation shield for 2.5-3 hours, without
any resulting damage.

Off-normal conditions, including accidents, will be addressed in the coming report Design
Description 2007 /Autio et al. 2008/.
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4.2.5 Stray materials

Stray materials, if present in sufficient amounts, could damage the canister surfaces or otherwise
adversely affect the repository safety functions. Stray materials of interest include those contain-
ing nitrogen compounds, such as ammonium nitrates and NOx species injected into bedrock
during blasting, which could have detrimental effects e.g. on the stress corrosion of copper.
These are, however, generally expected to be decomposed or reacted relatively soon after blast-
ing and it is likely that there will be very limited amounts of these present after the operational
period. Organic substances or their degradation products could, however, form complexes with
radionuclides that would lower radionuclide sorption and thus increase radionuclide release and
transport rates in the event of canister failure. These organic substances and their association
with some metals could be particularly relevant when assessing the chemical risks associated
with the repository system. The impact of these substances on the radiological consequences of
the repository remains an issue for future safety assessments.

Where practicable, the introduction of potentially detrimental stray materials into the repository
will be avoided, or such materials will be removed or cleaned during repository operations.
Some stray materials will, however, inevitably remain in the repository and the surrounding
rock after the closure. Potential amounts have been estimated, based on the reference layout
described in Section 2.2.7 /Hagros 2007a/. The impact of stray materials on the repository safety
functions is discussed briefly in Section 5.6.5.

4.2.6 Canister retrieval

If considered beneficial or necessary due to accidents, mishaps or poor emplacement, some or
all canisters could be retrieved from a single drift or from the entire repository. It is currently
assumed that any measures to facilitate retrieval will be realised in such a way that they will not
harm the performance and long-term safety of the repository.
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5 Early evolution

5.1 Definition of the period and evolution of
external conditions

Early evolution covers evolution in the transient phase following the emplacement of the first
canister in the repository. Significant mass and energy fluxes occur during this phase as a result
of the various gradients created by the construction of the repository and emplacement of the
spent fuel. The end-point of early evolution is not well defined; many of the transient processes
that occur during this period do not suddenly cease, but rather gradually diminish over time.
Nevertheless, two key transient process — heat dissipation from the spent fuel and saturation

of the repository external to the canisters — may take up to several thousands of years (or even
longer in the case of saturation of the tightest sections) and this may be taken as the rough dura-
tion of the period discussed in this chapter.

External conditions, and especially the climate, are expected to vary significantly over this
period. /Ruosteenoja 2003/ has described possible paths of climatic evolution at Olkiluoto in
the near future (2010-2350), which corresponds roughly to the transient period described in

this chapter (see also Section 5.2 of /Pastina and Helld 2006/). An increase in temperature is
predicted during the current century, due largely to the burning of fossil fuels (the “greenhouse
effect”). High latitude temperature increase is expected to be larger than the global average (e.g.
a high latitude increase of 8°C requires a global rise of only 2.5 to 6.7°C). By 2070-2099 winter
temperatures at Olkiluoto are estimated to have risen by 3.8—-10.4°C and summer temperatures
by 1.6-5.6°C. Relative humidity will tend to decrease in all seasons except winter.

According to the Intergovernmental Panel on Climate Change /IPCC 2001/', global average sea
level will rise 0.11-0.77 m in the next century. Factors taken into account in this estimate are:
thermal expansion, which accounts for a sea level rise of 0.09—0.37 m, melting of glaciers and
ice caps, melting of the Greenland and Antarctic ice sheets, the thawing of permafrost, and the
effects of sedimentation. This rise is counterbalanced at Olkiluoto by post-glacial land uplift,
which is expected to remain roughly constant at 6 to 6.8 mm per year for the next few centuries
(but to slow significantly over a time frame of a few thousand years — Section 2.2.6).

Before the end of the operational phase, it is possible that every winter will be practically
snow/ice free. Thereafter, there are significant uncertainties in the magnitude of greenhouse
effect (see the discussion of the Weichselian-R and Emission-M scenarios in Section 7.1).
Within the next thousand years, according to the most radical scenario, the Greenland ice sheet
will totally melt and raise the global average sea level by 6 m /IPCC 2001/. The maximum

sea level rise caused by thermal expansion is 4 m. Thus, sea level could rise by a total of 10 m
during this thousand-year period. Nevertheless, due to continuing post-glacial rebound, the
shoreline will be displaced away from the Olkiluoto site, even in this most radical scenario.
Within a few thousand years, the sea will have no impact on groundwater flow and composition
around the repository, and thus the impact of anthropogenic changes in global average sea level
on repository evolution will be negligible.

It could be speculated that the burning of fossil fuels, because of its impact on overall tempera-
tures and on the CO, content of rainwater, could affect the reactivity of water infiltrating into
the bedrock. This could, in principle, eventually lead to changes in groundwater flow patterns
as a result of precipitation and/or dissolution on fracture surfaces, although there is currently no

4 A new IPCC report is being compiled at the time of writing (2006-2007). Draft sections that are
publicly available confirm the information presented in the earlier study /IPCC 2001/, which has been
used in the present report.
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evidence for any significant effects. The effect of increased pCO,, as estimated in the base case
scenario of /IPPC 2001/, on groundwater composition and the extent and depth of this perturba-
tion could be an issue for further work in both the KBS-3H and KBS-3V programmes.

In the longer term, beyond the period of early evolution, the burning of fossil fuels could also
affect the occurrence and timing of future glacial episodes. For safety studies, two scenarios for
future climatic evolution have been selected on which to base the description of the evolution of
a repository (either KBS-3H or KBS-3V) at Olkiluoto: the Weichselian-R scenario (Scenario B
in /Cedercreutz 2004/) and the Emissions-M scenario (Scenario D in /Cedercreutz 2004/). The
Weichselian-R scenario assumes a repetition (R) in the future of the last glacial cycle from the
Eemian interglacial to the end of the Weichselian glaciation, which lasted about 125,000 years.
The Emissions-M scenario takes into account the warming effects of moderate (M) levels of
anthropogenic emissions (especially CO,) from human activities. The Weichselian-R and the
Emissions-M scenarios provide alternative timelines for climate evolution consistent with
current understanding. No attempt has been made to assess their respective likelihoods of occur-
rence. Both the Weichselian-R and Emissions-M scenarios are described further in Chapter 7
and are covered in detail in /Pastina and Helld 2006/.

5.2 Thermal evolution

5.2.1 Key aspects of thermal evolution in this period

Heat will be generated by the decay of radionuclides in the repository at a time-dependent rate.
This heat will be transferred continuously to the surrounding media by:

» conduction through metal components, bentonite, rock and any gas- or water-filled gaps
between these media;

 radiation from surfaces; and
* convection of gas or water in gaps and voids.

Upon emplacement of the first supercontainer, the thermal evolution of the interior of the
supercontainer (which begins prior to emplacement) will continue. In addition, heat will be
transferred to air within the open part of the deposition drift and to the host rock. When the first
distance block is emplaced, its temperature will start to rise as a result of heat transfer from

the first supercontainer, from the next supercontainer as soon as it is emplaced, and so on until
emplacement operations are complete. The thermal evolution within and around any individual
supercontainer and distance block is thus, to some extent, dependent on the emplacement
schedule and the duration of the operational period for a deposition drift. It is also dependent
on the position of a given supercontainer with respect to other supercontainers in a drift.

In the longer term, the temperature within and around the repository will peak and then start to
decline due to the diminishing heat output from the spent fuel. Repository temperature will tend
towards the ambient rock temperature over a few thousand years. The thermal analysis results
for KBS-3H, which are summarised in the following sections, are very similar to those for
KBS-3V repository, particularly in the longer term.

Well-established physical laws describe the heat-transfer processes controlling thermal evolu-
tion. Nevertheless, there are some significant uncertainties in the parameter values that are
appropriate when applying these laws to a KBS-3H repository at Olkiluoto. The emissivity of
copper, for example, a parameter relevant to radiative heat transfer from the canister surface,
depends on the quality of the surface, which will be a function of the manufacturing process and
will also vary with time as the surface oxidises (see Section 2.3 of /Ikonen 2005/). The thermal
conductivity of bentonite and the presence of gaps around the peripheries of the bentonite
blocks depend on the saturation state. Heat transfer rates are thus affected by the various uncer-
tainties that also affect the saturation process (Section 5.5). There is further uncertainty, as well
as spatial variability and anisotropy, in the thermal conductivity of the host rock at Olkiluoto.
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Uncertainty arises, in particular, from the use of spatially averaged thermal properties obtained
from small sample data applied to the entire rock mass for thermal analyses. Thermal conductiv-
ity values for the host rock, which are relatively low compared with many crystalline rocks, are
reported in Chapter 5 of the Site Description 2006 /Andersson et al. 2007/.

In /TIkonen 2003/ and /Ikonen 2005/, where the calculations are described in detail, such
uncertainties are either argued to be of negligible consequence, or are handled by conservative
parameter value selection (i.e. values are used that lead to an over-estimate of temperatures').
For example, in view of the uncertainty and variability in measured values, rather low values for
thermal conductivity data were used in thermal analyses to avoid overestimating the heat trans-
fer through the rock. Model simplifications are also made to facilitate the analyses, such as the
neglect of convective heat transfer and of thermal anisotropy in the host rock. These are again
argued either to be of negligible consequence or conservative. For example, the consequences
of the thermal anisotropy of the host rock been evaluated and are minor with respect to thermal
behaviour.

Because of the conservative parameter values used and model simplifications made, the
temperature maxima reached in reality during the operational period and in the longer-term
are expected to be lower than those calculated.

5.2.2 Thermal evolution in the operational period

/Tkonen 2005/ carried out an analysis of thermal evolution for BWR spent fuel in two limiting
cases. In the first of these, the hypothetical assumption was made that an infinite row of
supercontainers and distance blocks is emplaced in a drift instantaneously at time zero — i.e. the
operational period is, in effect, instantaneous and all supercontainers evolve identically. This
assumption is expected to lead to an over-estimate of temperatures at times when the thermal
influences of different canisters begin to interact.

Figure 5-1 shows the calculated temperature evolution over a 30-day period in a vertical plane
normal to the drift axis and passing through the centre of a supercontainer (i.e. where tempera-
tures are highest) at three radial distances from the drift axis, corresponding to:

* the canister surface;
 the outer surface of the bentonite buffer; and
 the rock surface.

Gaps were assumed to exist between the canister surface and the buffer, between the buffer
and the supercontainer and between the supercontainer and the drift surface'®. These gaps were
assumed to be air filled for the duration of the calculated period, with heat transfer across the
gaps by thermal conduction and radiation.

Figure 5-2 shows the temperature profile parallel to the drift axis at each of these radial
positions. According to this analysis, the air temperature in the gap between the supercontainer
and the rock midway along the canister rises to between about 30 and 40°C over 30 days. The
temperature on the canister surface rises to a little over 70°C.

15 Such values are viewed as conservative, since the object of the modelling studies was to determine
values for canister pitch and tunnel separation that ensure that maximum temperature criteria are
satisfied.

In reality, canisters are not likely to be located fully coaxially in the drifts. The buffer and canister
will, for example, be in contact immediately below the canister, whereas an initial gap will exist above
the canister. To simplify modelling, however, full axial symmetry was assumed. To ensure that the
bentonite temperature assessment was conservative, the bentonite temperature at all points on its inner
boundary was set equal to copper canister surface temperature.
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of the canister in ventilated storage at the encapsulation plant. A decay heat of 1,700 W per canister
dissipated through a canister surface area (cylinder and top lid) of 16.7 m? with a heat transfer coefficient
at the canister surface of 4 W m2 °C! gives rise to a 26°C higher temperature at the canister surface
compared with ambient air temperature, which is assumed to be 20°C.

Figure 5-1. The temperature evolution over a 30-day period in a vertical plane normal to the drift axis
and passing through the centre of a supercontainer at three radial distances from the drift axis — the
canister surface, the (outer) bentonite surface and the rock surface /after Ikonen 2005/.

Ikonen carried out a further analysis based on an alternative limiting case in which the
operational period is, in effect, infinite — only a single supercontainer and single distance block
are present from time zero and throughout the entire calculational period. This assumption leads
to an under-estimate of temperatures at times when the thermal influences of different canisters
begin to interact. The actual evolution of temperature will follow a path somewhere between
these two limiting cases. However, the maximum temperatures calculated by Ikonen — i.e. the
temperatures in a vertical plane passing through the centre of a supercontainer — are similar in
both cases, indicating that neither the duration of the operational period, nor the position of one
supercontainer with respect to other supercontainers in a drift, are important factors influencing
the evolution of temperature in this plane.

5.2.3 Thermal evolution in the longer term

As the thermal influence of the fuel extends to increasingly large distances, the evolution of the
temperature around a canister will be affected not only by heat output from canisters in the same
drift, but also by the heat output from canisters in neighbouring drifts. /Ikonen 2003/ carried out
analyses of the thermal evolution of a repository panel with different BWR canister pitches in

a drift, and with either 25 m or 40 m drift separation. As noted above, the process of saturation
of the buffer will affect its thermal properties, and will close air-filled gaps. In the calculations,
however, fixed thermal properties were assumed for the bentonite and the gaps were (conserva-
tively) assumed to remain open.
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Figure 5-2. The temperature profile parallel to the drift axis at each of the radial positions shown in
Figure 5-1 /after Ikonen 2005/.

The results showed that, for a canister pitch of 11 m and a drift separation of 25 m, the tempera-
ture at the canister/bentonite interface at the centre of the highest-temperature canister peaks at
90°C after 50 years of repository operation — or about 20 years after deposition of the canister!”.
For a 40 m drift spacing, the temperature maximum is slightly lower (84°C) and reached
somewhat earlier (after 40 years from the start of repository operation — or about 10 years

after deposition of the canister).

For the longer term, no temperature calculations specific to a KBS-3H repository at Olkiluoto
have been carried out. The temperatures within the rock surrounding a KBS-3H repository are,
however, expected to be similar to those around a KBS-3V repository, given the similarity of
the emplacement density in the two alternatives. The results of calculations of coupled heat

and solute (salinity) transport and flow carried out in connection with a KBS-3V repository at
Olkiluoto and reported in /Pastina and Helld 2006/ are therefore also expected to be broadly rep-
resentative of a KBS-3H repository. The results indicate that the decay heat of spent nuclear fuel
raises the temperature of the repository and the surrounding bedrock by several tens of degrees
for many centuries and by a few degrees for several thousand years. Five thousand years after
disposal, the temperature of the canister was calculated to be between 11 and 6°C higher than
the undisturbed ambient temperature at repository depth (see Figure 5-3).

Climatic evolution and its associated uncertainties will have only a small impact on rock tem-
peratures at repository depth up until the occurrence of the next period of permafrost (expected
around 12,500 years at the earliest; see Chapter 7, Figure 7-2). By this time, the heat output
from spent fuel will be negligible.

7 Canisters are modelled as being deposited at a rate of 45 canisters per year. The canister experiencing

the highest temperature in this case is in the 12th canister row of the 28th tunnel, with 50 canisters per
tunnel (Table 5 of /Ikonen 2003/), and so it is deposited about 30 years after the start of operations. All
canisters are assumed to have the same thermal output upon deposition.
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5.2.4 Wider impact on system evolution and safety functions
General

Thermal effects will significantly influence several of the processes involved in the evolution
of'a KBS-3H repository. Early thermal evolution has an important impact on design, in that
avoiding thermally-induced detrimental changes is a major consideration determining deposi-
tion drift spacing and the spacing of canisters within a drift (i.e. the axial dimension of the
distance blocks). In particular, considerations of thermal evolution reported in /Ikonen 2003/
are the basis of the 11-m canister pitch in the current KBS-3H layout for Finnish BWR spent
fuel (Figure 2-3).

Specific thermal effects on the evolution and properties of the KBS-3H system are described
below.

Impact on pore pressures, saturation and flow

Heat generated by the spent fuel will cause water initially contained in the buffer near to the
canister surface to evaporate and migrate outwards by vapour diffusion, followed by condensa-
tion in the outer part of the buffer or at the rock surface. Heat generation will not, however,
significantly affect the rate of buffer saturation, since the increased hydraulic conductivity of the
buffer at elevated temperatures largely compensates for the thermally driven transport of vapour
outwards from the buffer (Section 5.5).

Increased temperatures will also lead to thermal expansion of water and decreased water
viscosity. In the buffer, the thermal expansion of pore water will lead to significant increases
in pore pressure only once full saturation is achieved in hydraulically isolated parts of the drift,
due to the high compressibility of any trapped or repository-generated gas /Rasilainen 2004/.
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Figure 5-3. Increase in canister and buffer temperature above the undisturbed ambient value in a
KBS-3V repository. To obtain temperatures in °C, the ambient rock temperature (10.5°C at the depth
of 400 m in Olkiluoto) can be added to delta T. Further details are given in /Pastina and Helld 2006/.
As the spent fuel emplacement densities are similar for KBS-3V and KBS-3H, this figure also gives an
indication of the magnitude and duration of the elevated temperatures occurring within and around a
KBS-3H repository.
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In the near-field rock, increased pore pressures and decreased groundwater viscosity will tend to
increase water inflows towards the drift. Furthermore, thermal expansion of the rock may alter
fractures apertures, increasing or decreasing flow!'®. Nevertheless, because of the declining heat
output from the fuel, insignificant effects on the hydraulic, chemical and mechanical evolution
of the repository and its surroundings are expected after a few hundred years.

Impact on gas generation and transport

Heat output from the fuel is expected to have no significant impact on gas generation or
transport. Long-term steel corrosion (which gives rise to most repository generated gas) shows
low sensitivity to the temperature within the range of 30-85°C /Smart et al. 2001/. Furthermore,
although gas pressure and temperature are strongly related, and the solubility of gas is somewhat
decreased at higher temperatures, the timeframe for the buildup of significant gas pressures is
expected to be in the order of hundreds of years or more (see Section 5.5), by which time the
thermal transient will be largely complete.

Impact on the properties of the canisters and buffer

The layout of the repository is chosen such that temperature within the buffer will remain below
100°C, in which case thermal effects will have no major impact on long-term safety functions of
the canisters or the buffer (see Section 2.2.7). During the period of elevated temperature, some
limited chemical changes may occur in the buffer, as described in Section 5.6. These are not,
however, expected to perturb the properties of the buffer significantly in terms of the criteria for
the buffer safety function indicators (Table 2-3). Cooling of the canister will cause tensile strain
of the copper shells of the canisters over the iron inserts, but this will be negligible relative to
the maximum allowable creep strain (Section 5.7.3).

Mechanical impact on the rock

Thermal loading will increase the principal stresses in the rock mass, and is expected to lead
to some thermally-induced rock spalling (see Section 5.4.5). Subsequently, as the thermal
load declines, the rock mass will readjust to the decreasing temperature, but some irreversible
changes are likely to remain. The impact of thermally-induced rock spalling, along with other
processes that may perturb mass transfer across the buffer/rock interface, is considered in
Appendix B.7 in the context of canister corrosion, and in the Radionuclide Transport Report
/Smith et al. 2007a/ in the context of the release and transport of radionuclides.

Impact on chemical reactions in the near-field rock

Elevated temperatures within and around the repository will affect chemical thermodynamic
equilibria. They will also affect (and generally accelerate) the kinetics of aqueous and mineral
reactions and will tend to increase and the activity of microbes naturally present in the rock, as
well as those introduced during repository construction and operation. Elevated temperatures
will therefore influence the chemical evolution of the engineered barriers and the host rock,
including the impact of cement, organics, nitrogen compounds and the various stray materials
that may be introduced underground. The impact of elevated temperatures (together with an
increase in pCO,) on the rock is expected to be largely reversible and may include precipitation
of calcite in fractures and accelerated dissolution of silicates — as the rock mass subsequently
cools, calcite will redissolve and silica will precipitate.

8 In SR-Can, it was found that there could be some significant but very local effects on fractures close
to deposition holes (see Figure 9-20 of /SKB 2006a/).
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5.3 Groundwater flow and evolution of
groundwater composition

5.3.1 Key aspects of groundwater flow and evolution of groundwater
composition in this period

At the start of the early, transient phase, excavation of the repository will have caused
drawdown of the groundwater table and a reduction in the hydrostatic pressure at repository
depth. It will also have caused drawdown of sulphate-rich waters from closer to the surface and
upconing of more saline, deep groundwaters (Section 4.1.1). After the underground openings are
backfilled and sealed, groundwater flow analyses conducted in connection with the construction
and operation of the ONKALO underground rock characterisation facility indicate that the
groundwater table will recover within a couple of years of backfilling and sealing the facility
/Vieno et al. 2003/. Perturbed geochemical and hydrogeological conditions will, however,
persist in the immediate vicinity of the repository due to the residual thermal output from

the spent fuel, which is expected to create a “groundwater convective cell”, drawing cooler

and more saline waters from underneath the repository and discharging warmer waters above
the repository. Calculations performed for a KBS-3V repository at Olkiluoto /Léfman 2005/
indicate that there will be increased upward groundwater flow and increased salinity compared
with unperturbed conditions for a period of up to several hundreds of years (see Figure 4-1).

A further process potentially relevant to groundwater flow and geochemical composition in

the transient phase (though not included in the calculations of /L6fman 2005/) is the gas rising
through the fracture network — see Section 6.3.3 of /Pastina and Helld 2006/. There are indica-
tions that deep saline groundwaters below repository depth contain gases, and in particular
methane, at near-saturation concentrations (Section 2.2.4). The convective cell created by the
thermal gradients around the repository will draw up dissolved gases from depth, and elevated
temperatures will promote degassing and bubble formation. Repository-generated gas, princi-
pally hydrogen from the corrosion of steel components may also form bubbles. Furthermore,
as gas rises through the fracture network within the host rock, it may carry water with it, and
perturb groundwater flow to a degree not currently fully understood. However, the formation of
bubbles from either natural dissolved gas or from repository-generated hydrogen gas formation
is only likely to occur during the first few thousand years of repository evolution (during the
period of elevated temperatures in the case of natural dissolved gas and during the period of
steel corrosion in the case of repository-generated gas), and any perturbation to groundwater
flow will have largely ceased by the time any radionuclides are released from failed canisters.
For example, in the case of a canister with an initial penetrating defect through the copper
shell, it may take around a thousand years for a transport pathway to be established between the
canister interior and exterior and releases are initially expected to be relatively small due to the
large transport resistance of the defect — it is likely to take several thousands of years more for
the transport resistance of the defect to be lost — see the Radionuclide Transport Report, /Smith
et al. 2007a/.

Methane and hydrogen gases migrating upwards may also participate in diverse redox processes
in the groundwater, such as reduction of sulphate to sulphide in the presence of sulphate reduc-
ing bacteria. This is discussed in detail in /Pitkdnen and Partamies 2007/, but is also noted in
Chapter 12 as an issue for further investigation.

Although sealed, boreholes may play a significant role in hydrogeological evolution in the
transient phase and beyond. This is because no currently available sealing techniques can be
relied upon to prevent flow over timescales beyond a few centuries, and boreholes may thus
become preferential flow and transport paths. As also noted in the context of a KBS-3V reposi-
tory at Olkiluoto (Section 6.2.3 of /Pastina and Helld 2006/), the long-term role of the boreholes
will be clarified as more specific information about the technical method to seal them becomes
available.
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5.3.2 Wider impact on system evolution and safety functions

The evolution of the hydrostatic pressure and groundwater composition will to some extent
affect buffer saturation and swelling, which are described in detail in Section 5.5. The
hydrostatic pressure, which will be perturbed over a timescale of a few years by drawdown

of the groundwater table, will affect the rate of inflow of water to the drift during saturation
(Section 5.5). The salinity of the groundwater, which will be increased with respect to ambient
conditions over a few hundred years, will affect both the rate of uptake of water by the bentonite
buffer and the buffer swelling pressure (and thus, indirectly, the buffer hydraulic conductivity).
As discussed below, however, provided the saturated buffer density remains in the range of
about 1,890 to 2,050 kg m (the design density of 2,000 kg m>), changes in swelling pressure
and hydraulic conductivity caused by salinity variations are expected to be minor, and the
criteria for the buffer safety function indicators will continue to be met. Processes that may lead
to changes and non-uniformity in buffer density in the early evolution phase and beyond are
discussed in various sections throughout this report.

The upper bound for saturated buffer density so that the buffer can be assumed to perform its
safety functions (2,050 kg m™) is taken directly from Table 2-3 and is based on the requirement
on the buffer to protect the canisters in the event of rock shear movements. The lower bound

of 1,890 kg m~ is derived firstly from the requirement on the buffer to prevent significant
microbial activity. The corresponding safety function indicator criterion given in Table 2-3

is a swelling pressure of 2 MPa. Studies indicate that bacterial activity will be suppressed,

and both culturability and viability will decrease, at swelling pressures exceeding 2 MPa
/Stroes-Gascoyne et al. 2006, Masurat 2006/. It is likely that microbes are barely active under
these conditions (although this is an issue that is still under investigation). Below about 2 MPa,
however, significant microbial activity cannot be excluded. This lower bound for swelling
pressure is met for 0.3 M NaCl solution (corresponding roughly to the present-day 10-20 g per
litre total dissolved solids — TDS — at Olkiluoto) if the dry density is above about 1,300 kg m™
(1,830 kg m™ saturated) (see Figure 4-7 of /SKB 2006a/). A conservative estimate of the
maximum salinity that could occur at a depth of about 550 m at Olkiluoto at future times is
30-45 g per litre. There is currently about 12 g per litre of TDS at repository depth (420 m
below ground), which may rise transiently to around 25 g per litre as a result of the upconing
associated with excavations, before decreasing again as a result of continuing post-glacial uplift
(Figure 4-1). For a 1 M NaCl solution (which corresponds to about 60 g per litre TDS) a 2 MPa
swelling pressure is achieved at a dry density of about 1,400 kg m~ (1,890 kg m™ saturated).

In addition to preventing significant microbial activity, a saturated density of 1,890 kg m= will
prevent colloid-facilitated radionuclide transport (Table 2-3 of the present report — see also
Section 2.5.4 of /SKB 2006¢/ for further discussion). Furthermore, since the swelling pressure
will never be less than 2 MPa, irrespective of salinity variations in the expected range, it will
also prevent the possibility of canister sinking and ensure tightness at the drift wall and self
sealing capability (Table 2-3). Finally, it will ensure diffusion-dominated transport in the buffer,
given that hydraulic conductivities of less than 10" m? s™' are measured in MX-80 bentonite

in saline conditions at dry densities above about 1,200 kg m~ (1,760 kg m saturated) (see
Figure 4-8 of /SKB 2006a/). Diffusion dominates over advection as a transport process at these
low conductivities.

5.4 Mechanical evolution

5.4.1 Key aspects of mechanical evolution in this period

During early evolution, thermal gradients, gas generation, buffer saturation and swelling and
the volume expansion of steel components as they corrode will result in mechanical forces
being exerted on the canisters, on the surfaces of the supercontainer shells and on the drift walls.
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The development of buffer swelling pressure (including the resulting deformation of the
supercontainer shells) is described in Section 5.4.2. Section 5.4.3 describes the development
of isostatic loads on the canisters. The potential for vertical displacement of canisters within
the drift is described in Section 5.4.4. The mechanical evolution of the rock at its interface with
the buffer and, in particular, the issue of rock spalling is discussed in Section 5.4.5. The impact
of rock shear movements is described in Section 5.4.6. The impact of heterogeneous water
inflow and saturation along the drift is discussed in Section 5.4.7. The mechanical evolution

of the compartment and drift end plugs is described in Section 5.4.8. A discussion of the wider
impact of the mechanical phenomena on system evolution and safety functions is given in
Section 5.4.9.

5.4.2 Development of buffer swelling pressure and deformation of
the supercontainer

A single KBS-3H drift is likely to pass through sections of relatively tight rock and rock inter-
sected by transmissive fractures, so that saturation, swelling and the development of swelling
pressure occur at different rates along the drift (an important difference between KBS-3H and
3V is the length of the KBS-3H deposition drift compared with the KBS-3V deposition holes).
The saturation and swelling of the KBS-3H buffer is described in detail in Section 5.5, and is
summarised below.

The buffer will start to absorb water from the high-humidity air immediately upon emplacement
of the supercontainers and distance blocks. Water infiltrating through the drift walls will enter
the bentonite pore spaces causing further swelling. Swelling bentonite will fill the gap between
the distance blocks and the drift wall, hydraulically isolating the supercontainers from each
other. Bentonite will also be extruded through the perforations in the cylindrical shell of the
supercontainer. The extruded bentonite outside the supercontainers will initially be of low
density, and exert a small swelling pressure on the supercontainer shells and drift walls, while
the buffer inside the supercontainers will exert a relatively large swelling pressure on the inner
surfaces of the shells. The difference in pressure exerted on the inner and outer surfaces of

the supercontainer shells will lead to elasto-plastic deformation and possibly to rupturing of
the shells after a period of a few months. This has been observed experimentally in 1:10 scale
tests (Figure 4-13 in /Borgesson et al. 2005/). The exact form that any rupturing will take is
uncertain, although it is most likely to take place initially at the intersection between the lid
and the supercontainer cylinder.

As further water is absorbed, confinement of the buffer will cause the swelling pressure exerted
on the drift walls, on the canisters and on the compartment and drift end plugs to increase.

The weight of the supercontainers will be transferred from the supporting feet to the buffer,
which will be sufficiently dense to prevent any significant sinking as the supporting feet
corrode (although the supporting feet, when corroded, may themselves form a high density,
low porosity corrosion product, which will have some mechanical strength).

The corrosion of steel components external to the canisters is described in detail in

Section 5.6.4. Corrosion will affect buffer saturation by producing gas, leading to the
development of gas overpressures, and possibly delaying saturation in tight drift sections
(Section 5.5). There is also the possibility of gas flow at the buffer/rock interface. Gas over-
pressures and flow could be maintained over a prolonged period of up to several thousands of
years. The buffer swelling pressure is, however, expected to reseal gas pathways once the gas
pressures fall. As corrosion products form on the surfaces of the steel components, the volume
occupied by the buffer will be reduced. This is due to the higher volume occupied by the
corrosion products compared with the original metal. It will lead to an increase in buffer density
and swelling pressure in the vicinity of the corroded components (see the scoping calculations
in Appendix B.4). This may homogenise to some extent over time, but internal friction within
the clay means that some inhomogeneity in buffer porosity near to the corroded components
may persist indefinitely. Complete conversion of the supercontainer shells, the most significant
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of the steel components, to magnetite'® over a few thousand years would lead to a porosity
decrease in the bentonite of about 2%, and a corresponding small increase in swelling pressure
of about 1 MPa. Higher volume expansion would occur if other possible corrosion products
such as iron sulphide and siderite were to form. Too high a buffer density could compromise the
protection afforded to the canisters against rock movements, and could also result in swelling
pressures that could damage the rock. The scoping calculations given in Appendix B.4 indicate
that the increase in buffer density following conversion of the steel of the supercontainers to
magnetite will be less than 2,050 kg m=, and thus the buffer is expected to retain its protective
function, irrespective of variations in groundwater salinity (Section 5.3.2). Buffer densities
above 2,050 kg m this might occur if the supercontainer were to be completely converted to
siderite, rather than magnetite. There is, however, clear evidence that the transformation of iron
to siderite is limited by the availability of carbonate (Appendix B.4).

The buffer that swells into void spaces around the distance blocks and supercontainers will be of
lower density than the rest of the buffer. Together with the heterogeneity of water inflow and the
impact of the volume expansion of steel corrosion products, this will lead to an inhomogeneous
stress distribution in the buffer, which may in turn result in some creep of the buffer over time.
Eventually, however, a quasi-stationary state of stress equilibrium is likely to be reached when
all forces acting within the bentonite (including the swelling pressure itself, the force caused

by volume expansion of steel corrosion products and by gas pressure build-up, the hydrostatic
pressure and rock stress, internal friction within the buffer and between the buffer and other
components) are balanced, resulting in a partial homogenisation of bentonite swelling pressure
throughout the buffer.

The saturated bentonite density and porosity following full homogenisation would be

2,000 kg m~ and 44%, respectively (although some differences in density within the buftfer,
and especially between the buffer inside and outside the supercontainer, may, however, persist
indefinitely due to friction). The corresponding maximum swelling pressure within the buffer
is in the order of 7-8 MPa (affected slightly by uncertainty in the volume expansion of the steel
corrosion products, as explained above). Lower values are possible, due to the interaction of
bentonite with saline water from upconing at Olkiluoto, although, as discussed in Section 5.3.2,
the safety functions of the buffer are not expected to be compromised provided the saturated
buffer density remains in the range of about 1,890 to 2,050 kg m=.

5.4.3 Development of isostatic loads on canisters

As the buffer saturates and swells, it will exert an increasing mechanical load on the canisters.
This load is expected to develop unevenly during the saturation process, due to the variability
in water inflow along the drift. The canisters will also experience transient thermomechanical
loads induced by the progressive cooling of the spent fuel. As the temperature of the canister
increases, the copper shell will expand more than the iron insert because of its higher thermal
expansion coefficient. This will result in a small widening of the gap between the insert and the
shell. When the temperature decreases, a tensile strain in the copper shell will be induced due
to the greater shrinkage of the copper compared with iron. The plastic strain of copper due to
this thermo-mechanical loading is estimated at 0.054%, which is negligible compared with the
allowable creep strain in copper (5%) (Section 6.1.2 in /Pastina and Helld 2006/).

Uneven loading at the canister surface may cause localised mechanical stresses on the canister,
which could in principle result in movement, tilt or deformation. These effects have, however,
been demonstrated to be negligible in studies of KBS-3V /SKB 1999/. This conclusion is also
expected to hold for KBS-3H. As noted above, differences in density and swelling pressure
around individual canisters and also along the drift are expected to diminish over time due to
homogenisation of the bentonite and, although some inhomogeneity may remain, the load on

19 As discussed in Section 5.6.4, magnetite is the expected initial corrosion product of steel in the pres-
ence of bentonite, although, depending on solution conditions, some iron sulphide and siderite may
also form. Subsequent film dissolution can produce iron silicates.
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the canisters is expected to become approximately isostatic (i.e. equally large over the entire
canister surface area) and similar for all canisters.

The isostatic load on the canisters will be about 11-12 MPa, which is the sum of the swelling
pressure of the bentonite (7-8 MPa, see Section 5.4.2) and the groundwater pressure at reposi-
tory depth (about 4 MPa following recovery of the groundwater table from drawdown during
construction and operation). This is well below the expected pressure for total collapse of the
canister, estimated to be 80—114 MPa (Section 4.3.1 of /Pastina and Helld 2006/), depending on
the insert type. It is also significantly less than the pressure required for a significant probability
of local collapse (Section 7.4.4).

5.4.4 \Vertical displacement of the canisters

The weight of the canisters, which have a much higher density than the buffer, will result in a
gradual vertical sinking through the plastic buffer material as a result of consolidation and creep
(both volumetric and deviatoric).

Provided the buffer swelling pressure exceeds about 0.2 MPa, no significant canister sinking

is expected to occur (Table 2-3). Although there are some significant uncertainties, the scoping
calculations described in Appendix B.4 indicate that none of the identified processes that could
give rise to loss of buffer mass or redistribution of buffer mass along the drift have the potential
to cause a buffer density and swelling pressure decrease that could lead to significant sinking.
Furthermore, for KBS-3V, the calculations of /Borgesson and Hernelind 2006a/ indicate that
even a reduced swelling pressure of 80 kPa (compared with a reference value of 7-8 MPa) only
results in only a limited amount of sinking (23 mm over 10° years). Thus the amount of sinking
will be negligible during the transient phase (and also in the longer term — Section 6.4.3).

Buffer material extruded through the perforations in the supercontainer shells will be of lower
density than the bulk of the buffer, and may initially and locally take the form of a gel. Although
relatively soft compared with the bulk of the buffer, internal friction and friction with the
supercontainer shell and drift wall is expected to prevent any significant flow of the gel within
the gap between the supercontainer shell and the drift wall.

There may, however, be some transient upward vertical displacement of the canister during

the saturation process. This could occur if the lower part of the buffer inside a supercontainer
is saturated more rapidly than the upper part. In this case, the wetted bentonite in the lower
part of the buffer will have a higher thermal conductivity than the drier buffer above, further
accentuating the asymmetry of the saturation process. The swelling pressure of the buffer
material extruded through the perforations on the lower side of the supercontainer could lift the
supercontainer, together with the canister, until the supercontainer contacts the top of the drift.
The resulting difference in buffer density above and below the canister is considered in a scop-
ing calculation in Appendix B.4. As the remaining buffer saturates, the initially higher density in
the upper part of the drift will tend to homogenise and the canister will return to a more central
position in the drift, although some small eccentricity may remain.

5.4.5 Mechanical evolution of the rock at its interface with the buffer

Buffer swelling will exert forces on the drift wall that could, in principle, open existing fractures
or generate new fractures in the adjacent rock. A modelling study by /Lonnqvist and Hokmark
2007/ found that, for a KBS-3H repository at Olkiluoto, a pressure on the drift wall of at least
10 MPa is required to open a pre-existing horizontal fracture intersecting the drift at mid-height,
although the effects are expected to be small, in terms of increase in fracture aperture and
distance from the drift wall to which such effects extend, even at pressures of 20 to 25 MPa.
Gas generation from the corrosion of steel components external to the canisters will also lead

to a pressure build up on the drift wall, especially in tight drift sections where there are no
transmissive fractures to act as pathways for gas migration. The outward migration of gas in
tight drift sections, including the possibility of the reactivation of tight fractures, is discussed

in Section 5.5.4.
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A further mechanical process that may take place during the transient phase, but which could
also affect repository performance at later times, is that of rock spalling around the deposition
drifts walls. Spalling is the brittle fracturing of the rock surface into splinters, chips or frag-
ments. It could potentially occur as a result of the relief of high initial rock stresses upon rock
excavation, especially at the interface between the niche and the main part of a drift with smaller
diameter (Figure 2-5). Thermally-induced spalling could also occur as a result of the decay heat
from the spent fuel.

Thermo-mechanical analyses of a KBS-3H repository at Olkiluoto by /Lénnqvist and Hokmark
2007/ indicate that, in the reference layout in which the deposition drifts are aligned with

the direction of the principal stress in the rock, little or no spalling will occur prior to the
emplacement of spent fuel. Boundary element modelling results of two KBS-3H drifts, niches
and a transport tunnel presented in the Process Report show that stress values in the drifts

are moderate and below the spalling strength of 65 MPa (Section 7.6.3, /Gribi et al. 2007/).
Significant thermally-induced spalling could occur on a timescale of a few years, although

it is most likely around supercontainers in relatively tight drift sections, since in less tight
drift sections and around the relatively tightly fitted distance blocks, where the gaps around
supercontainers require only a few weeks or less to fill with water, and a further few months
to fill with bentonite (Section 5.5), buffer swelling pressure is likely to stabilise the drift wall
before spalling occurs.

For example, the maximum allowable inflow rate to a ~ 10 m supercontainer/distance block
drift section is set at 0.1 litres per minute (Section 2.2.7). In such a drift section, it will thus
require about 10 days to fill the 1.5 m® void space around a supercontainer, and thermally
induced rock spalling is not expected. In the case of tighter drift sections with much smaller
inflows, water will probably not spread and fill the entire void space, but will rather be absorbed
directly by the partly saturated buffer. In such drift sections, the possibility of thermally-induced
rock spalling cannot be excluded. The proportion of drift sections that will be affected cannot
currently be estimated with confidence, since the precise inflow conditions to prevent spalling
have not been investigated. The proportion is, however, likely to be high — note that 60% of
supercontainer drift sections are estimated to be intersected only by fractures with transmis-
sivities of 1071 m? s7! or less, and would be expected to give inflows more than an order of
magnitude lower than the 0.1 litre per minute criterion (Appendix B, p.126 of /Lanyon and
Marschall 2006/).

Similar conclusions have been reached in the case a KBS-3V repository at the sites currently
considered in the Swedish programme. The properties of the potential host rocks are such that
no rock spalling is expected in the deposition holes prior to canister deposition /Hokmark et al.
2006/. Furthermore, SR-Can notes that, even if it were to occur, detached rock fragments could
be removed and filled with bentonite. On the other hand, following spent fuel emplacement,
there will almost certainly be some thermally-induced spalling on a timescale of years to
centuries at any of the Swedish sites. Spalling is most likely in dry deposition holes where

the development of some bentonite swelling pressure at the interface with the rock is slow.

Pressures much smaller than the full buffer swelling pressure — possibly in the order of 150 to
200 kPa — are likely to be sufficient to suppress spalling (/Chou et al. 2002/, and the APSE
experiment at the Aspd hard rock laboratory, reported in /Andersson and Eng 2005/). Filling the
buffer/rock gap around the KBS-3H supercontainers with bentonite pellets at the time of deposi-
tion would, for example, either prevent spalling, or at least stabilise the walls and limit the
growth of fractures (see also the discussion of the DAWE design variant in Appendix A). The
use of pellets to prevent spalling is being studied in the context of KBS-3V, and such measures
may also be considered in future KBS-3H design studies.

While the hydraulic conductivity of the host rock near the drift wall around supercontainers in
tighter drift sections may be substantially increased by thermally-induced spalling, it is likely

that the pressure on the drift wall exerted by the distance blocks will suppress spalling and will
prevent the formation of continuous flow and transport pathways along the drift. Although this
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is an issue that requires further investigation®, the possibility of continuous pathways along the
drift is therefore currently excluded in defining radionuclide release and transport calculations
addressing the issue of spalling, which consider only the possibility of local perturbation to the
buffer/rock interface (see the Radionuclide Transport Report, /Smith et al. 2007a/).

5.4.6 Rock shear movements

During the early evolution of the repository, shear movement on fractures intersecting the depo-
sition drifts may take place as a result of rock excavation and heat load, leading to mechanical
forces on the canisters (/SKB 2006a/, Section 9.3.1). Shear movements as a result of these
processes that are significant in the sense that they could damage the engineered barrier system
are, however, considered highly unlikely (the plasticity of the buffer is expected to protect the
canisters from any small shear movements that do occur).

Movement on one of the major lineaments bounding Olkiluoto Island, or on the major brittle
deformations adjacent to or within the repository rock mass volume, could significantly affect
rock stress around the deposition drifts. The repository will, however, be designed taking into
account local fluctuations of the principal stress magnitudes and orientations, and such changes
should not have any safety implications.

The possibility that a large earthquake will give rise to secondary shear movements on
fractures intersecting the drifts that are sufficiently large to damage the canisters cannot be
completely excluded in the early, transient phase, but such earthquakes are most likely to occur
in association with future glaciation; the issue of engineered barrier damage due to post-glacial
earthquakes is discussed in Section 7.4.4.

5.4.7 Hydromechanical heterogeneity along a KBS-3H drift

Heterogeneous water inflow will lead to the development hydraulic pressure differences along
the drift as the drift saturates. As illustrated in Figure 5-4, which is taken from the discrete
fracture network study by /Lanyon and Marschall 2006/, the variability in the rate of saturation
and water pressurisation along the drift will result, within the first year from the start of
emplacement in a drift, in a system of neighbouring supercontainers and distance blocks in
which there can be full hydrostatic pressure on one side of a distance block, and a pressure
close to the initial atmospheric pressure on the other side.

In the longer term, as the buffer saturates at variable rates, axial swelling pressure gradients will
also develop along the drift.

These pressure differences and swelling pressure gradients are of concern because of their
potential to cause any erosion the buffer by flowing water (“piping”) and deformation, dis-
placement and compaction of the supercontainers and distance blocks during saturation. As
discussed in Section 5.5.6, these effects are not, however, expected to be significant in terms
of their impact on the capacity of the buffer to satisfy the criteria for safety function indicators
(Table 2-3), although some unresolved issues remain.

5.4.8 Mechanical evolution of the compartment and drift end plugs

The mechanical strength of the compartment plugs, as emplaced, is insufficient to withstand full
buffer swelling pressure. The filling material between the plugs may therefore undergo some
compaction as the swelling pressure of the buffer increases (only a tentative design has so far
been developed for the backfill between the plugs in a sealed off section — Section 2.3.4). The
compressibility of this material is, however, likely to be limited, and certainly insufficient for the
adjoining buffer to expand into the sealed off section, and become exposed to high water flows.

20 SKB is embarking on a modelling study and a field experiment programme at the Aspd Hard Rock
Laboratory to address this issue.
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Figure 5-4. Example of pressure (on left) and inflow (on right) as a function of time and position along
a drift (after Figure 6-2 of /Lanyon and Marschall 2006/).

The mechanical strength of the drift end plugs, as emplaced, will prevent the buffer from
expanding into the main tunnels. The loss of mechanical strength due to the chemical degrada-
tion of the cement parts of the drift end plugs (Section 5.6.5) may, however, eventually lead to
some limited displacement of the plugs towards the main tunnel.

5.4.9 Wider impact on system evolution and safety functions

The development of buffer swelling pressure and isostatic load on the canisters is part of the
expected evolution of a KBS-3H repository in the transient phase. Relevant safety function
indicator criteria for the canister and buffer (Tables 2-2 and 2-3) are expected to be met. In
particular, the isostatic pressure on the canister will not lead to collapse and shear stresses

on the canister are likely to be significantly less than the rupture limit. The swelling pressure
that develops will be sufficient to ensure a tight seal at the interface with the host rock, and to
prevent or minimise:

» water flow and advective transport through the buffer;
* canister sinking;

* microbial activity; and

* colloid transport.

At the same time, the buffer density will not be so high as to compromise the protection of
the canister against rock shear, and the swelling pressure will not be sufficient to damage the
canisters or the rock.

Only limited vertical displacement of the canisters during the buffer saturation process is
expected.

The likelihood of rock spalling due to stress relief is considered to be low. After emplacement
of the supercontainers, however, thermally-induced rock spalling is likely to occur, especially in
tighter drift sections. Its impact on long-term safety relates to the potential increase in both the
rate of groundwater flow at the buffer/rock interface and also the residence time of solutes in
contact with the interface, which affects mass transfer between the buffer and the rock. This is
relevant to:

* canister corrosion due to the migration of sulphide from the rock through the buffer to the
canister surface (Sections 5.7.4 and 6.6.1); and
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 radionuclide migration from the buffer to the rock in the event of canister failure
(Radionuclide Transport Report — /Smith et al. 2007a/).

Hydromechanical heterogeneity along the drift may cause some small displacement of the
supercontainers and distance blocks during saturation. No significant impact on the safety
functions of buffer and canister are expected. However, an issue for further study and design
development is the possible deformation of the distance blocks as a result of hydraulic pressure
differences between less tight and tighter drift sections, which could, if not avoided by design,
lead to more significant displacement. These issues are discussed further in the context of
saturation and buffer swelling in Section 5.5.6.

5.5 Saturation and buffer swelling

5.5.1 Key aspects of saturation and buffer swelling

Groundwater will flow into the KBS-3H drifts as soon as they are excavated. This water will
enter the drift through transmissive fractures that intersect the drift walls and will flow around
the drift walls to the drift floor, and along the drift floor down the incline towards the transport
tunnel.

As supercontainers and distance blocks are emplaced, the bentonite they contain will absorb
moisture from the air. They will also absorb liquid water as this fills the gaps between the
distance blocks and the drift walls, and between the supercontainers and the drift walls.

In the current reference design, free drainage of water along the floor during the operation of

a drift compartment will be interrupted during the operation of the compartment by the fixing
rings that will be fitted at intervals along the drift, and later by the swelling of the distance
blocks. Water flowing into the drift will therefore accumulate in the gaps around supercontainers
and migrate into the buffer.

The details and duration of the evolution of the buffer to a final state in which full saturation
and the required buffer density and swelling pressure are attained will vary significantly along
the drift. This is because the intersecting fractures will have variable transmissivities and be
unevenly spaced, resulting in significant variability in the rate of water inflow at different
locations along a drift (Figure 5-4). The impact of gas generated by the corrosion of steel in the
supercontainers and other steel components on the saturation and swelling processes will also
vary along the drift, as this also depends strongly on the properties of intersecting transmissive
fractures. Furthermore, as noted in Section 4.1.1, excavation will cause a mixing of groundwater
types. It may well be that one part of a drift takes in less saline water from above and another
more saline water from below, also contributing to transient swelling pressure differences.

In describing the evolution of saturation and buffer swelling, it is convenient to categorise drift
sections as follows.

1. Less tight drift sections, the expected evolution of which is discussed in Section 5.5.2.

These are defined as drift sections in which the average hydraulic conductivity of the adjoining
wallrock is about 1072m s or more. This corresponds, for example, to a fracture spacing

of ten metres and a fracture transmissivity of 10" m?s™! or more, or 10">m?s! or more for

a one-metre fracture spacing. It also corresponds roughly to an initial inflow to a 10 m drift
section of about 0.4 ml per minute or more, based on Darcy’s law in a radial configuration
(Thiem’s equation; see Appendix B.2, Eq. B.2-1), and using the same geometrical parameters
and assumed maximum hydraulic pressure difference as in Appendix B.2 (see, however, the
discussion of the relationship between initial inflow and transmissivity in Section 2.2.7).
Assuming that inflow is fairly evenly distributed along the drift, the rate of buffer saturation in
these sections will not be limited by the hydraulic conductivity of the rock, but rather by the rate
at which water can migrate into the buffer. Repository-generated gas can readily escape via the

76



intersecting fractures, and thus plays no significant role in the saturation process. Such sections
are expected to be the most common: all but one of the supercontainer sections in an example
drift considered in discrete fracture network modelling for KBS-3H fall into this category
/Lanyon and Marschall 2006/.

2. Tighter drift sections, discussed in Section 5.5.3.

These are defined as drift sections in which the average hydraulic conductivity of the rock is in
the range 1073 to 10>ms™". In these sections, the rate of buffer saturation is largely controlled

by the hydrogeological properties of the host rock, which will give rise to little or no detectable
initial inflow, and later, potentially, by the rate of hydrogen gas generation.

3. Tightest drift sections, discussed in Section 5.5.4.

These are defined as drift sections in which the average hydraulic conductivity of the rock is

in less than 107"* m s~!. It may not, in practice, be possible to differentiate such sections from

the tighter drift sections defined above, since neither may give rise to detectable initial water
inflow?!. Nevertheless, the existence of these tightest drift sections cannot currently be excluded,
and the saturation of the buffer may proceed somewhat differently compared with other drift
sections due to their tightness with respect to both groundwater flow and the flow of repository
generated gas. In these sections, repository-generated gas may hinder or prevent altogether the
saturation of the buffer until gas generation by steel corrosion ceases and gas pressure falls
(which is expected to take several thousands of years).

In each case, the drift section described may contain just a single supercontainer (as depicted,
for example, in Figure 5-5), or a sequence of several adjacent supercontainers and distance
blocks.

5.5.2 Expected evolution in less tight drift sections

Saturation and buffer swelling of a less tight drift section (as defined above) can be described in
terms of the following broad stages.

Water inflow to the gaps around the supercontainers and distance blocks

As illustrated schematically in Figure 5-5, water will enter less tight drift sections through trans-
missive fractures and accumulate in the lower part of the drift, flow along the drift floor being
prevented by the fixing rings and/or fallen fragments of bentonite from the distance blocks.
Because of the narrowness of the gap between the distance blocks and the drift walls, this gap
will fill with bentonite and seal rapidly as the water level rises, isolating each supercontainer
from its neighbours hydraulically. Any cracks in the bentonite and the gaps between the distance
blocks and adjoining supercontainers will also fill and seal with the rising water level.

The rate at which the gaps around the supercontainers fill with water will be determined by the
local rate of supply of water from the host rock on the one hand, and the rate at which the ben-
tonite inside the supercontainers and in the adjacent distance blocks takes up water on the other.
As the gaps around the supercontainers fill with water, the buffer inside the supercontainers will
absorb water through the perforations in the supercontainer walls due to capillary forces. In drift
sections with higher initial inflow rates (flow rates of up to around 0.1 litres per minute, which
is the maximum allowable rate of water inflow in a drift section suitable for canister and buffer
emplacement in the current reference design; see Section 2.2.7), it is unlikely that uptake by the
buffer will balance the rate of inflow from the rock, and the gaps around the supercontainers
will initially fill with water. In such drift sections, and neglecting uptake by the bentonite, the
1.5 m? open volume around a supercontainer will fill with water within about 10 days (see also

21 An inflow as low as about one millilitre per minute can be observed, e.g. by ventilation tests or, if the
inflow is localised is a small number of leakage points, as damp locations on the drift wall.
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Figure 5-5. Water inflow to the gaps around the supercontainers and distance blocks (gap size
exaggerated).

/Lanyon and Marschall 2006/). As water enters, air will be forced towards the top of the drift
and axially along gaps above the distance blocks towards tighter (drier) drift sections (see the
right-hand side of Figure 5-5). However, once the water level approaches the top of the drift, the
gaps between the distance blocks and the drift wall will seal completely, resisting any further
flow of trapped air along these routes. The rising water will then compress any remaining air.

Once filled with water (possibly with a small amount of trapped air at the top of the gap), the
fluid pressure inside the gap will increase to a value close to the hydrostatic pressure (which, in
the short term, may be less than the equilibrium hydrostatic pressure of 4 MPa due to drawdown
during construction and operation) and water inflow will be substantially reduced. The fluid
pressure increase rate has been considered in a discrete fracture network modelling study by
/Lanyon and Marschall 2006/. There are significant uncertainties, particularly with respect to
the storativity assigned to the system, which is related, in part, to the assumptions made about
the presence of trapped air. Increasing pressure could also give rise to some internal piping in
the adjacent distance blocks (i.e. piping that does not penetrate to the gaps around neighbouring
supercontainers), which would moderate the rate of pressure increase (internal piping has been
observed in laboratory tests — see Appendix L of /Autio et al. 2007/). It is currently estimated
that the pressure increase rate could be as high as a few MPa per hour (see also the discussion
in Section 3.3 of /Autio et al. 2007/).

Even after the pressure in the gap has risen to near the hydrostatic pressure, some small net
inflow from the rock will continue, since the buffer will still be only partially saturated at this
time (full saturation requiring a minimum of about 10 years; see Figure 5-7), and capillary
forces will continue to draw water into unsaturated bentonite pores. Before the gaps become
filled with bentonite, transmissive fractures intersecting the drift will also carry a small water
flow into and out of the drift, driven by the natural hydraulic gradient. There may, however, be
much higher gradients during the transient period, arising from the lower fluid pressures in other
parts of the same drift compartment that are more slowly saturated, in neighbouring unplugged
compartments in the same drift, and in adjacent drifts if these are also yet to be plugged.

These gradients may drive water flows through the intersecting transmissive fractures or, to
lesser extent, create axial flow through the EDZ and buffer. These flows may contribute to the
eventual saturation of some tighter drift sections, but are expected to be too small to have any
detrimental impact on the buffer in terms of erosion (Appendix B.3 and Section 5.5.6).

The differences in fluid pressure acting on the vertical faces of the distance blocks in sections
intersected by transmissive fractures and tighter drift sections have the potential to cause
some mechanical displacement of the supercontainers and distance blocks along the drift.
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It is currently assumed that friction between the distance blocks and the drift wall, together with
the installation of fixing rings, all prevent significant displacement at early times, and especially
during the operation of each drift compartment before the compartment plug or drift end plug is
installed (although ensuring that this is the case is the subject of continuing design studies). The
potential for displacement is also reduced over time as the buffer swelling exerted on the drift
wall increases. These issues are discussed further in Section 5.5.6.

Filling of gaps with bentonite and continuing buffer saturation

Uptake of water by the buffer will result in a swelling pressure that will cause bentonite to be
extruded as a gel through the perforations in the supercontainers and into the gaps between the
supercontainers and the rock. The bentonite gel will continue to expand into the gaps around
the supercontainers until prevented from doing so by the drift walls, whereupon its swelling
pressure will start to increase.

Buffer swelling pressure differences between the inside and outside of the supercontainer shell
will cause the supercontainer shells to deform and possibly rupture (Figure 5-6). This is also
discussed in Section 5.4.2. The various strain mechanisms that are involved in the early evolu-
tion of the supercontainer shells could have a detrimental effect on the outer part of the buffer
depending on how the shells deform and they may generate heterogeneities in the buffer. This
is an issue for further study. In relatively dry conditions (inflows at the lower end of the range
for less tight drift sections) the possibility that the shell could subsequently peel open (probably
along its weld) and partially contact the rock cannot currently be excluded. In wetter condi-
tions, the supercontainer will also rupture, but extruded bentonite already present outside the
supercontainer before the swelling pressure becomes large enough to cause rupturing is likely
to prevent contact with the drift wall. The impact of supercontainer rupture on the homogeneity
of the buffer clay is uncertain. Design solutions are being considered to optimise the size of
the holes in the steel supercontainer shell to ensure that it does not breach during the buffer
maturation period. Alternative materials are also being considered and will be addressed in the
summary report of the KBS-3H project 2004—2007 /SKB/Posiva 2008/.
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Figure 5-6. Filling of the gaps with bentonite and continuing buffer saturation.
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Eventually, the buffer will become fully saturated and full swelling pressure will be reached.
Figure 5-7 shows the results of finite element modelling of buffer saturation as a function of
host rock hydraulic conductivity, in which the rock is treated as a homogeneous porous medium.
The model, which takes coupled thermohydraulic processes?? and water vapour transport into
account, indicates that the saturation rate becomes insensitive to the hydraulic conductivity of
the rock, with a minimum saturation time of about a decade, in less tight drift sections with
hydraulic conductivities above about 10~ m s™!, where saturation is controlled by the ability
of the bentonite to take up water (principally by capillary flow). This is in accordance with the
minimum saturation times calculated for KBS-3V /SKB 2006¢/. The rate of uptake of water by
the buffer is, however, uncertain, and is affected by the salinity of the water. /Borgesson et al.
2005/ have shown that the rate of water uptake by bentonite and the consequent rate of increase
of swelling pressure where the bentonite is confined are higher for saline water than for dilute
water, although the final swelling pressure is lower for saline water than for more dilute water.

Gas generation and migration

Gas, principally in the form of hydrogen, will be generated as a result of the anaerobic corrosion
of steel components (principally the supercontainers shells, but also other steel components such
as fixing rings — see Section 5.6.4). There is the possibility that some of this hydrogen will be
consumed by microbially mediated reduction of sulphate to sulphide, or of carbonate to acetic
acid or methane. The total volume of gas generated is, however, expected to be large /Gribi et al.
2007/. The gas generation rate will be determined by the corrosion rate, the surface area of the
corroding components (which will vary only slowly with time) and by the availability of water
(in the form of liquid or water vapour).
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Figure 5-7. Time to saturation for different hydraulic conductivities. The curves are plotted according

to SKB's and Posiva s different model geometry for the canister (e.g. length of the canister) and the near
field. (from Figure 8-14 of /Borgesson et al. 2005/).

22 Asnoted in Section 5.2.4, heat generated by the spent fuel will not significantly slow the rate of

saturation, since the increased hydraulic conductivity of the buffer at elevated temperatures largely
compensates for the thermally driven transport of vapour outwards from the buffer.
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Gas will dissolve in the liquid water contacting the corroding surfaces and will migrate away
from the surfaces by diffusion. However, assuming a corrosion rate of 1-2 um per year (see
Section 5.6.4 for a discussion of corrosion rates), the rate of hydrogen generation exceeds the
rate at which it can be removed by dissolution® and diffusion (Appendix C or /Gribi et al.
2007/) and a gas phase will therefore form.

Depending on if and how they rupture, the supercontainers may become surrounded by
bentonite or bentonite gel, or be pushed against the drift wall. Those surfaces in contact with
bentonite will be subjected to an increasing swelling pressure, which will provide resistance to
the migration of the gas that accumulates there. As gas pressure increases, so will the amount
of gas dissolved in the porewater at the porewater/gas interface, increasing the concentration
gradient for diffusion. Nevertheless, calculations reported in Appendix C of /Gribi et al. 2007/
indicate that dissolution and diffusion remain insufficient to balance the rate of gas generation,
and pressure will continue to increase until it is sufficient to create pathways for migration
through the buffer to the drift wall (Figure 5-8).

The detailed processes involved in gas migration through bentonite are still under debate
/Nagra 2002, Rodwell 2005/. Fracturing or micro-fracturing are the most likely mechanisms
/Harrington and Horseman 2003/. Laboratory studies by /Pusch et al. 1985, Horseman et al.
1999/ and /Tanai et al. 1997/ show that gas breakthrough within bentonite occurs at a pressure
approximately equal to the sum of the bentonite swelling pressure (7—8 MPa at full saturation)
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Figure 5-8. Gas generation and migration.

2 The background hydrogen concentration at Olkiluoto is far from the solubility limit and may be
neglected in the context of the evaluation of gas dissolution /Rasilainen 2004/.
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and the hydrostatic pressure (4 MPa at a depth of 400 m), i.e. at approximately 11-12 MPa

at full saturation. Some recent experiments have shown that the breakthrough pressure of gas
through bentonite can be substantially higher than this (above 20 MPa for bentonite with a
swelling pressure of ~ 6 MPa), although, after gas breakthrough has occurred, the gas pressure
drops to the sum of bentonite swelling pressure and porewater pressure (Section 2.3.3 in

/SKB 2006c, Harrington and Horseman 2003/). The gas breakthrough pressure is probably
significantly less for the thin layer of low density bentonite or bentonite gel between the
supercontainer shell and the drift wall compared with the bulk of the buffer, although gas pres-
sure increase could compress the lower density material to some extent and thereby increase the
gas pressure required for breakthrough. The formation of gas pockets and resulting compression
of the clay could in principle also cause delay and non-uniformity in the saturation of the buffer,
some opening of fractures intersecting the drift, and some transient increase in the load on the
canister. Although these effects have not been evaluated quantitatively, they are transient in
nature and are not expected to have any significant impact on the final saturated state of the
buffer and rock, or to compromise canister integrity (the expected minimum pressure giving
rise to total collapse of an intact canister is 80—114 MPa — see, e.g. Section 4.3.1 of /Pastina and
Helld 2006/).

Another source of uncertainty is the impact of chemical interaction with corroding iron on the
gas migration properties of the buffer. The interaction of iron corrosion products with the buffer
is discussed in Section 5.6.4 and 6.5.3. Although there is only limited understanding of gas
migration in chemically altered smectite, it is known that the microstructural constitution of
iron-saturated MX-80 is characterised by channels, allowing gas migration at rather low pres-
sures, which may cause erosion and widening of the channels with little chance of self-sealing.
This is an issue for further investigation that is also relevant to KBS-3V because of the iron in
the canister insert.

Having reached the drift wall, gas will migrate along the drift, until it enters the host rock,
probably via intersecting transmissive fractures. Whether this gas flows predominantly along
the interface between the buffer and the drift wall or along the EDZ is uncertain. To create
pathways along the interface, gas must overcome the swelling pressure exerted by the buffer

on the drift wall (7-8 MPa at full saturation). On the other hand, to migrate along the EDZ, gas
must displace groundwater in EDZ fractures. In order to do so, its pressure must exceed the sum
of the hydrostatic pressure (4 MPa) and the capillary forces in these fractures (which are rather
small compared with the hydrostatic pressure — about 0.15 MPa**). Thus, some gas migration
along the EDZ is likely. In less tight drift sections intersected by transmissive fractures, the
intrinsic permeability of the EDZ will largely determine the rate of gas migration for a given
pressure gradient. Its value is, however, uncertain (Section 4.1.2), and may also change over
time. There is a range of processes that could lead to partial or complete closing of fractures or
microfractures within the EDZ, such as the development of buffer swelling pressure on the drift
wall, bentonite intrusion and mineral precipitation. There is currently no quantitative evaluation
of these effects. Finally, the EDZ will not be fully gas saturated and the effective permeability
will be less than the intrinsic permeability. The saturation state of the EDZ and its evolution
with time has not been quantitative evaluated.

Whatever the predominant migration route, once gas migration pathways are created, a situation
of equilibrium is likely to be established between gas generation and loss to the host rock by
two-phase flow in fractures, as well as, to a lesser extent, dissolution and diffusion. Considering
gas migration along the EDZ, and assuming a permeability of the EDZ which is 10% of the
measured intrinsic permeability, calculations reported in Appendix C of /Gribi et al. 2007/ indi-
cate that, in drift sections intersected by transmissive, larger-aperture fractures (with hydraulic

2* The gas entry pressure into EDZ fractures depends on fracture aperture, the expected range for which
has been evaluated based on microfractographic characterisation of samples from the Research Tunnel
at Olkiluoto. Although there are significant uncertainties in the characterisation of apertures over a
wide range, the fact that the calculated gas entry pressure is only about 5% of the hydrostatic pressure
means that these uncertainties are not important in the evaluation of gas overpressures /Autio et al.
2005/.
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transmissivities calculated by the cubic law exceeding about 10° m? s!), the maximum gas
pressures reached at the drift wall in this equilibrium situation will be only slightly above the
hydrostatic pressure of 4 MPa; gas will be readily dissipated via these fractures and there will
be no significant volume of compressed gas at the drift wall.

Having migrated to the buffer/rock interface and into the rock, it is possible that hydrogen
will cause some transient perturbation to the groundwater flow, and that it will participate in
the reduction of sulphate to sulphide by sulphate reducing bacteria, giving rise to a transient
increase the rate of canister corrosion. These issues are discussed in Sections 5.3.1 and
Appendix B.7, respectively.

Cessation of gas production and dissipation of gas pressure

The rate of gas generation will eventually fall as smaller steel components (components with the
highest surface area to volume ratio) are consumed, and will cease altogether upon the complete
corrosion of all steel components, which is expected to take a few thousand years. Gas pressure
will then fall until it is no longer sufficient to drive two-phase flow in transmissive fractures
intersecting the drift section, in the rock matrix or in the EDZ, or is insufficient to maintain gas
pathways along the bentonite/rock interface. Thereafter, gas pressure within the buffer will con-
tinue to fall more slowly as gas dissolves and is dissipated by diffusion. Complete dissolution of
the gas and dissipation by diffusion may take a further several thousand years.

5.5.3 Expected evolution in tighter drift sections

Saturation and buffer swelling in tighter drift section can again be described in terms of a series
of broad stages.

Inflow and the filling of the gaps around the supercontainers with bentonite

In tighter drift sections, water will again enter through transmissive fractures and accumulate in
the lower part of the drift, but will do so more slowly than in the case of less tight drift sections.
The gap between the distance blocks will fill with swelling bentonite, either as a result of the
uptake of inflowing water, or, where the rate of inflow is sufficiently small, uptake moisture
from the air in the drift (Section 4.1.2). At least during the operational period, the physical integ-
rity of the buffer around the canisters will be largely maintained, and the buffer contained, by
the presence of the supercontainers, but the distance blocks will begin to swell and may crack
even where there is little free, liquid water present.

Experimental and modelling studies indicate that the time required for the gap between the
distance blocks and the drift wall to be filled by humidity-induced swelling of the buffer is in
the order of three months (Section 10.3.2 of /Borgesson et al. 2005/; Appendix L of /Autio et al.
2007/). The rate is determined by the vapour transport rate in air between the drift wall and the
buffer. This in turn is determined by the relative humidity (RH) at the rock surface (which was
assumed to be 100% in the scoping calculations, but may be less if the water flux in the rock is
sufficiently small), the RH at the distance block surface (which depends on the water ratio in the
bentonite at the distance block surface) and the transport mechanism in air (which was assumed
in the scoping calculations to be purely diffusive).

The buffer inside the supercontainers will also absorb water either due to contact with free
water accumulated at the bottom of the gap or, more likely, by the uptake of humidity from the
air. In either case, this will increase the swelling pressure exerted on the inner surfaces of the
supercontainer shells. If free water is present, bentonite will be extruded as a gel through the
perforations in the lower part of the supercontainer. The bentonite outside the supercontainers
will initially be of low density, and exert a smaller swelling pressure than the bentonite

inside, leading to elasto-plastic deformation and possibly to rupturing of the supercontainer
(Figure 5-9). If no free water is present, there will be no extrusion of bentonite through the

&3



Canister

Saturating buffer

q'l.& '_,. E-LJ,’._H;'! reoniaimer
sﬁ‘b (deformed, possibly ruptured)
b

Figure 5-9. Water inflow and filling of the gaps around the supercontainers with bentonite (no free
water present in drift).

supercontainer perforations. Some cracking of the buffer is likely after a few months, and some
small fragments may fall to the drift floor though the perforations in the supercontainer shells
(experimental studies have shown humidity-induced cracking after about 3 months for bentonite
with an initial water content of 10% — see Appendix L of /Autio et al. 2007/). The increase in
swelling pressure inside the supercontainers due to the absorption of water vapour will eventu-
ally be sufficient to cause supercontainer deformation or rupture. Timing of rupture is uncertain,
but is estimated to require a few months. In these tighter drift sections there is a possibility that
ruptured supercontainers will contact the drift wall. The buffer will then swell into the remain-
ing void spaces as a relatively stiff mass, rather than as a gel.

Continuing buffer saturation

The rate of continuing buffer saturation in these tighter drift sections will be controlled
principally by the (more limited) rate of inflow from the rock. The transition between buffer
saturation times controlled by the rate of inflow from the rock in tighter drift sections and those
controlled by the rate of uptake by the buffer in less tight drift sections is shown by the change
in gradient in Figure 5-7 at average rock hydraulic conductivities of around 1072 to 10" m s™'.
Calculations in Appendix B.3 indicate that saturation of a drift section by inflow from rock with
an average hydraulic conductivity of 107> m s will require about 23 years, with 230 years
being the saturation time in the case of an average rock hydraulic conductivity of 107* m s
(roughly consistent with the results of more detailed modelling shown in Figure 5-7).

As well as direct inflow from fractures in the rock, there are potential pathways that run parallel
to the drift axis and via which water may, in principle, enter a tighter drift section from a less
tight drift section. These are illustrated in Figure 5-10, and comprise:

(1) the distance block matrix;
(i) the EDZ around the drift, and
(ii1) the buffer/rock interface — i.e. piping.
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Figure 5-10. Continuing buffer saturation — potential inflow pathways through (i), the distance block
matrix, (ii), the EDZ around the drift, (iii), the buffer/rock interface (i.e. piping) and (iv), a fracture
intersecting the supercontainer volume.

Water migration along these pathways will be driven by hydraulic pressure differences across
the distance blocks separating the less tight and tighter sections. These pressure differences
will develop as the hydraulic pressure in the water around the supercontainers in the less tight
sections increases towards equilibrium pressure, while water/trapped air pressures in the tighter
sections remain relatively low.

Scoping calculations of the impact of migration along a drift via these axial paths on saturation
times are described in Appendix B.3. The hydraulic conductivities of the distance blocks and
the drift EDZ are low. Although there are significant uncertainties, the scoping calculations
suggest that saturation of the buffer by pathways (i) and (ii) alone would require at least about
a thousand years to complete, and possibly up to some tens of thousands of years. Referring to
Figure 5-7, these pathways are unlikely to dominate over inflow from the host rock (pathway
(iv) in Figure 5-10) unless the hydraulic conductivity of the rock is about 10-'* m s™! or less
(Section 5.5.4, below).

Situations that could lead to piping (i.e. pathway (iii) in Figure 5-10) are avoided by design and,
even if it were to occur, its impact on saturation times would be limited (Section 5.5.6).

Gas migration through the bentonite-filled gaps

As in the case of less tight drift sections, gas will be generated continuously by the corrosion

of steel components as the buffer saturates and swells. Again, an equilibrium situation will

be established between gas generation and the outward gas migration through the host rock,
probably via intersecting fractures. Gas will, however, be less readily dissipated via these
fractures compared with the case of less tight sections, and there will be a more significant
volume of compressed gas near the drift wall, probably in the EDZ or at the interfaces between
the supercontainer and the buffer and between the buffer and the drift wall. This gas will also be
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present at higher pressures. Calculations reported in Appendix C or /Gribi et al. 2007/ indicate
that pressures of up to about 7 MPa are developed in a drift section intersected by a fracture
with a hydraulic transmissivity of 10" m? s™'. On the other hand, the calculations also indicate
that development of gas over-pressures will require in the order of 100 years, by which time the
buffer is expected to be largely saturated. Thus, although a gas phase will remain in or around
the drift for as long as gas generation continues (a few thousand years), the presence of this gas
is not expected to affect the saturation of the buffer significantly.

Cessation of gas production and dissipation of gas pressure

Once gas generation ceases after a few thousand years, gas pressure will fall until it is no longer
sufficient to drive two-phase flow in the transmissive fractures intersecting the drift section, in
the rock matrix or in the EDZ, or is insufficient to maintain gas pathways along the bentonite/
rock interface. Thereafter, gas pressure will continue to fall more slowly as gas dissolves and is
dissipated by diffusion.

5.5.4 Expected evolution in tightest drift sections

In the tightest drift sections, saturation and buffer swelling can be described in terms of the
following broad stages.

Humidity-induced changes in the first few months

Following buffer emplacement, the bentonite will take up moisture from the air in the drift,
mainly in the form of water vapour originating from the rock. The water cushion system used by
the deposition vehicle may also provide a source of water vapour during the operational period
(see Section 4.1.2). Significant inflow and accumulation of liquid water in the gaps around the
supercontainers and distance blocks in these tightest drift sections is unlikely. The rate at which
moisture uptake from the rock occurs will be reduced if the rock has undergone any desaturation
during the time that the drift stays open (which will be less than a month, according to /Autio

et al. 2007/). From an examination of the moisture retention curves of buffer and rock, desatura-
tion of the rock is not, however, expected to lead to any loss of water from the buffer surface.
For example, based on the curve® reported by /Borgesson and Hernelind 1999/, the suction of
the buffer exceeds that of the rock by a factor of 8 for an equivalent degree of saturation of 0.5.

Humidity-induced swelling of the distance blocks will cause the gaps between the distance
blocks and the drifts wall to fill with bentonite in about three months. The buffer inside the
supercontainers will also absorb water vapour from the air and will exert a swelling pressure

on the supercontainer walls. Some cracking of the buffer is likely after a few months, and some
small fragments may fall to the drift floor though the perforations in the supercontainer shells.
Swelling pressure may eventually increase sufficiently to deform or rupture the supercontainers,
but this could take up to several years. Thereafter, the buffer will swell into the gaps around the
supercontainers as a relatively stiff mass. Some gas-filled void spaces may remain.

Increasing gas pressure

Humidity will also lead to gas generation by corrosion of the supercontainers (and other steel
components) and the gas pressure in remaining void spaces will rise. The rate of generation of
hydrogen has been estimated at about 0.2 m* STP a™! for each supercontainer, assuming a steel
corrosion rate of 1 wm per year (see Section 5.6.4 for a discussion of corrosion rates).

% The applicability of the curve is, however, subject to some uncertainty, since it is based on measure-
ments at the Grimsel test Site in Switzerland, rather than at the Olkiluoto site.
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Considering the gaps around the supercontainers and disregarding the possible rupturing of the
supercontainer and filling of these gaps with bentonite, the time taken for repository-generated
gas to pressurise the 1.5 m* open volume to the hydrostatic pressure (about 4 MPa once the

drawdown due to repository construction and operation has subsided) will be approximately?®:

1.5m? 4 MPa

X =300 years (Eq. 5-1)
0.2m’*STPa’ 0.1 MPa

As the gas pressure around the supercontainers approaches the equilibrium pressure, the rate of
any small water inflow to remaining void spaces via paths (i)—(iv) in Figure 5-10 will be further
reduced, and will largely cease once the equilibrium pressure is reached, although some water
may continue to enter the buffer, drawn in from the rock by capillary forces.

The reduction or prevention of water inflow as a result of gas pressurisation was not taken into
account in the calculations used to derive Figure 5-7, which is therefore expected to provide an
underestimate of saturation times in the tightest drift sections.

Both steel corrosion and suction/condensation in the buffer will take up moisture in the form of
vapour and tend thus to maintain a vapour pressure gradient from the rock towards the interior
of the drift (see Appendix B.6, Figure B.6-1). It is, however, important to note that the conver-
sion of water to corrosion products is an irreversible process and is thus a true sink, whereas
the uptake/condensation of moisture in buffer may be reversed by evaporation/removal (drying
of bentonite — note that drying of bentonite is common in the fabrication of bentonite blocks or
pellets). After a transient period, a steady-state vapour flux is likely to be established, where the
consumption of water at the steel surface (the sink) is balanced by transport of vapour towards
this sink from the rock and, if the supply of moisture from the rock is small, from the interior
of the buffer. Thus, provided a sufficiently high relative humidity can be maintained at the cor-
roding surfaces?’, corrosion is expected to continue, maintained by the supply of water from the
buffer, even if there is no significant supply of water in the form of vapour from the rock.

Outward migration of gas

As corrosion of the supercontainers proceeds, the gas pressure in the drift section will continue
to increase above the hydrostatic pressure until it is sufficient to create and maintain pathways
for further migration. In the absence of transmissive fractures, possible routes for the outward
migration of gas include:

* migration along the deposition drift via the distance block/rock interface or through the EDZ,
eventually reaching either a drift section in fractured rock or the transport tunnel system; and

» reactivation of existing but hydraulically tight fractures.

Whatever the pathways for outward migration from tight drift sections, an equilibrium situation
will again develop between gas generation and outward gas migration. The equilibrium gas
overpressure in the drift will continue to prevent water inflow.

If the EDZ is too tight to allow significant gas flow, the equilibrium gas overpressure will
correspond to the pressure required either to reactivate existing but hydraulically tight fractures
in the EDZ or the surrounding rock, or to create gas pathways along the distance block/rock
interface. Reactivation of fractures in the host rock could occur if the gas pressure exceeds the
minimum principal rock stress component, which is assumed to be about 9 MPa at a repository

26 The calculation disregards the loss of gas due to dissolution and diffusion, which will lead to slightly
longer gas pressurisation times. It also disregards any open volume that may remain around the dis-
tance blocks in tight drift sections, although humidity-induced swelling will reduce this.

27 As also noted in Appendix B.7, corrosion is strongly reduced for relative humidities below 0.6. In
the presence of hygroscopic salts on the steel surface, the threshold value for the relative humidity
allowing corrosion may be even lower (in the order of 0.4).
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depth of 400 m (Section 2.2.5). If, on the other hand, the EDZ is sufficiently gas permeable
that it forms the principle pathway for gas flow, it will be the effective gas permeability of the
EDZ that determines the equilibrium overpressure that is established. The gas permeability of
the EDZ will in turn depend on the intrinsic permeability of the EDZ (permeability at full gas
saturation — see Section 5.5.2) and the EDZ saturation state.

Calculations reported in Appendix C of /Gribi et al. 2007/, which assume a permeability of

the EDZ which is 10% of the measured intrinsic permeability, indicate that gas pressures will
be a few MPa higher than the hydrostatic pressure in these drift sections, but still below the
sum of the bentonite swelling pressure and the hydrostatic pressure (11-12 MPa), and also
below the minimal principal stress at Olkiluoto (about 9 MPa). Thus, the EDZ is a potential
migration route for gas away from tight drift sections; neither the reactivation of hydraulically
tight fractures nor the formation of pathways along the bentonite/host rock interface is expected
in such sections.

Cessation of gap production and dissipation of gas pressure

Once gas generation ceases after a few thousand years, gas pressure will fall until it is no
longer sufficient to drive two-phase flow in transmissive fractures intersecting the drift section
(pre-existing or reactivated), in the rock matrix or in the EDZ, or is insufficient to maintain gas
pathways along the bentonite/rock interface. Thereafter, gas pressure will continue to fall more
slowly as gas dissolves and is dissipated by diffusion. Once the gas pressure falls below the
hydrostatic pressure, water will slowly migrate into the drift section via host rock fractures, the
distance block matrix and/or the EDZ. Gradual saturation of the buffer will then continue until
a state of full buffer saturation is reached.

5.5.5 Plugged sections

As described in Section 2.3.3, highly transmissive fractures intersecting the drift may render
particular sections unsuitable for the emplacement of supercontainers and distance blocks.
Pairs of steel compartment plugs will be used to seal off drift sections where inflows are higher
than 1 litre per minute (after grouting), thus dividing the drift into compartments. The space in
between the plugs will be filled with a permeable, erosion-resistant material, although only a
tentative design has so far been developed.

These drift sections are expected to become rapidly saturated following installation of the
second compartment plug. Water inside the pore spaces of the filling material will then exert

a pressure on the compartment plugs equal to the hydrostatic pressure (about 4 MPa once
transient drawdown effects have ceased). The plugs are, however, designed to withstand a load
of 5 MPa from either side and should, therefore, remain functional and not be significantly
deformed or displaced by the hydraulic pressure differences across them.

As the buffer adjacent to the compartment plugs swells and saturates, any flow past the
compartment plugs will largely cease due to the low hydraulic conductivity of the saturated
buffer and the high swelling pressure exerted on the drift wall. There may be some transient,
early water flow past the plug from the sealed off section to the adjacent compartments before
full saturation occurs. It is a design criterion on the compartment plugs that this water flow
should not be large enough to lead to piping at the buffer/rock interface and erosion of the buffer
(Section 2.4.2).

The steel compartment plugs will corrode over time (Section 5.6.4), releasing hydrogen gas. On
the side of the plugs adjacent to the buffer, the migration of gas through the bentonite will take
place as described in the previous sections. No significant build up of gas pressure is expected
to take place within a sealed off section, due to the high gas permeability of the intersecting
fracture zone.
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5.5.6 Possible deviations from expected evolution
Potential for transient water flows to cause erosion

Transient water flows from less tight drift sections with rapidly water-filled gaps to tighter, drier
drift sections could, in principle, lead to erosion that could perturb the safety functions of the
buffer. Gas piping could also occur as a result of gas pressure differences between less tight drift
sections, with intersecting transmissive fractures along which gas from the corrosion of steel
components can readily escape, and tighter drift sections, where high gas pressures can develop.
Gas piping is not expected to have any impact on the capacity of the buffer to fulfil its safety
functions and is not discussed further in this report, although no quantitative evaluations have
been made.

Potential paths for the migration of water from a drift section with a water-saturated gap are
sketched in Figure 5-11. Path (i), which is through the distance block matrix, is not relevant

in this context, since any suspended buffer material would be filtered by the fine matrix pore
structure. Paths (ii) and (iii), i.e. through the EDZ around the drift and along the buffer/rock
interface, could, however, in principle convey suspended buffer material from one part of the
drift to another. Water and suspended buffer material could also, in principle, migrate via path
(iv) through transmissive fractures (if they exist and are not avoided in selecting supercontainer
emplacement positions) to other parts of the same drift compartment that are more slowly
saturated, to neighbouring open compartments in the same drift, or to adjacent open drifts or
transport tunnels.

Scoping calculations presented in Appendix B.4 indicate that the redistribution of bentonite by
erosion into a transmissive fracture — path (iv) — is unlikely to have a detrimenttal effect on the
capacity of the eroded buffer to perform its safety functions (i.e. buffer density remains within
the range 1,890 to 2,050 kg m discussed in Section 5.3.2), even if flow to other underground
openings persists for a year or more.

The hydraulic properties of the EDZ are currently not well characterised (Section 4.1.2), and
processes may occur that could lead to the closing of fractures within the EDZ (e.g. the swelling
of the bentonite, bentonite intrusion, mineral precipitation) have not been evaluated quantita-
tively. In spite of these uncertainties, the hydraulic conductivity of the EDZ is expected to be
low and, although the pressure differences along it may be large, flow via path (ii) is expected
to be small.

Flow along the distance block/host rock interface from the water-filled gap around one
supercontainer to the unfilled void space around another (path (iii) in Figure 5-11) has been
experimentally observed under certain conditions. Flow occurs in discrete channels and is
termed “piping”. The creation and maintenance of such channels along the bentonite/host rock
interface is, on the one hand, favoured by the hydraulic pressure differences that drive the
flow, which will develop over time as drift sections fill with water at different rates. On the
other hand, the increasing density of the bentonite adjacent to the drift wall and the increasing
swelling pressure exerted on the interface inhibits the creation of new pathways, and will tend
to close those that may already exist (although, if piping occurs, some residual loss of buffer
density and swelling pressure along the paths is likely to remain — see the modelling study by
/Borgesson and Hernelind 2006b/). Thus, both the rate at which hydraulic pressure differences
develop and the magnitude of these differences are critical factors in determining whether, and
for how long, piping will occur; both are subject to uncertainties.

The issues of piping and erosion of the buffer by piping have been investigated in a series

of experimental and modelling studies (Appendix L of /Autio et al. 2007/). These studies

have been used to guide repository design and, in particular, the dimensioning of the distance
blocks, to avoid the possibility that significant piping and erosion will occur. As described in
Section 2.3.4, the reference distance block design uses two different bentonite components

in series; a “tight” block and a “loose” block. It is the “tight” block that seals most rapidly,
giving protection against piping and erosion. The current reference design for the “tight” block
has been shown experimentally not to undergo piping in both a reference scenario and a more
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Figure 5-11. Potential paths for the transport of water and suspended buffer material (ii), (iii) and (iv).
In the case of path (i), suspended buffer material would be filtered and unable to migrate.

pessimistic scenario, assuming there is no significant mechanical displacement of the distance
blocks (see Potential for mechanical displacement and compaction of supercontainers and
distance blocks, below). The reference scenario involves a 0.1 litre per minute inflow to the
gaps around a supercontainer adjoining the block, a 100 kPa per hour rate of hydraulic pressure
increase following filling of the gaps with water and a maximum hydraulic pressure difference
across the block of 2 MPa. In the more pessimistic scenario, the conditions are 1 litre per minute
inflow, a 1 MPa per hour rate of hydraulic pressure increase and a 5 MPa maximum hydraulic
pressure difference. On the basis of these studies, it is concluded that piping and erosion are
unlikely to occur in the reference design given the current criterion on the maximum inflow rate
to a supercontainer drift section of 0.1 litres per minute (again assuming there is no significant
mechanical displacement of the distance blocks). However, it is unclear whether all possibilities
regarding piping and erosion can be addressed in such calculations, because of uncertainties
associated with some of the assumptions. Therefore, these results are not sufficient to give guid-
ance on the design requirements regarding the avoidance of piping and erosion. As described in
Section 2.3.3, where drift sections do not fulfil this criterion, either filling blocks are installed,
or, if significant subsequent erosion of these blocks cannot be excluded, the drift sections will be
isolated using compartment plugs.

Even if piping or significant flow along the EDZ were to occur, the effects on the saturation
time of the tighter drift section at the downstream end of these flows would be limited (see the
scoping calculations in Appendix B.3). Water flows via paths (ii) and (iii) in Figure 5-11 could
only be maintained while a “sink” at the downstream end of the paths exists. If, at the down-
stream end, further water flow is prevented (i.e. by a compartment plug or a distance block that
has swollen sufficiently to seal the gap to the drift wall) then flow along the path will essentially
cease once the gaps in the downstream drift section become water filled. The flows could lead
to the relatively rapid saturation of the downstream gap, following which the pressure gradient
driving flow would diminish and (in the case of path (iii)) the pipes reseal. The buffer inside the
supercontainer would remain only partly saturated once piping had ceased. The limited duration
of flow also means that the potential of piping (should it occur) to cause redistribution of buffer
mass is limited once a compartment has been plugged. Assuming rapid homogenisation of any
local density reductions, the scoping calculations presented in Appendix B.4 indicate that any
redistribution of buffer mass would not significantly perturb the safety functions of the buffer
(i.e. buffer density remains within the range 1,890 to 2,050 kg m discussed in Section 5.3.2)
provided:
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* the total suspended solids ratio of the bentonite suspension carried by the paths is not too
large (in the order of a few weight %); and

* the volume available to be filled with bentonite suspension carried by the pipes is not too
large (a few supercontainer units).

There are, however, significant uncertainties in the degree to which the buffer would homog-
enise following significant localised erosion. Homogenisation will be resisted by internal
friction within the buffer and friction between the buffer and fixed surfaces. /Bérgesson and
Hernelind 2006b/ carried out a modelling study of the homogenisation of a KBS-3V buffer,
including the resealing of pipes and buffer swelling following a local loss of buffer mass,
e.g. due to piping. The calculations showed that, due to friction, locally decreased densities
and swelling pressures and increased hydraulic conductivities will persist indefinitely. A loss
of swelling pressure in some supercontainer sections due to piping and erosion could lead

to enhanced thermal spalling due to reduction in confining pressure associated with time-
dependent degradation of rock strength (see Section 5.4.5). Thus, avoidance of piping remains
a critical issue in repository design.

Potential for mechanical displacement and compaction of supercontainers and
distance blocks

The hydraulic pressure differences between water-filled gaps in less tight drift sections and
other, tighter parts of the drift could potentially give rise to deformation, mechanical displace-
ment or compaction of distance blocks and supercontainer units. In the current reference design,
displacement is prevented during compartment operation by the fixing rings that are installed
along the drift and, following operations, by the compartment plug, which is designed to
withstand full hydrostatic pressure at repository depth (Section 2.3.4). A critical issue, however,
is the possibility that even a small deformation or movement of a distance block relative to

an adjoining supercontainer could create an open gap along the vertical face of the block.
Hydraulic pressure would then be exerted on the full surface area of the face, rather than the
narrow annulus shown in Figure 2-10. In this situation, the fixing rings would not be adequate
to prevent a more serious movement of the distance block, which would then increase the likeli-
hood of piping along the bentonite/host rock interface. As noted in Section 2.3.2, further design
developments are being considered to improve the robustness of the engineered barrier system
with respect to possible distance block deformation and displacement by hydraulic pressure
differences.

In the longer term, as the buffer swells and swelling pressure develops, some displacement and
compaction of distance blocks and supercontainer units by differential buffer swelling pressure
along the drift cannot be excluded. The scoping calculations given in Appendix B.4 indicate that
any displacement and compaction that occurs will not be sufficient to cause significant change
in the safety-relevant properties of the bentonite provided:

* the total linear compaction per supercontainer unit is not too large (a few centimetres, say);
and

 the number of supercontainer units affected is also not too large.

Displacement and compaction will be resisted by friction between buffer (including the filling
blocks) and the drift walls, which will increase with time as swelling pressure develops. The
fixing rings and compartment plugs are not designed to withstand full buffer swelling pressure,
and may undergo some small displacement. The installation of drift end plug and the backfill-
ing of the repository access tunnels will, however, greatly limit the maximum extent of any
displacement and compaction along the drift.

91



5.5.7 Wider impact on system evolution and safety functions

Saturation and swelling of the buffer are necessary for the buffer to fulfil its safety functions,
as specified in Section 2.4.1, which are:

» protection of the canisters;
» limitation of radionuclide releases;

and, in the case of the distance blocks,

» separation of the supercontainers hydraulically one from another, thus preventing the possi-
bility of preferential pathways for flow and advective transport within the drifts through the
corrosion products or altered buffer.

Even in the tightest drift sections, the buffer is expected to retain its initial water content, and
will eventually fully saturate, at which time it is expected to perform its full range of safety
functions. Heterogeneity of the near-field rock will, however, result in widely differing satura-
tion rates for different drift sections, with the tightest drift sections potentially remaining only
partly saturated for up to thousands of years. Changes may occur during this time, including,
for example, mechanical failure of the supercontainer shell, steel corrosion and the slow
interaction of the corrosion products with the buffer (Section 5.6.4). The rates or timing of these
changes may, to some extent, be affected by the saturation state of the buffer, but the processes
themselves are expected to be the same in all drift sections. On the other hand, on a timescale
of a few years, thermally-induced rock spalling may occur, but is most likely in drift sections
in which the buffer does not sufficiently rapidly exert swelling pressure on the drift wall
(Section 5.4.5).

In the course of the saturation process, the heterogeneity of the near-field rock results in
gradients in hydraulic and swelling pressures that could, in principle, result in water flows
(including piping), buffer erosion and the mechanical displacement of the supercontainers and
distance blocks. These effects are not expected to perturb the final properties of the buffer to an
extent that affects its safety functions, although some design issues related to the deformation
and displacement of the distance blocks due to early hydraulic pressure differences along the
drift remain.

Although significant perturbations to the buffer safety functions due to deviations from expected
early evolution can probably be excluded, there remains the possibility that some limited redis-
tribution of buffer mass may lead to somewhat modified diffusion coefficients. A radionuclide
release and transport assessment case is defined in the Radionuclide Transport Report to evalu-
ate the potential impact of an increase in diffusion coefficients in the case of a canister with an
initial penetrating defect /Smith et al. 2007a/.

5.6 Evolution of chemical and microbiological conditions

5.6.1 Key aspects of the evolution of chemical and microbiological
conditions in this period

A range of chemical and microbiological processes will take place during the transient phase,
starting as soon as the first canister is emplaced in the repository:

» water infiltrating into the drift and entering the buffer will interact chemically with minerals
in the bentonite;

» oxygen, which will be trapped within the drift by the compartment and drift end plugs,
will be depleted due to microbially induced reactions or as it interacts with various system
components;

* the steel components will corrode; and

» cement and various stray materials will interact with the host rock and with the buffer.

92



The impacts of these processes on the evolution of conditions within and around the repository
are discussed in turn in the following sections.

5.6.2 Chemical evolution of the buffer

During the transient period, a range of chemical interactions between groundwater and bentonite
will occur. Ion exchange in the buffer porewater will gradually reduce the swelling pressure

and increase the permeability of the buffer, and impurities in the buffer will dissolve and be
transported, while new minerals may precipitate.

Silica in the buffer close to the canister is expected to dissolve during the period of elevated
temperature and be transported outwards by diffusion to colder parts where precipitation may
take place. Buffer cementation could in principle take place due to the dissolution, transport and
precipitation of silica or aluminosilicate minerals, but neither experimental nor natural analogue
studies have shown that this process will actually occur. The effect of buffer cementation due to
silica precipitation is, however, an issue for further work (see Chapter 12).

Cementation by precipitation of sulphates due to elevated temperatures around the canisters may
lead to the formation of a zone in the buffer adjacent to the canisters with increased strength but

reduced plasticity /SKB 2006c¢/. As temperatures and temperature gradients decrease however, it
is likely that the precipitated solids will redissolve, and disperse within the buffer by diffusion.

Strongly reducing conditions will be maintained in the buffer following the depletion of trapped
oxygen (Section 5.6.3). Under such conditions, structural iron in smectites, which occur in the
buffer mainly as Fe(IlI), may be reduced to Fe(Il). This could, in principle, have consequences
for the stability and to some extent the hydraulic properties of the buffer /e.g. Foster 1953,
Stucki et al. 1984, Karnland and Birgersson 2006/, although the mechanism of this redox
process is still controversial and available experimental data are not representative of repository
conditions.

At sufficiently high temperature, there is the possibility of a permanent collapse of the smectite
stacks in a partly saturated buffer, which would modify its properties /Karnland and Birgersson
2006/. However, at the lower buffer temperatures that will arise in the repository (Section 5.2),
collapse of the smectite stacks is not expected®.

5.6.3 Depletion of trapped oxygen and impact of microbial reactions

There are several chemical processes that may contribute to the depletion of trapped oxygen
within the repository drifts, including microbially induced reactions near the bentonite/host rock
interface and inorganic reactions with:

* minerals (especially pyrite) in the bentonite;
* the copper canister; and
» the KBS-3H steel supercontainer and other steel components (see also Section 5.6.4).

In the case of KBS-3V, numerical simulations of oxygen depletion have been carried out that
account for oxidation of copper, microbially-induced oxygen consumption and oxidation of
Fe(Il)-bearing mineral impurities in the bentonite (Section 6.2.4 of /Pastina and Helld 2006/).
Furthermore, large-scale tests to evaluate oxygen consumption in bentonite have been carried
out in the framework of the LOT project /Muurinen 2006/. Although there are significant
uncertainties and variability between different locations within the repository, the numerical
simulations and large-scale tests indicate that the timescale for oxygen depletion from individual
KBS-3V deposition holes is no more than a few hundred years at most, and could be as little as
a few years /Muurinen 2006/.

2 The consequences of hypothetical cementation and cracking of the buffer in terms of solute transport
through a damaged buffer have been investigated by /Neretnieks 2006/.
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In KBS-3H, oxygen in the gap between the supercontainer and the rock will be consumed
rapidly (on a timescale of months to a few years) by microbially-induced reactions and by
steel corrosion. The oxygen trapped deeper inside the buffer will be depleted more slowly. In
the outer part of the buffer, if this is near saturation, the rate of depletion will be controlled the
slow rate at which oxygen will migrate by aqueous diffusion to the outer surface, where again
it will be consumed by relatively rapid microbially-induced reactions and by steel corrosion. In
the inner part of the buffer, if this is unsaturated, oxygen will be transported relatively rapidly
to the copper canister surface, but reaction with the copper will be slow. Much of this oxygen
may again, therefore, ultimately be consumed by microbially-induced reactions and by steel
corrosion at the outer boundary of the buffer.

Since the presence of the steel supercontainer shell and other steel components in KBS-3H
provides an additional sink for oxygen depletion, in addition to those present in and around

a KBS-3V deposition hole, the timescale for oxygen depletion will certainly be no higher in
KBS-3H than in KBS-3V (a few years to, pessimistically, a few hundred years), and could be
somewhat less. Because the depletion timescale is likely to be controlled by the transport rate
of oxygen within the buffer, rather than by reaction rates, any differences are likely to be quite
limited, but they have not so far been possible to quantify.

After conditions have returned to anoxic, the presence of sulphate and corrosion-derived
hydrogen gas or natural methane gas in the rock may nurture a population of sulphate-reducing
bacteria at the buffer/rock interface, which may have some impact on the corrosion rate of the
copper canisters by producing sulphide (Section 5.7.4). In the bulk of the buffer, however, both
the culturability and the viability of microbes are expected to decrease with time. Provided the
swelling pressure remains above about 2 MPa, microbes will be metabolically barely active
after buffer saturation (see the buffer safety function indicator criteria, Table 2-3), due to the
low water activity in combination with the high density and a swelling pressure that is less than
the turgor pressure of the bacteria, which is reported to be around 2 MPa /Masurat 2006/. Low
microbial activity is supported by the experimental findings of:

* /Pusch 1999/, who showed that SRB are immobile in bentonite exceeding 1.9 Mg m
saturated density;

» Pedersen and co-workers /e.g. Pedersen 2000/, who showed that the activity of SRB in
bentonite ceases at densities higher than 1.5 Mg m3;

* /Motamedi et al. 1996/, who showed that SRB did not survive the experimental period of
60 days at bentonite densities above 1.8 Mg m; and

» /Stroes-Gascoyne et al. 2006/, who noted that microbial activity is negligible above a
swelling pressure of 2 MPa.

Thus, although the issue of microbial activity in the buffer is still under investigation, it is
unlikely that significant microbially induced on the canister surface will occur.

5.6.4 Corrosion of KBS-3H steel components

A key difference between KBS-3H, as realised in the current reference design, and KBS-3V is
the presence in KBS-3H of addition steel components (supercontainer and structural materials
such as rings, supporting feet and compartment plugs) in the deposition drifts. These will start
to corrode immediately upon emplacement, with corrosion continuing over a period possibly
extending over a few thousand years after spent fuel emplacement. Eventually, corrosion
products will replace the original steel components. The final corrosion products are stable and
poorly soluble, but Fe(II) will nevertheless be slowly released to, migrate in and react with the
buffer, potentially affecting its safety-relevant properties, as described below.
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Initial period of aerobic corrosion

During the operation of a drift compartment and for a short time thereafter (a few years to a
few decades — see /Johnson et al. 2005/), some relatively rapid aerobic corrosion of the steel
components will occur, but its overall contribution to the corrosion of the steel components is
not expected to be significant.

Long-term corrosion rate and corrosion products

Once oxygen is depleted, anoxic corrosion will take place. The expected initial corrosion
product is magnetite, although, depending on solution conditions, some iron sulphide and
siderite may also form (see e.g. Section 4.3.3 in /Johnson et al. 2005, Smart et al. 2001, 2004/).
Subsequent film dissolution can produce iron silicates, as discussed below.

The conversion to magnetite proceeds according to the reaction:
3Fe + 4H,0 — Fe;0, + 4H, (Eq. 5-2)
and thus results in the production of hydrogen gas.

Magnetite can be made to form a thin but protective layer against corrosion with little or no
connected porosity when produced under high pressure and temperature. In the repository, steel
components external to the canister will be converted to magnetite under a high buffer swelling
pressure, although the temperature will not be high. The porosity and hydraulic conductivity

of the magnetite formed under these conditions are uncertain, and may be very low, although

it may also be fractured and the possibility of it forming a hydraulically conductive layer at the
buffer/rock interface cannot currently be excluded.

On the basis of corrosion studies in water and bentonite under anaerobic conditions lasting for

a couple of years (see e.g. /Andra 2005/), the rate of corrosion is expected to decrease from

an initially relatively high rate to a rate of a few microns per year, due to the formation of a
protective layer of corrosion products. Long-term corrosion rates of about one micrometre per
year, (see Section 5.7.1 in the Process report, /Gribi et al. 2007/), which are also corroborated by
investigations on archaeological analogues /David 2001/, are insensitive to temperature over the
temperature range expected (Section 5.2). They imply complete conversion of the 8 mm thick
steel plate of the supercontainer, for example, in about 4,000 years.

In tight drift sections, the limited availability of water prior to buffer saturation may reduce the
corrosion rate still further, as examined in scoping calculations in Appendix B.6. These calcula-
tions indicate that, if there is no inflow of liquid water (e.g. because of a lack of transmissive
fractures or because of a build up of gas pressure, as discussed in Section 5.5.4), then transport
of water vapour from the buffer is sufficient to maintain a corrosion rate of only about 0.1 pm
per year.

The presence of bacteria on the steel surfaces could result in increased pitting and/or in the pre-
cipitation of iron sulphide phases. As noted in Section 5.6.3, provided, as expected, the buffer
swelling pressure remains above about 2 MPa, no significant microbial activity is expected to
occur in the buffer, and there will thus be no significant microbial activity on steel components
embedded within the buffer. Studies performed by /JINC 2000/ confirmed that sulphate-reducing
bacteria (SRB) introduced into bentonite surrounding steel samples had no effect on corrosion
rates and were not cultivatable after the test. Bacteria may, however, be present on steel
surfaces:

* where steel components contact the drift walls (e.g. the fixing rings, or possibly the super-
container if this is ruptured and pressed against the drift wall by the swelling buffer);

* in tight drift sections, before there is significant extrusion of bentonite into the open space
between the supercontainers and the drift walls; and

» where the bentonite contacting steel components is chemically altered by interaction with
corrosion products, and locally loses some of its density and swelling pressure (as discussed
below).
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Natural analogue observations of low steel corrosion rates /e.g. David 2001/ in soils and sedi-
ments in which microbial populations are relatively large suggest, however, that the effect of
bacteria on overall corrosion rates is not large.

The reduction of sulphate by SRB external to the buffer may result in some increase in steel
corrosion rates. On the other hand, corrosion-derived Fe may form Fe(II) silicate phases which
could, in principle, compete with the formation of oxide or carbonate corrosion products. The
thermodynamics and kinetics of this Fe-clay interaction process are still not well known, as
noted below.

Interaction of iron with the buffer

The magnetite, iron sulphide or siderite formed as iron corrosion products have a low solubility
under expected repository conditions, but will nevertheless slowly dissolve, releasing Fe(II)

to the buffer porewater. Some Fe(II) will also be present in the buffer as a result of the slow
dissolution of any iron sulphide and siderite present as mineral impurities (see Table 4-14 of
/Gribi et al. 2007/ for the iron fractions of different components in the KBS-3H near field). In
addition, Fe(II) diffusion from the surrounding groundwater will occur. The interaction of Fe(II)
with bentonite is discussed in /Marcos 2003, Johnson et al. 2005/ and /Wersin et al. 2007/, and
was recently the subject of a workshop held in Basel, Switzerland /Wersin and Mettler 2006/.
There is currently significant uncertainty in the extent of this interaction and its consequences
for buffer properties. Current understanding is, however, summarised below.

Dissolved Fe(II) will undergo molecular diffusion and will also interact strongly with clay
minerals by:

» Sorbing onto clay surfaces by cation exchange in the interlayers and by surface complexation
to edge sites.

Sorption to edge sites has been shown to dominate under non-acidic conditions and to involve
complex redox/precipitation reactions at pH values of above 7.

e Mineral transformation.

Although process understanding is not currently well developed, experimental work performed
mainly in France /e.g. Cathelineau et al. 2006, Lanson 2006/ suggests two possible mineral
transformations that the buffer may undergo in the presence of iron:

* Fe-poor smectite + Fe — berthierine, chlorite; and (Eq. 5-3)
* Fe-poor smectite + Fe — Fe-rich smectite. (Eq. 5-4)

The first transformation has the greatest potential to impair the performance of the buffer, since
berthierine and chlorite, unlike Fe-rich smectite, are not swelling clays.

The experimentally observed reaction products are generally in agreement with thermodynamic
predictions, as indicated in the recent study by /Wilson et al. 2006/.

Mineral transformation of the buffer is expected to proceed slowly, due to the slow diffusive
migration rate of Fe(II), which is retarded by sorption, and the slow kinetics of the transforma-
tion processes. The supercontainer shell is the largest source of reactive iron in the system.
During the transient phase, mineral transformation due to the presence of the supercontainer
shell is only expected to affect a thin layer adjacent to or near the buffer/rock interface (as
indicated by the results of 1-D reactive transport modelling — /Wersin et al. 2007/). This trans-
formation could, however, significantly affect mass transport at the interface of the buffer and
the rock, if the transformation products have a high hydraulic conductivity. In principle, both
smectite transformation and cementation may result in reduced buffer performance. A prelimi-
nary study /Carlson et al. 2006/ suggests that swelling properties may be much less affected than
hydraulic conductivity by these processes. The reason for the observed hydraulic conductivity
increase in that study remains however, unclear (see also discussion in Section 4.7.1 of the
Process report, /Gribi et al. 2007/).
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Beyond the period of early, transient evolution, the extent of the zone of mineral transformation
may extend further into the buffer, as described in Section 6.5, affecting the possibility of can-
ister failure by corrosion in the very long term (after 100,000 years, see below), and the transfer
of radionuclides across the buffer/rock interface in the event of canister failure.

Interactions involving hydrogen from steel corrosion

Methane and hydrogen are present naturally in the groundwater and hydrogen will also be
generated by the corrosion of the steel repository components, principally the supercontainer
shell. These gases could participate in the reduction of groundwater sulphate to sulphide in the
presence of sulphate-reducing bacteria, which could then corrode the copper canister. This issue
is discussed further in Section 5.7.4.

It is generally assumed that there is no significant interaction between hydrogen from the cor-
rosion of steel and minerals in the buffer. This assumption, however, still awaits experimental
verification, and is noted as an issue requiring further investigation in Chapter 12. Furthermore,
the presence of high hydrogen partial pressures due to the corrosion of the supercontainer
shells and the other steel components may have an effect on the bentonite porewater chemistry.
Various factors need to be considered, including acid-base equilibria and the pH buffering
capacity of bentonite, as well as the limited timeframe of hydrogen production of several
thousand years. This is also noted as an issue requiring further investigation in Chapter 12.

5.6.5 Interactions involving cement and stray materials

Cementitious materials in the repository (Section 2.3.5) will slowly degrade. Degradation will
lead to the formation of calcium-silicate-hydrates (CSH) phases, and to the leaching of alkaline
porewater, which may react with the surroundings (see, e.g. Section 6.2.4 of /Pastina and Helld
2006/).

Current knowledge of cement chemistry and microstructure is sufficient to predict the broad
evolution of Ordinary Portland Cement (OPC) in controlled systems, such as laboratory experi-
ments /Pastina and Helld 2006/. On this basis, the structural integrity of OPC when exposed to
various water types ranging from saline to fresh is expected to be maintained during the opera-
tional period (approximately 100 years). Furthermore, the lifetime of cementitious components
is, at a minimum, expected to be of the same order as the duration of the early evolution period
(a few thousand years after closure) during which the buffer saturates /Pastina and Helld 2006/.
In the deposition drifts, however, it is currently foreseen that low-pH cement and/or Silica Sol
(colloidal silica) grouts® will be used (Section 2.3.5). These may have reduced detrimental
effects on other system components (notably the buffer) compared with OPC because of the
reduced alkalinity of their porewater leacheates, although the long-term durability and evolution
of such materials is not as well understood as in the case of OPC. In either case, there are
significant uncertainties concerning the duration and the spatial extent of the alkaline plume
leaching from cement.

Cementitious porewater leachate will first react with the host rock. Reacting minerals will
dissolve and new minerals will be precipitated, creating a zone of altered mineralogy around the
cementitious components. Quantitative understanding of these processes is, however, limited,
with poor knowledge of the possible reaction products and of mineral dissolution and growth
kinetics.

# Silica Sol is being considered as a grouting material for narrow fractures /Autio et al. 2007/. Silica
Sol is a stable dispersion of discrete nonporous particles of amorphous silicon dioxide (SiO.). The
long-term durability and evolution of colloidal silica grouts has not been as well characterised as
that of cementitious grouts /Ahokas et al. 2006/. For example, the potential for forming colloids with
radionuclides is under investigation.
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When the leachate reaches the buffer, the most significant potential impact will be the dissolu-
tion of montmorillonite. Secondary minerals could also dissolve or precipitate in the buffer.
Alteration products are expected to be a succession of calcium-silicate hydrates, illites and
zeolites as the distance from the cementitious source is increased. The reaction products are
likely to be amorphous with no expandability, but their porosity is low with very low hydraulic
conductivity. The long-term safety concern is the possibility of a loss of buffer swelling pres-
sure, increased hydraulic conductivity, and possibly fracturing of bentonite at cement/bentonite
interfaces due to cementation.

Mass balance calculation results (Appendix F in /Gribi et al. 2007/) indicate that the maximum
mass of bentonite altered by cement in a KBS-3H drift is small — in the order of 1 %o, assuming
that all the cementitious material used for grouting of the rock in ONKALO and in the reposi-
tory below a depth of 150 m is distributed evenly among the repository drifts. There could,
however, be more significant local effects on the buffer.

The period during which the buffer is exposed to high alkalinity, and hence the extent of altera-
tion, depends on the amount of cement used in the drift and for grouting as well as the flow
conditions. The spatial extent of any altered zone is expected to be in the order of a few tens of
centimetres if bentonite is in direct contact with a cement source. Direct contact between cement
and bentonite occurs at the drift end plug/filling block interface. This situation is, however,

not greatly safety relevant as the filling block is planned to be more than 10 m long and even a
significant alteration zone would have no impact on buffer function. In general, however, any
cement-bearing components in a drift will be separated from the supercontainers by at least one
5-m long compacted bentonite block (about 20 tons of bentonite).

Potentially, the most significant scenario of cement/bentonite interaction occurs through indirect
contact of alkaline cementitious porewater transported from a grouted fracture by groundwater
to the supercontainer area through the fracture network. However, the leachate from a grouted
fracture along the drift is likely to affect only a small percentage of the buffer in 100,000 years
(Appendix F in /Gribi et al. 2007/). Mass balance and mass transport calculation results indicate
that the thickness of the altered buffer zone can be up to 4 cm at most. These calculations are
conservative, neglecting several mitigating factors, such as dilution of the leachate in the host
rock dilution, the presence of pH-buffering minerals, the effect of the secondary minerals in the
buffer, and the limited release rate of OH- from low pH cement.

The above discussion indicates that exposure of the canisters to high-pH leachates is not
expected, although there remain significant uncertainties. However, even if exposure were to
occur, it is likely to have a favourable impact on corrosion of the canister surfaces, through the
production of a passivating film /King 2002/.

Organic materials (including stray materials such as plastics, cellulose, hydraulic oil and
surfactants, and also cement additives released as cement degrades) will be decomposed in
microbially mediated reactions, and therefore add reducing capacity to the repository near field.
As noted in Section 4.2.5, these materials may, however, also enhance the rate of radionuclide
transport in groundwater in the event of canister failure.

5.6.6 Wider impact on system evolution and safety functions

The chemical and microbiological evolution of the repository in the transient phase will affect
the saturation and the development of buffer swelling pressure, mainly through the generation
of gas, but also to a lesser extent through volume expansion as the steel components corrode.
Although repository-generated gas can significantly delay saturation, it is expected to have

no effect on the final saturated state of the buffer (Section 5.5). Furthermore, as noted in
Section 5.4.2, the impact of volume expansion on the final density and swelling pressure of the
buffer is not expected to be significant in terms of the criteria for buffer safety function indica-
tors.
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The corrosion of the steel components will produce potentially porous or fractured materials,
some of which will be embedded within the buffer, while others may be in direct contact

with the drift walls. The former are not expected to have any significant impact on the safety
functions of the repository. The latter may give rise to locally enhanced flow at the buffer/rock
interface. Mineral transformation due to the interaction of corrosion-derived Fe with the buffer
could also lead to the formation of a highly conductive layer at the buffer/rock interface. As in
the case of rock spalling (Section 5.4.9), this is relevant to:

* canister corrosion due to the migration of sulphide from the rock through the buffer to the
canister surface (Sections 5.7.4, 6.6.1 and Appendix B.7); and

» radionuclide migration from the buffer to the rock in the event of canister failure
(Radionuclide Transport Report — /Smith et al. 2007a/).

Interactions involving cement and stray materials are subject to significant uncertainties. They
are not expected to have significant adverse effects on the safety functions of the canister, buffer
or host rock, but are likely to be the subject of further studies.

5.7 Evolution of the canister surface and interior

5.7.1 Canister temperature

The temperatures inside and outside the canister will increase rapidly after supercontainer
emplacement, due to the ongoing generation of radiogenic heat and due to the thermal resistance
of the unsaturated engineered barrier system (in particular, air-filled void space around the
canister and at the interface between rock and buffer inside the deposition hole). The peak tem-
perature in the fuel will be reached shortly after deposition, and will decline over the following
several thousand years, as described in Section 5.2.

5.7.2 Exposure of the canister surface to water

Water initially contained in the buffer near to the canister surface will evaporate and migrate
outwards by vapour diffusion, followed by condensation in the outer part of the buffer or at the
rock surface (Section 5.2.4). The canister surface will thus remain essentially dry until the buffer
is slowly saturated from the outside.

5.7.3 Mechanical load on the canister

The development of an isostatic load on the canister and the potential impact of rock shear
movements are discussed in Sections 5.4.3 and 5.4.6, respectively. It should also be noted that,
in studies of a KBS-3V repository at Olkiluoto, canister stability in a range of unfavourable
load conditions, including, for example, higher than expected pore water pressure, has been
considered (Section 6.1.2 of /Pastina and Helld 2006/). In all conceivable situations, the stability
of the canister is ensured with a large safety margin. This conclusion is also expected to apply in
the case of KBS-3H.

5.7.4 Corrosion of the copper shell

The corrosion of copper in the first several thousand years after emplacement is discussed in
detail in Sections 6.1.4 and 7.1.4 of /Pastina and Helld 2006/ in the case of a KBS-3V reposi-
tory, and is likely to be similar in the case of KBS-3H.

The presence of initially entrapped oxygen will cause some limited corrosion of copper until the
available oxygen is depleted and the environment changes from oxic to anoxic (Section 5.6.3).
Microbially influenced corrosion (MIC) may have some impact on the chemical evolution of the
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canister surface before the buffer reaches full saturation, since microbes are present both in the
groundwater and in the bentonite. The development of a fine, homogeneous pore structure and
the high swelling pressure of the saturated buffer mean, however, that microbes are not expected
to stay active and viable near the canister surface in the longer term (Section 5.6.3).

In /Pastina and Helld 2006/, it is argued that localised corrosion of the copper shell, including
stress corrosion cracking (SCC), is unlikely, even in the period of hot and oxic conditions at the
canister surface. Based on the work of /King 2004/, it is further argued that, although welding
gives regions of non-uniformity of the surface, weld discontinuities will not lead to significant
localised corrosion behaviour of the copper canister and that grain boundary corrosion of copper
weld material is very unlikely to adversely affect the copper canisters under the expected condi-
tions in the repository.

Changes in the chemical composition of the bentonite porewater may occur in the transient
phase (Section 5.6.2), but are not expected to jeopardise the integrity of the copper shell. For
example, the presence of high hydrogen partial pressures due to the corrosion of the super-
container shells and the other steel components of a KBS-3H repository, may have an effect

on the bentonite porewater chemistry. The impact of hydrogen gas on the bentonite porewater
chemistry has not yet been fully evaluated. Various factors need to be considered, including
acid-base equilibria and the pH buffering capacity of bentonite, as well as the limited timeframe
of hydrogen production of several thousand years. The overall impacts, in particular any effects
on the buffer, should be taken into account in future studies.

Once the entire repository is fully saturated and has reached anoxic conditions, the only sig-
nificant corrosion agent will be sulphide that diffuses through the buffer to the canister surface.
Sulphide is abundant in the groundwater at repository depth, the present highest measured
sulphide concentration at repository depth at Olkiluoto being 12 mg per litre (Section 2.2.4).
The sulphate content in the sulphate-rich brackish groundwater is at maximum about 500 mg/l,
decreasing to a negligible concentration in the methane-rich saline groundwater /Pitkdnen et al.
2004/. Furthermore, the hydrogen generated by the corrosion of the steel repository components
external to the canister (Section 5.6.4) could, along with methane and hydrogen naturally
present in the groundwater, participate in the reduction of groundwater sulphate to sulphide in
the presence of sulphate-reducing bacteria, increasing the sulphide concentration. The concen-
tration of sulphide in the groundwater will however, be limited by the concentration of iron in
thegroundwater, which contributes to formations of iron sulphides with low solubility.

Some of the sulphide entering the buffer will react with the supercontainer and other steel
components, and with amorphous iron present in the bentonite. The resulting iron sulphides
have a low solubility and will precipitate, reducing the flux of sulphide to the canister surface.
Reaction with sulphide, by increasing the corrosion rate of the steel components, could reduce
the period of hydrogen generation, and the period during which sulphate is potentially reduced
to sulphide in the presence of repository-generated hydrogen and sulphate-reducing bacteria. It
is argued in Appendix B.7 that the impact of repository-generated hydrogen on canister lifetime
is in any case small, although the impact of methane in the groundwater remains an issue for
further study.

In a few thousand years, once the steel has corroded, the sulphide scavenging effect of the iron
from steel components will be lost. Nevertheless, amorphous iron present in the bentonite is still
likely to scavenge at least some of the migrating sulphide (see e.g. discussions in Chapter 11 of
/Pastina and Helld 2006/). Furthermore, the low rate of migration of any sulphide reaching the
canister surface will keep the rate of copper corrosion very low (see Appendix B.7, which also
includes a discussion of the uncertainty in sulphide transport rate and canister lifetime due to the
impact of potential perturbations to the mass transfer properties of the buffer/rock interface due,
for example, to rock spalling — Section 5.4.5 — and iron/bentonite interaction — Section 5.6.4).
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5.7.5 Chemical evolution of the canister interior

Following encapsulation of the fuel, any residual water inside the canister (maximally 600g,
Section 4.3.2, /Pastina and Helld 2006/) will evaporate. Some nitric acid could be formed by
radiolysis, possibly resulting in some stress corrosion cracking of the insert /Raiko 2005/. As
noted in Section 4.14, this possibility can, if required, be avoided by filling the canister voids
with inert gases (Ar or He), in the presence of which no signifycant radiation-induced effects are
expected.

5.7.6 Radioactive decay, radiolysis and the production of gas by decay

The radionuclide inventory inside the canisters will evolve by decay and ingrowth. These
processes will produce small amounts of decay gases that may accumulate within the fuel rods
or escape to the canister voids. Gamma radiolysis of air and water inside the canister, associated
mainly with the decay of Cs-137, will also occur over a period of a few decades, until this
radionuclide has substantially decayed.

Most of the gas produced by decay will be trapped within the fuel matrix. Over time, this has
the potential to detrimentally affect mechanical stability of the fuel. In SR-Can, however, it
is concluded that there will be no detrimental effects on the fuel for the burn-up range that is
relevant for Swedish conditions, and this conclusion is also expected to hold for a KBS-3H
repository for Finnish fuel at Olkiluoto.

Stress on the fuel cladding may also increase with time as gas accumulates in the gap between
the fuel pellets and the inner walls of the cladding tubes. This will increase the risk of cladding
tube failure by delayed hydrogen cracking (DHC) (Section 4.1.3). Studies performed in associa-
tion with the Spent Fuel Stability Project have been unable to clarify the effects of pressure
build-up on cladding integrity (see, e.g., Section 6.4.3 of /SKB 2006a/). However, even if the
pressure increase does lead to damage of the cladding tubes, this is not expected to lead to gas
pressures inside the canisters that could compromise canister integrity, even after prolonged
periods of time /SKB 2006a/.

5.7.7 Redistribution of fissile material

Redistribution of fissile material inside the canister cannot be ruled out over long periods of

time through mechanical degradation of fuel rods and pieces detaching and accumulating along
the lower sides of the horizontally oriented fuel channels. This is discussed in the context of the
potential for criticality in the case of a canister with an initial penetrating defect in Section 8.11.

5.7.8 Wider impact on system evolution and safety functions

During the early phase of evolution, as the buffer saturates, the canisters are expected to experi-
ence elevated temperatures, increasing water pressure, differential pressures from the swelling
bentonite, and corrosion, mainly due to sulphide and initially entrapped oxygen during the tran-
sient phase. Nevertheless, the copper canisters are expected to remain intact, and with a large
safety margin (assuming appropriate quality control procedures during canister encapsulation
and emplacement). As a consequence, spent fuel and radionuclides are expected to be totally
isolated within the canisters throughout the early evolution period.
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6 Subsequent evolution prior to the next major
climate change

6.1 Definition of the period and evolution of
external conditions

Following the early, transient phase, the repository and its geological environment will evolve
to a quasi-steady state, in which key safety-relevant physical and chemical characteristics
(e.g. temperature, buffer density and swelling pressure) are subject to much slower changes.

The period covered in this chapter is that prior to any major future climate change that could
impact the evolution and performance of a KBS-3H repository at Olkiluoto. Future climatic
events that could potentially have a significant impact on evolution and performance include
the formation of permafrost and of ice sheets, and their subsequent melting.

The future evolution of the climate and the occurrence of future glaciations are subject to con-
siderable uncertainty, particularly in regard to the long-term impact of anthropogenic emissions,
especially greenhouse gasses. Two scenarios for future climatic evolution, the Weichselian-R
scenario and the Emissions-M scenario, have been introduced in Section 5.1. The Weichselian-R
scenario assumes a repetition (R) in the future of the last glacial cycle. The Emissions-M
scenario takes into account the warming effects of moderate (M) levels of anthropogenic
emissions (especially CO,) from human activities.

An important climate-related process affecting groundwater flow and composition is post-
glacial land uplift. Post-glacial land uplift will progressively displace the shoreline away

from the repository site, and will do so more rapidly in the Weichselian-R scenario compared
with the Emissions-M scenario, due to the significant rise in global average sea level in the
latter scenario. In the next 4,000 years, for example, the shoreline is expected to move several
kilometres to the west in the Weichselian-R scenario, but only a few hundred metres to the west
in the warmer, Emissions-M scenario. This is illustrated in Figure 6-1, which shows the evolu-
tion of the shoreline in the two scenarios, and also the main bedrock lineaments, which may
indicate dominant hydraulic features from beyond which the sea level has relatively little effect
on groundwater head.

In the longer term, however, on a timescale of 10,000 years or more, the shoreline will be
displaced several kilometres to the west in both scenarios. The rate of land uplift will gradually
slow over time. /Léfman 1999/ predicted land surface uplift as a function of time for the next
10,000 years, based on the mathematical theory of /Passe 1996/ and a regional land uplift dating
study by /Eronen et al. 1995/. In the KBS-3V Evolution Report, an extrapolation of that predic-
tion further into the future indicates a land uplift of about 70 m at 50,000 years, with uplift
remaining below 90 m during the next 100,000 years, assuming that no glaciation occurs within
this timeframe, which is the case in the Emission-M scenario (Figure 7-9 in /Pastina and Hella
20006/). This extrapolation is subject to uncertainty, but is considered to be a plausible estimate
of the magnitude of future uplift; the depression of the bedrock due to the previous ice sheets
was about 90 m /Lambeck et al. 1998/

6.2 Thermal evolution

By definition, the heat output of the spent fuel will have declined to a level that has no signifi-
cant effect on the evolution of the repository and its environment by the start of this phase (the
end of the transient phase). Climatic evolution and its associated uncertainties will have only a
small impact on rock temperatures at repository depth up until the occurrence of the next period
of permafrost (expected around 12,500 years at the earliest; see Chapter 7, Figure 7-2).

103



Y01

.._.. .
sos0 [0 oo [ oo [ oo [ ] v
Figure 6-1. Terrain and surface water body forecasts for selected times, assuming a repetition of the last glacial cycle. Colours show elevation in

intervals of 10 metres. The present coastline is shown with a grey line, 10-m depth contours of the sea in blue, and illustrative repository layout in
red /from Ikonen et al. 2007/. Top elevation of the hill above the ramp entrance is indicated in for each time point (m a.s.l.).




6.3 Hydrogeological evolution

As a result of continuing post-glacial uplift, the saline water currently at repository depth will
start to be replaced by brackish, sulphate-rich and fresher groundwater currently present at shal-
lower depths. Furthermore, the receding shoreline will uncover topographic features that will
affect the shape of the water table and hence the driving forces for groundwater flow. Changes
in the salinity of the Baltic Sea are also expected, but shoreline displacement means that the
effect of seawater salinity on groundwater flow around the repository will be reduced such that
it is negligible.

The sea level will have a progressively diminishing effect on hydrogeological conditions as the
shoreline is displaced away from the repository site due to land uplift. The shoreline is expected
to recede in both the Weichselian-R and the Emissions-M scenarios, though less rapidly in

the Emissions-M scenario because of global average sea-level rise. Within a few thousand
years after repository closure (after about 2,000 in the Weichselian-R scenario and after about
4,000 years in the Emission-M scenario; see Figure 6-1), the groundwater flow in the vicinity
of the repository will no longer be affected by sea level because, in both scenarios, the shoreline
will have receded by several kilometres and beyond the borders of the expected hydraulic block
of the Olkiluoto site. Therefore, after a few thousand years and prior to the next permafrost
episode, a similar hydrogeological evolution is expected in both scenarios. According to the
Weichselian-R scenario, the first 40,000 years are characterised by alternating permafrost

and temperate climate phases, with the present temperate phase continuing for 12,000 years.
According to the Emissions-M scenario, a permafrost stage will be reached 170,000 years from
now (although no ice sheet will be formed before 350,000 years).

It is conceivable that, in the Emissions-M Scenario, because of the higher overall temperatures
and CO, content in rainwater and the change in the vegetation and microbial activity in soil,
there will be a difference in reactivity of infiltrating water. This difference in reactivity could,
in principle, eventually lead to differences in groundwater flow pattern (as a result, say, of pre-
cipitation and/or dissolution of fracture surface minerals and infills). Currently, however, there
is no evidence for significantly different deep groundwater flow patterns arising from possible
differences in the chemical properties of infiltrated water.

Groundwater flow was modelled for the Emissions-M scenario in the KBS-3V Evolution
Report during the first 50,000 years of the post-closure temperate phase (Figure 7-9 in /Pastina
and Helld 2006/). Modelling results indicate that increasingly fresh water will penetrate to
greater depths over time and that the repository level will be flushed by brackish water in about
20,000 years time. Modelling results based on the assumption of continuing but decreasing
uplift over the next 50,000 years, with more than 70 m of uplift at the end of the simulation
period, indicate that the repository level will eventually be flushed by meteoric water from

the surface, although, as noted above, the rate at which uplift slows, and hence the timing of
this event, is highly uncertain. It should also be noted that surface water slowly infiltrating to
repository depth will also interact with soil layers and rock minerals, and mix with groundwater
present in the rock which will increase its ionic strength (Section 6.5.2).

6.4 Mechanical evolution

6.4.1 General description

The mechanical evolution of the repository and its geological environment will be similar to that
of'a KBS-3V repository in this period. The reduction in thermal output from the fuel will result
in rock stress levels returning to values similar to those prior to spent fuel emplacement and in a
reduction in the thermo-mechanical loads on the canisters. The swelling pressure exerted by the
saturated buffer on the rock may, however, result in some increase in the apertures and transmis-
sivities of fractures around the drift walls. The probability of significant tectonic earthquakes
will remain low, and rock fracturing and creep deformation of drifts will be limited.
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The changes in the salinity of the groundwater over time noted in Section 6.3 will affect the
swelling pressure of the buffer (with lower salinities giving higher swelling pressures), and
its susceptibility to erosion by water flowing through fractures intersecting the drift walls
(Section 6.5).

6.4.2 Potential for buffer extrusion and erosion in fractures

The swelling pressure that develops in the buffer (and also the filling blocks) is likely to cause
bentonite to intrude into some of the open fractures intersecting the drift. If sufficiently large,
the flow of groundwater through these fractures could potentially lead to some mechanical
erosion of the gel at the bentonite/groundwater interface and the release of bentonite colloids.
However, once the deposition drifts and transport tunnels have been filled and sealed and
have saturated, and transient hydraulic pressure gradients within and around the repository
have dissipated, flowrates are expected to be low, with hydraulic gradients comparable to the
undisturbed situation at Olkiluoto. Erosion of bentonite extruded into fracture openings by
flowing water (mechanical erosion — see the scoping calculations in Appendix B.2) is then not
expected because of the particle bond strength between the clay particles forming the gel, as
long as this bond strength is not adversely affected by changes in groundwater ionic strength
(Section 6.5.2).

6.4.3 Potential for canister sinking

As discussed in Section 5.4.4, the canister, having a higher density than the surrounding buffer,
may sink slightly under its own weight. No specific analyses have been carried out for KBS-3H.
The situation is, however, somewhat simpler than in the case of KBS-3V, where sinking is
offset by an upward displacement due to compaction of the backfill — see Section 2.4.1 of /SKB
2006c¢/. /Borgesson and Hernelind 2006a/ have modelled the net vertical sinking of a KBS-3V
canister both with and without consideration of compaction of the backfill. Where compaction
of the backfill is neglected, the total settlement of the canisters in 10° years is calculated

as being only 0.35 mm (a net upward displacement is calculated if backfill compaction is
included). For a given buffer density, if canister sinking (neglecting backfill compaction) is

of little concern for KBS-3V, then it is even less a concern for KBS-3H. This is because the
pressure exerted by the KBS-3H canister on the bentonite that supports it is less than in the case
of KBS-3V, due to the weight of the KBS-3H canister being distributed over a larger horizontal
area.

6.5 Chemical evolution

6.5.1 General description

Further gradual chemical evolution of the rock and the buffer will continue throughout this
period. Geochemical conditions will be affected in particular if there are climatic variations

that have an impact on the relative infiltration of water in the form of precipitation and seawater.
The buffer will also continue to evolve chemically, important processes being ion exchange

and the dissolution/precipitation of calcite (Section 2.5 of /SKB 2006a/). Other specific issues
of concern are the chemical stability of the bentonite gel at its interface with the groundwater
where the buffer has intruded into fractures and the continuing interaction of the buffer with
corroding steel components and the possibility of oxygen penetration to repository depth.

These issues are discussed in Sections 6.5.2, 6.5.3 and 6.5.4, respectively.
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6.5.2 Buffer intrusion into fractures and the stability of the gel
water interface

Bentonite gel that has intruded into fractures intersecting the drift could potentially break up
and disperse in the form of colloids if the concentration of cations in solution at the gel/water
interface falls below the Critical Coagulation Concentration (CCC), as discussed in detail in
Section 2.5.10 of /SKB 2006¢/. The cation concentration at the interface is determined by

the cation concentration in the groundwater, and also by the supply of cations to the interface
through the dissolution of Ca and Mg minerals in the buffer and subsequent diffusion of these
ions to the interface. The CCC is uncertain but, according to Section 2.5.10 of /SKB 2006¢/,
is around 1 mmol per litre in the case of divalent ions.

Currently, very dilute groundwaters occur in Olkiluoto practically only in the overburden,

and the ionic strength of Olkiluoto groundwater at repository depth exceeds the CCC by a
significant margin (the sum of Ca?" and Mg?" concentrations at repository depth at Olkiluoto is
in the range 50—80 mmol per litre). The ionic strength is expected to increase temporarily during
the transient period due to the upconing of deeper, more saline waters (Section 4.1.1).

In the longer term, continuing isostatic uplift will result in the gradual replacement of the saline
water at repository depth with more brackish water of lower ionic strength. In the Emissions-M
scenario, prolonged temperate conditions without glaciation will result in more prolonged uplift
and a longer period of seepage of surface water towards repository level compared with the
Weichselian-R scenario. In the main report of SR-Can, SKB concludes that the groundwater
conditions during the post-closure temperate phase under the greenhouse variant of SKB’s refer-
ence evolution scenario will be similar to those of the reference evolution, with the difference
that a longer period of exposure to groundwaters of meteoric origin is expected at repository
depth /SKB 2006a/. Nevertheless, compared with glacial meltwater penetration (Section 7.3.5),
surface water infiltration is a slow process because it is driven only by the hydraulic gradient
created by the residual land uplift, expected to be some tens of metres in the next few tens

of thousands of years (Section 6.1). Slowly infiltrating surface water will interact with rock
minerals and mix with deeper, more saline groundwater layers. This, together with organic
activity in the soil layers, will increase its ionic strength.

The CCC is, therefore, expected to continue to be exceeded in both the Weichselian-R and
Emissions-M scenarios. Although uncertainty remains and the issue is noted in Chapter 12

as requiring further investigation, the stability of the gel/water interface is expected to be
maintained, and no significant erosion of the buffer is expected to occur prior to any future
change to glacial conditions and the penetration of glacial meltwater to repository depth. The
issue of erosion as a result of the infiltration of glacial meltwater to repository depth, discussed
in Section 7.4.7, is still under study.

6.5.3 Mineral transformation due to iron/bentonite interaction

Mineral transformation of the buffer due to the presence of corroding steel components, as
described in Section 5.6.4, is likely to extend further into the buffer during this period. A simple
mass balance calculation described in /Wersin et al. 2007/, assuming complete dissolution of
the corrosion products, indicates that 10-30% of the swelling clay in the buffer could eventu-
ally be converted to a non-swelling iron silicate, depending on the reaction product assumed
(berthierine or chamosite, which is an iron-rich chlorite). The migration of Fe(II) through the
buffer, which gives rise to mineral transformation, is, however, likely to be slow. The final steel
corrosion products that provide the source of Fe(II) have low solubilities. Furthermore, the clay
has a strong affinity for Fe(I), so that diffusion of Fe(Il) through the buffer will be retarded
significantly. To estimate the timescales required for transformation of a significant proportion
of the buffer, a 1-D reactive transport model was set up (also described in /Wersin et al. 2007/)
using site-specific information from Olkiluoto, such as groundwater and mineralogical data.
Results indicate that the extent of the zone potentially undergoing mineral transformation is
likely to remain spatially limited (a few centimetres) for very long times (hundreds of thousands
of years or more).
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The impact of mineral transformation on the hydraulic and rheological properties of the
transformed clay is uncertain. In the zones where transformation occurs, there is the possibility
of a substantial loss of swelling capacity and cementation by mineral precipitation leading to
an increase in brittleness and a significant increase in hydraulic conductivity. Available data
are by no means conclusive on the effect of iron on bentonite. Examples from natural systems
reported refer to cementation effects induced by iron oxide precipitation under oxic, but not
anoxic conditions. There is no natural analogue known to us which would indicate significant
cementation effects in swelling clays under anoxic conditions. The cementation effect is still
not well understood and is an issue for further investigation (Section 12.1, Iron corrosion,

gas generation and the interaction of the buffer with iron corrosion products and hydrogen).
These altered zones are, however, likely to remain hydraulically isolated from each other by
the distance blocks, which will be largely unaffected by mineral transformation because they
are spatially well separated from the steel components.

Mineral transformation is not expected to affect the sorption properties of the buffer adversely,
because the surfaces of the mineral phases formed by transformation to, for example, berthierine
or chamosite also have high sorption affinities for radionuclides. The presence of corrosion
products and of iron silicates formed by iron/bentonite interaction will considerably enhance
the reducing capacity of the buffer adjacent to the supercontainer. This area will then act as a
sink for redox-sensitive radionuclides, such as isotopes of U, Se and Tc that may have escaped
from a failed canister in oxidised form. The pH conditions will not be significantly altered
because of the large acid-base buffering capacity of bentonite. Although these changes in the
capacity of the buffer to retain and retard radionuclides are broadly favourable to safety, it is
also possible that changes in geochemical conditions and/or ageing and transformation of the
surfaces of the corrosion and alteration products could results in the release some radionuclides
accumulated in the buffer. This situation is discussed in the Radionuclide Transport Report
/Smith et al. 2007a/.

The potential formation of a highly conductive layer of mineralogically altered bentonite at the
buffer/rock interface is relevant to:

* canister corrosion due to the migration of sulphide from the rock through the buffer to the
canister surface (Sections 5.7.4, 6.6.1 and Appendix B.7); and

 radionuclide migration from the buffer to the rock in the event of canister failure
(Radionuclide Transport Report — /Smith et al. 2007a/).

Fracturing of the transformed buffer may allow microbial activity, which may in turn have
some impact on the rate of corrosion of any remaining uncorroded steel — this is discussed

in Section 5.6.4. Furthermore, an increase in the stiffness of the transformed buffer, if this
affects a significant proportion of the buffer thickness around the canisters, could in principle
compromise the capacity of the buffer to protect the canisters from rock shear movements, and
make the canisters more vulnerable to post-glacial earthquakes, although this is not expected
due to the slowness of the transformation process (Section 7.4.5).

6.5.4 Migration of oxygen introduced with surface water

Microbial activity and organic respiration in general are high near the ground surface. Oxygen
in the surface water will therefore be largely consumed by aerobic microbial bacterial oxidation
of organic matter to carbon dioxide in the soil cover, before this water penetrates deeper into
the rock. Any residual oxygen will react readily with Fe(II) minerals in the rock. Anaerobic
microbial processes at repository level are discussed in Section 6.6.1. Thus, in neither the
Weichselian-R scenario nor the Emission-M scenario any oxygen introduced with surface water
is expected to reach the repository depth.
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6.6 Evolution of the canister surface and interior

6.6.1 Conditions at the canister surface

During this period, the canister surface will approach ambient rock temperature. Isostatic pres-
sure conditions will be established and maintained at a value equal to sum of the groundwater
pressure and the buffer swelling pressure. Given the expected anoxic conditions at the canister
surface, the only corrosion agent will be sulphide that diffuses through the buffer from the rock.

Because the rate of transport of sulphide to the canister surface by diffusion is small, the rate
of copper corrosion is expected to be very low, although there is some uncertainty related to
transport properties, particularly at the buffer/rock interface.

Features and processes with the potential to perturb the buffer/rock interface, and a limited layer
of buffer or rock adjacent to the interface, include:

 thermally-induced rock spalling (Section 5.4.5);

» the presence of potentially porous or fractured corrosion products in contact with the drift
wall tighter drift sections (see Section 5.5.2);

* chemical interaction of the buffer with these corrosion products (Sections 5.6.4 and 6.5.3);
and

* chemical interaction of the buffer with high-pH leachates from cementitious components
(Section 5.6.5).

Scoping calculations to illustrate the potential impact of these features and processes on the
mass transfer of sulphide from groundwater to the buffer, and hence on canister corrosion
and lifetime, are described in Appendix B.7. It is concluded that a combination of pessimistic
assumptions must be made before the canister lifetime drops to one million years or less.

For the reasons outlined in Section 6.5.4, it is not expected that amounts of oxygen that could
have a significant impact on canister corrosion will penetrate to repository depth. The saline
water currently at repository depth will be gradually replaced by brackish, sulphate-rich

and fresher groundwater (Section 6.3). If adequate nutrients are available, the presence of
sulphate-reducing bacteria could lead to increased sulphide concentrations around the repository
and increased canister corrosion rates in both the Weichselian-R and Emissions-M scenarios.
However, increasingly dilute groundwater will provide reduced amounts of nutrients, such as
sulphate for microbially-mediated redox processes, and microbial activity and sulphide produc-
tion may decrease. Thus, the impact of isostatic uplift on the canisters could be either to increase
or to decrease corrosion rates, but in either case the effect is not expected to be large. This is,
however, an issue that requires further investigation.

Overall, it is concluded that no canister failure by corrosion of the copper shell is expected prior
to the next glaciation. In this respect, the Emissions-M scenario is believed to be as favourable
to the safety functions of the engineered barrier system as the Weichselian-R for the time period
considered.

6.6.2 The canister interior

The radionuclide inventory inside the canisters will continue to evolve by decay and ingrowth.
There will also be further production of decay gases, but this will not be sufficient to compro-
mise canister integrity (see also Section 5.7.6).

The redistribution of fissile material inside the canister described in Section 5.7.7 may continue
due to the further mechanical degradation of the fuel rods, with additional fissile accumulating
along the lower sides of the horizontally oriented fuel channels. This is discussed in the context
of the potential for criticality in the case of a canister with an initial penetrating defect in
Section 8.11.
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7 Evolution affected by major climate change

71 Climate evolution scenarios

The evolution of conditions at repository depth could be significantly affected by major climate
change, and, in particular, by the formation of permafrost and ice sheets at the ground surface in
response to any future change to much colder climatic conditions.

/Cedercreutz 2004/ has identified possible scenarios for climatic evolution at Olkiluoto on

a timescale of 125,000 to 450,000 years. Two scenarios, already introduced in the previous
chapters, are judged to be representative of the range of plausible possibilities for future climate
development: (i), the Weichselian-R scenario, which assumes a repetition of conditions that

are believed to have occurred during the last glacial cycle, and (ii), the Emissions-M scenario,
which assumes a moderate climatic warming due to anthropogenic emissions, especially green-
house gasses that delays the formation of permafrost and ice sheets at Olkiluoto. Climatic evolu-
tion following the development of an ice sheet is similar in both scenarios.

7.2 Impact on the surface environment

In general terms, the changes expected in the surface environment during a glacial cycle are as
follows:

* the glacial cycle will be initiated by a cooling of the climate;

* as the climate grows progressively cooler, periglacial conditions will become established;
at first, the land surface temperature will fluctuate around freezing point, and then will fall
further, such that the ground remains frozen year round (permafrost);

* at some point, an advancing ice sheet will reach the repository location, thicken gradually
and then retreat relatively rapidly by melting;

 after the ice has gone, periglacial conditions will resume, characterised by permafrost and
near-freezing average annual air temperatures;

* awarming trend will restore average annual temperatures to near-present-day values.

During future glaciations, the load of up to 2 km-thick ice sheets is expected to depress the
Earth’s crust, leaving the Olkiluoto area submerged below sea level. The site will experience
a gradual uplift following ice-sheet melting and return to the temperate condition, as in past
glacial cycles.

Figure 7-1 illustrates modelling results for the evolution of air and ground-surface temperature,
ice sheet thickness and vegetation cover in the Weichselian-R scenario. Temperature reconstruc-
tions are based on the Greenland Ice Core Project and from temperature data from the northern
European climate archives (/Pastina and Helld 2006/ and references therein).

The main differences between the Weichselian-R and Emissions-M scenarios are in the timing
of climatic changes (permafrost, ice sheet, glacial melting) and the effects of prolonged infiltra-
tion of surface water in the Emissions-M scenario (Section 6.3).

In this scenario, the next 40,000 years are characterised by alternating permafrost and temperate
climate phases. After about 50,000 years, the area will be covered with ice and snow, and this
cover will remain for the following 25,000 years. Olkiluoto will be submerged as the glacier
retreats and will remain submerged until the next glaciation, at about 87,000 to 112,000 years
from now. The maximum permafrost depth during this period will be 180 metres, as illustrated
in Figure 7-2. The next interglacial is expected in about 112,000 to 115,000 years. Climatic
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Figure 7-1. Evolution of air and ground-surface temperature, ice sheet thickness and vegetation cover
in the Weichselian-R scenario (after Figure 2-7 of /Hartikainen 2006/).
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Figure 7-2. Evolution permafrost and frozen ground in the Weichselian-R scenario — vegetation cover
taken into account (after Figure 4-1 of /Hartikainen 2006/).

conditions similar to the current ones will return in about 125,000 years, when a new glacial
cycle will begin. For most of this glacial cycle (from 50,000 to 125,000 years from now),
Olkiluoto will be covered either by ice or by water.

Thus, the next glacial retreat, and hence the next possibility for penetration of glacial meltwater
to repository depth, is in 70,000 years time, based on a repetition of previous glacial cycles.
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In the Emissions-M scenario, as shown in Figure 7-3, surface temperatures will continue

to rise, effectively leading to snowless and frostless winters, before starting to fall again in
about 20,000 years from now. A permafrost stage will be reached at 170,000 years, but no ice
sheet will be formed before 350,000 years. During the sole periglacial period (between about
170,000 to180,000 years in the future), the maximum permafrost depth will be between 10 m
and less than 80 m, depending on the types of vegetation present at the surface.

7.3 Impact on the rock at repository depth

7.3.1 General description
Underground, the most significant effects associated with major climate change are related to:

* temperature;

» seismic activity and post-glacial faulting;

* changes in rock stress; and

» changes in the groundwater flow regime, pore pressure and chemical composition.

These effects are described in the following sections, with reference, where relevant, to the
Weichselian-R and Emissions-M scenarios. The impact of glaciation and deglaciation is, how-
ever, generally limited and similar in the two scenarios, with many of the features of the system
and slow processes occurring prior to glaciation continuing relatively unchanged.

7.3.2 Temperature evolution

Rock temperatures diverge significantly in the two scenarios with the occurrence of the first
permafrost period in Weichselian R-scenario (around 12,500 years; see Figure 7-2). Because the
thermal output from the spent fuel will be negligible, the temperature of the repository at this
time will be approximately equal to the ambient rock temperature at repository depth, which will
be somewhat higher in the Emissions-M scenario compared with the Weichselian-R scenario.
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Figure 7-3. Evolution of air and ground-surface temperature, ice sheet thickness and vegetation cover
in the Emissions-M scenario (after Figure 2-8 of /Hartikainen 2006/).
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Even then, however, the development of permafrost and frozen ground and the advance and
retreat of ice sheets is expected to have only limited effects on ambient rock temperature.
According to the numerical simulations of /Hartikainen 2006/, the lowest temperature reached
at repository depth will be about 4°C lower than the present-day ambient temperature, and

this temperature minimum will occur at about 68,000 years in the future in the Weichselian-R
scenario. In the Emissions-M, the lowest temperature reached at repository depth will be about
1°C lower than the present-day ambient temperature at about 181,000 years in the future.
Calculated pore water pressures indicate that the development of permafrost will have only a
minor influence on hydro-mechanical pressure conditions at repository depth, whereas the crea-
tion of ice sheets will result in large water pressures and hydraulic gradients in the subsurface,
as discussed further in Section 7.3.5.

7.3.3 Seismic activity and post-glacial earthquakes

Seismic activity, which is in any case low in the Olkiluoto region (Section 2.2.2), will be further
suppressed by the weight of the ice while an ice sheet is present at the repository location. Post-
glacial earthquakes may, however, occur following the retreat of the ice sheet, triggered by rapid
crustal uplift and the release of vertical stresses. Post-glacial earthquakes are expected to occur
on existing major deformation zones. Major deformation zones capable of accommodating
significant slip should be readily identified and KBS-3H drifts will not be constructed within,

or in the immediate vicinity of such zones. As noted in Section 2.2.2, ongoing geological
characterisation and modelling will give more insight into the characteristics of deformation
zones at the site and their potential to host such earthquakes in the future.

Even if it occurs at some distance form the repository, a large earthquake occurring on a major
deformation zone may give rise to stress changes in the rock that trigger shear movements on
smaller-scale fractures that are not detected or cannot be avoided when constructing the drifts.
/Hutri 2007/ has carried out computer simulations of the bedrock behaviour during future
glaciations applying different glacial scenarios, suggesting that the maximum shear displace-
ments will be no more than a few centimetres at repository depth. The potential impact of such
displacements on the repository engineered barrier system is discussed in Section 7.4.5.

7.3.4 Mechanical effects in the rock

Bedrock freezing may cause frost wedging, leading to the propagation of cracks and joints in the
rock (Section 6.3.2 of /Pastina and Helld 2006/). This may affect the evolution of the geosphere
transport barrier. As noted above, however, frozen conditions are not expected to penetrate to
repository depth, and conditions around the repository will be unaffected.

Glacial loading will give rise to additional rock stresses and increased pore pressures. According
to SR-Can /SKB 2006d/, processes related to glaciation could lead to the creation the reactiva-
tion or hydraulic jacking of existing fractures, potentially increasing fracture transmissivity
(these effects are not specific to KBS-3H and are not discussed further in this report). They
could also potentially result in creep movement and possible convergence of the drifts (see also
Section 7.4.4), and to seismicity and faulting, that could imply shear movements on fractures
intersecting deposition drifts and also increase the transmissivity of the sheared fractures
(Section 7.4.5).

7.3.5 Groundwater flow and composition

The impact of major climate change on groundwater flow and composition is described in detail
in Section 8.3.3 of /Pastina and Helld 2006/. The following is a brief summary of the effects of
permafrost and of ice sheets that are of particular relevance to the evolution and performance of
the repository engineered barrier system.
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Effects of permafrost

The development of permafrost is likely to lead to a more stagnant flow pattern at repository
depth. If a continuous layer of permafrost is present, surface water cannot penetrate the frozen
ground, topographically-driven flow will diminish, and only a minute groundwater flow driven
by salinity gradients and weak residual heat generation from the spent fuel will remain. The
possibility of open taliks (i.e. unfrozen windows in the permafrost region under lakes or rivers)
cannot, however, be disregarded. These will tend to provide a hydraulic gradient similar to

the regional topographic gradients, and thus give rise to more significant groundwater flow in
(Section 8.3.3 of /Pastina and Helld 2006/).

Although it has been suggested that the gradual formation of permafrost could lead to increasing
salinity of the underlying water, and also that salt-water inclusions within the frozen ground

or saline pockets could be formed /Pastina and Helld 2006/, these effects have not so far been
observed in real systems in crystalline rock areas. A period of permafrost is not therefore
expected to have any significant effect on composition of groundwater surrounding a repository
at Olkiluoto.

Current understanding is that methane is continuously produced in the bedrock (Section 2.2.4),
and so the build-up of methane during periods of permafrost may lead to transient hydraulic
effects when thawing takes place, although the magnitude of such effects is uncertain.

The issue of possible freezing and thawing on the engineered barrier system is discussed in
Section 7.4.2.

Effects of ice sheets

In the first stages of a glacial cycle, deep extensive permafrost and the presence of a cold-based
ice sheet will lead to a reduction in groundwater recharge. For most of the time that an ice sheet
is present, however, the ice sheet will be warm based. The high pressure exerted by the over-
lying ice on the liquid water between the ice and the rock could conceivably force large volumes
of low-salinity and possibly oxidising meltwater into deeper parts of the bedrock. Conversely,
hydraulic upconing effects could also increase salinity in front of the ice margin (Figure 7-4),

as indicated, for example, in modelling studies by /Jaquet and Siegel 2003/.
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Figure 7-4. Schematic illustration of the distribution of salinity below an ice margin and the boundary
conditions used by Jaquet and Siegel to model this situation (from Figure 6 of /Jaquet and Siegel 2003/).
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Coupled and transient modelling of groundwater flow and solute transport has been used to
investigate flow conditions for Olkiluoto under the load of a melting ice sheet for a period of up
to 1,000 years. Although there are significant uncertainties, the results indicate that penetration
of meltwater to below repository depth could occur if a melting ice sheet remains at the site for
hundreds of years. This is consistent with analyses of groundwater composition at Olkiluoto,
which indicate that some glacial meltwater has penetrated to such depths in the past and mixed
with deeper groundwaters /Pastina and Hella 2006/.

Although glacial meltwater may penetrate to repository depth, the recent interpretation of
hydrogeochemical site data, and especially gas data, from Olkiluoto by /Pitkédnen and Partamies
2007/ and /Andersson et al. 2007/ gives no evidence for intrusion of oxygen to repository depth
in the past although more information to support this tentative finding will be required in future
studies. This can be attributed to consumption of oxygen by microbially mediated processes and
the interaction of oxygen with minerals in the rock (Section 6.5.4).

Oxygen intrusion to the repository depth would imply extensive flushing of the ground-

water system at this depth with glacial meltwater. Current understanding of the history of

the Olkiluoto site does not, however, support this scenario, but rather suggests only moderate
dilution of groundwater as a result of meltwater intrusion. Currently at repository depth, the
glacial meltwater component is less than 20% /Andersson et al. 2007/, which can include not
only the most recent glaciation, but also earlier ones. Detailed fracture mineralogy studies
have not been carried out for all drill cores taken from the site, but recently precipitated iron
hydroxides, which would be indicative of the migration of dissolved oxygen, have not so far
been observed. In addition, calcite with very low methane-based C-13 values, which would

be indicative of dissolved oxygen mixing with the methanic groundwater system below about
300 m depth, has not been found. The isotopic composition of methane also suggests that no
oxidation of methane, anaerobic or aerobic, has occurred in the deeper groundwater system
below sulphate-rich groundwater (i.e. —300 m and deeper). This indicates that neither oxidising
glacial meltwater nor marine water, which can cause either aerobic or anaerobic oxidation of
methane, respectively, have affected the composition of this deeper system, although this could
have taken place on several occasions due to the periodic glacial cycles during the Quaternary.
It should also be noted that, even if oxygen-rich glacial meltwater were to reach the repository,
an additional scavenger for oxygen in a KBS-3H repository of the current reference design
would be the iron in divalent form originating from the corrosion of the steel supercontainer
shell.

Based on these arguments, the future intrusion of oxygen-rich glacial meltwater into the deep
groundwater system at Olkiluoto is unlikely. A transient reduction in salinity in association with
glacial retreat is, however, possible and has implications for the evolution of the canister and
buffer (Sections 7.4.3 and 7.4.7, respectively). Ongoing site characterisation work is exploring
whether or not such events have happened in the past.

7.4 Impact on the engineered barrier system

7.41 General description

Potential effects of major climate change on the engineered barrier system concern:
» freezing and thawing;

* canister corrosion;

 isostatic load on the canisters;

» rock shear associated with post-glacial earthquakes, including its effects on the canister,
the buffer and on the fractures undergoing shear movement;

» changes in buffer swelling pressure and the possibility of buffer erosion; and
» buffer liquefaction.
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These potential effects are discussed in the following sections without specific reference to the
timing of glaciation and deglaciation (the Weichselian-R and Emission-M scenarios). According
to the KBS-3V Evolution Report /Pastina and Helld 2006/ and SR-Can Main Report /SKB
2006a/, the Emissions-M scenario is no less favourable than the Weichselian-R scenario in terms
of its impact on the engineered barrier system because the same processes are expected to occur
during future glacial phases, whenever these phases take place. Moreover, in the Emissions-M
scenario, these processes are expected to occur at a much later time, when the radioactivity of
the fuel has decayed to lower levels.

7.4.2 Freezing and thawing

Based on studies of past climatic evolution, future permafrost at Olkiluoto is not expected

to reach more than 180 metres below ground at (Figure 7-2). Thus, excavations in the upper
parts of the repository, e.g., entrance to shafts and transport tunnels, are likely to be subject to
freeze-thaw cycling, which may change the properties of bentonite- and cement-based backfill
and seals (the impact on bentonite and bentonite mixtures is discussed in /Saarelainen and
Kivikoski 2002/). However, the canisters and buffer are not expected to be affected by freeze-
thaw cycling. This conclusion applies in both the Weichselian-R and the Emissions-M scenarios.
However, the possibility that conditions at Olkiluoto in the future could differ significantly
compared with those during the past glaciations and lead to buffer freezing may require further
consideration in future studies.

7.4.3 Canister corrosion

During the next glacial cycle and in the far future, slow corrosion of the copper surfaces of the
canisters will continue to take place by reaction with sulphide from the groundwater, which will
diffuse to the canister surface through the buffer.

As noted in Section 7.3.5, the migration of oxygen to repository depth in association with
future glacial cycles is unlikely. Furthermore, even if this were to occur, scoping calculations
by /Ahonen and Vieno 1994/ indicate that canister failure by corrosion would hypothetically
require exposure to oxygenated water to be maintained for at least 100,000 years. The possibil-
ity of dilute glacial meltwater penetrating to repository depth cannot, however, be ruled out as
yet, and may lead to some chemical erosion of the buffer (Section 7.4.7).

If, during repeated glacial cycles, the density of the buffer were to be reduced by erosion to
such an extent that advective transport could take place within the buffer, this could increase the
rate at which sulphide migrates to the copper surface, and hence increase the copper corrosion
rate, reduce canister lifetime and increase radionuclide migration rates in the event of canister
failure (the implications for radionuclide release and transport are assessed in the Radionuclide
Transport Report, /Smith et al. 2007a/). It should be noted, however, that the next glacial retreat,
and hence the next possibility for penetration of glacial meltwater to repository depth, is in
70,000 years time according to the Weichselian-R scenario. Even following partial erosion of
the buffer, the rate of corrosion is expected to remain low due to the limited supply of sulphide
from the groundwater. Thus, although canister lifetime may be reduced, it is expected to remain
at least in the order of a hundred thousand years.

7.4.4 Isostatic load on the canisters

Glacial loading will affect pore pressures in the rock and in the saturated buffer and the isostatic
load exerted on the canisters. The isostatic load will be equal to the sum of the groundwater
pressure at repository depth and the swelling pressure of the bentonite. At Olkiluoto, the maxi-
mum expected isostatic load on the canister in the absence of an ice sheet is about 11-12 MPa,
which is the sum of the swelling pressure of the bentonite and the hydrostatic pressure at reposi-
tory depth (Section 5.4.3). The maximum ice thickness over Olkiluoto is estimated to have been
about 2 km during the last glacial maximum /Lambeck et al. 1998/. A 2 km-thick ice sheet will
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increase the load on the canisters by about 18 MPa and a 3 km thick ice sheet by about 27 MPa
(/SKB 1999, Rasilainen 2004/; assuming an average ice density of 900 kg m3).

The expected minimum pressure giving rise to total collapse of an intact canister is significantly
higher than this (80—114 MPa — see, e.g. Section 4.3.1 of /Pastina and Helld 2006/), and so no
failure of canisters is expected by this mechanism without prior weakening of the insert by
corrosion (which could occur, for example, in the case of a canister with an initial penetrating
defect — Chapter 8). A more localised failure may be possible at lower pressures. /Dillstrom
2005/ has carried out a probabilistic analysis in which two failure modes are considered:

* local plastic collapse of the insert; and
» crack growth from an assumed initial defect in the insert.

The results of the analysis showed that, in all cases where crack growth occurred to a significant
extent, local plastic collapse occurred at a smaller load. For a base case pressure of 44 MPa, the
probability of failure by either mode is insignificant (~ 2 x 10~), although the probability of
local plastic collapse was found to be strongly dependent on the outer corner radius of the fuel
channels and the eccentricity of the steel section cassette. In the base case, it was assumed that
the cassette was centred and the outer corner radius was 20 mm.

Additional rock stresses due to glacial loading could potentially result in creep movement

and possible convergence of repository drifts, which would in turn affect the density and the
swelling pressure of the buffer, and indirectly give rise to some further loading on the canisters.
In /Rasilainen 2004/, however, it is stated that time-dependent deformations (creep) are not
considered to be a significant factor for intact crystalline rock in the case of a KBS-3V reposi-
tory. This conclusion is also expected to hold for KBS-3H.

7.4.5 Impact of earthquakes and rock shear on the canisters

Although seismic activity is currently low at the Olkiluoto site, the possibility that large earth-
quakes may occur in the future cannot be excluded, and their impact on the repository has to be
evaluated.

Any future earthquakes occurring at the Olkiluoto site are not expected to be uniformly distrib-
uted in time. Palaeoseismicity studies support the suggestion that major seismic activity was, in
the past, limited to a short period after deglaciation, and it is inferred that this will also be the
case in the future (Section 2.2.2).

Ongoing geological characterisation and modelling is expected to give insight into the charac-
teristics of deformation zones at the site and their potential to host future large earthquakes, such
that major zones capable of undergoing such earthquakes will be avoided when constructing the
deposition drifts (Sections 2.2.2 and 2.2.7). A large earthquake occurring on a major deforma-
tion zone may, however, trigger shear movements on smaller-scale fractures. These could lead
to a deformation of the bentonite buffer and to additional stresses being exerted on the canisters.
A movement of 0.1 m or more on a fracture intersecting a deposition drift at a canister position
is cautiously defined as “potentially damaging” to the canister, assuming the properties of the
buffer are as expected /Borgesson et al. 2004, Borgesson and Hernelind 2006¢/. The following
sections discuss:

* the probability of canister damage due to shear movements on fractures with the potential to
undergo shear movements of 0.1 m or more assuming that they are not detected and avoided
(and assuming that the buffer protects the canister against smaller rock movements); and

 the possibility that changes will occur in the properties of the buffer that reduce its capacity
to protect the canisters in the event of smaller rock shear movements.

The potential of a fracture to undergo shear movements is related to its size, as well as its
distance from the earthquake, and orientation effects /Munier and Hokmark 2004, Filth and
Hokmark 2006/. The probability that fractures with the potential to undergo shear movements
of 0.1 m or greater will, in practice, be detected and avoided has not yet been evaluated. As far
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as practically possible, the likelihood of canister damage will be reduced by applying suitable
canister deposition criteria. These may be related to distance from deformation zones (see,

e.g. Section 8.3.2 of /Pastina and Helld 2006/, where it is noted that criteria in the form of
respect distances developed by /Munier and Hokmark 2004/ for a repository in Sweden are also
applicable at Olkiluoto) and possibly the size of fractures intersecting the drift. In SR-Can, the
calculated probability of canister failure is significantly reduced by assuming that the Expanded
Full Perimeter Criterion (EFPC) is applied, whereby large fractures intersecting both the full
perimeter of a KBS-3V deposition tunnel and the deposition hole are assumed to be readily
observable and avoided /Munier 2006/. It is uncertain, however, whether or not a similar line of
reasoning can be applied to a KBS-3H repository, without rendering a large proportion of the
drift unusable. Thus, no criterion similar to the EFPC is applied in the calculation of the likeli-
hood of canister damage described below, although this remains an issue for further study.

Likelihood of canister damage

A method for calculating the probability of a KBS-3V canister location being intersected by

a fracture capable of slipping by more than a prescribed amount, assuming that such fractures
are not detected and avoided when the canisters are deposited, is given in /Hedin 2005/. The
method is applied in SR-Can to the sites under consideration in Sweden. The method is based
on the notion that, if the distributions of fracture sizes and orientations in a host rock are known,
and if a canister is emplaced randomly in that host rock, then it is possible to calculate the
probability that the canister is intersected by fractures of specified properties, and in particular
by fractures that exceed a certain size. It is further assumed that the maximum slip that a
fracture can undergo is proportional to its size, and so the fractures of interest are those large
enough to slip by more than 0.1 m. The fracture population is described as several fracture
sets, each with specified distributions of sizes and orientations. The distributions of sizes and
orientations within a set are assumed to be uncorrelated. Furthermore, all fractures are treated
as infinitesimally thin, circular discs.

The method can readily be applied to KBS-3H canister locations at Olkiluoto, as described in
Appendix B.5. Results have been obtained using the same fracture network data as used in an
earlier numerical simulation study of rock movements at Olkiluoto and other sites in Finland
due to future earthquakes by /La Pointe and Hermanson 2002/. It is assumed that no fractures
in the size range 100 m to 500 m are detected and avoided as emplacement locations, and that
all these are the fractures that have the potential to undergo damaging shear movements (move-
ments > 0.1 m).

The expectation value of the number of canisters in the repository that could potentially be
damaged by rock shear in the event of an earthquake is calculated to be 16 out of a total
number of canisters of 3,000 (i.e. a fraction 0.0053). For KBS-3V, a higher expectation value
of 20 is calculated, the difference being largely due to greater vertical extent of a KBS-3V
repository and hence its greater vulnerability to movement on the relatively dense population
of sub-horizontal fractures). Application of a canister position avoidance criterion, such as the
Expanded Full Perimeter Criterion (EFPC) applied in SR-Can, would significantly decrease
this number. The marginal probability of encountering an earthquake of sufficient magnitude to
induce such movements at Olkiluoto in a 100,000 year time frame has been estimated at 0.02
(Table 5-8 in /La Pointe and Hermanson 2002/).

These results are, however, subject to significant uncertainties and are regarded as preliminary.
The fracture network data used by /La Pointe and Hermanson 2002/ and in the present study

are based largely the work of /Poteri 2001/ and are likely to be revised in the course of future
studies. For SR-Can, a complete fracture model was used that included both sealed and open
fractures when computing intersection probabilities. /La Pointe et al. 2000/, however, demon-
strated by means of a sensitivity study that fractures with even moderate amounts of cohesion
and friction will not slip as a result of earthquakes. Thus, La Pointe and Hermanson adjusted the
fracture intensity (P32) of the discrete fracture network model based on the assumption that only
open fractures have the potential to slip. Cohesion and friction between the surfaces of fractures
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classified as filled or tight was assumed to prevent these fractures from slipping. Cohesive
fractures (sealed or partly open) have also been excluded in the data used for the present study.
If the assumption were not to hold, it would lead to the expectation value of the number of
canisters in the repository that could be damaged by rock shear being an underestimate.

On the other hand, in applying the model of /Hedin 2005/, fractures within a given set are
assumed to be distributed randomly throughout the rock. In reality, fractures tend to be concen-
trated mainly in local zones of abundant fracturing (Section 2.2.3), and such zones are likely

to be avoided as canister emplacement locations, particularly if they give rise to groundwater
inflow that exceeds 0.1 litres per minute. Individual fractures giving rise to relatively high initial
inflows will also be avoided as canister emplacement locations (see the discussion of repository
layout in Section 2.2.7). Although the correlation between fracture size and initial inflow is
uncertain, fractures giving higher inflows are more likely than others to be sufficiently large

to undergo significant rock shear in the event of a large earthquake. This means that, in this
respect, the model will tend to overestimate the number of canisters that could be damaged by
rock shear.

Another issue for future study is the impact of multiple small (< 0.1 m) rock movements on the
safety functions of the buffer and canister. It should be noted, however, that the potential for
shear displacements to damage the canisters is a function not only of the total shear displace-
ment, but also of the shear velocity, with a higher shear velocity being more likely to result in
canister damage /Borgesson and Hernelind 2006¢/. The average shear velocity in the event of
multiple small displacements will be significantly less than in the event of a single displacement
of the same total magnitude, and the high total stresses induced by a small, sudden displacement
will decrease due to pore pressure dissipation and creep before the next event.

In principle, a single, large, sub-horizontal fracture could affect multiple KBS-3H canisters
along a drift (Figure 7-5). It is, however, considered likely that any such fracture would be
readily detected and the portion of the drift affected by it would be excluded during super-
container emplacement. Furthermore, the model of /Hedin 2005/ can be extended to show that,
even if such fractures went undetected, the number of canisters that could be damaged in this
way in the event of an earthquake is small (about 1 in 2,800 for canister pairs and about 1 in
8,300 for canister triplets) — see Appendix B.5.

[bj

Figure 7-5. Shear movements on (a), a subvertical and (b), a subhorizontal fracture intersecting a
KBS-3H drift.
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Thus, the expectation value of the number of canisters in the repository that could potentially
be damaged by rock shear in the event of a large earthquake is taken to be 16 in the current
safety studies, with a probability of 0.02 of such an earthquake occurring in a 100,000 year
time frame, although there are some significant uncertainties associated with these values that
could lead to them giving either an underestimate or an overestimate of the actual likelihood of
damage.

Possibility of reduced capacity of the buffer to protect the canisters

Rock shear movements of less than 0.1 m could conceivably damage the canister if the protec-
tion afforded by the buffer is reduced as a result of:

1. Processes occurring during the early phase of evolution, if these were to lead to a local
increase in the buffer density around the canisters to a value greater than 2,050 kg m=
(see the criteria for buffer safety function indicators — Table 2-3).

The discussion in Section 5.5 indicates that densities greater than 2,050 kg m~ will not occur as
a result of the loss or redistribution of buffer mass during the early phase of evolution, at least
in the case of intact canisters. Higher densities could conceivably arise in the case of a canister
with an initial penetrating defect, due to the corrosion and volume expansion of the canister
insert (Section 8.5), but in this case that canister will already have failed.

2. The sinking of the canisters through the buffer under their own weight, especially if they
come into contact with the drift walls.

Canister sinking is expected to be negligible over a timescale of hundreds of thousands of years
(see Section 6.4.3).

3. Chemical alteration processes resulting in a significant increase in buffer stiffness.

As discussed in Section 6.5.3, over a sufficiently long period (up to hundreds of thousands

of years) it is possible that mineral transformation of the buffer due to reaction with steel
components, particularly the supercontainer shell, could lead to an increase in buffer stiffness.
/Borgesson and Hernelind 2006¢/ showed that an increase in stiffness of a part of the buffer can
result in the impact of rock shear of a given magnitude being more significant in terms of poten-
tial canister damage. However, since the 0.1 m limit described above is conservative (in reality,
somewhat larger shear movements are also unlikely to result in canister damage; /Borgesson

et al. 2004/), and since in the case of iron/bentonite interaction only a small part of the buffer
near to the steel components is likely to be affected over a timescale of hundreds of thousands of
years, the capacity of the buffer to protect the canisters from rock shear movements smaller than
the 0.1 m limit described above, is expected to be maintained.

7.4.6 Other potential impacts of rock shear

Shear movements on fractures intersecting the repository drifts as a result of large earthquakes
may cause some mechanical erosion of the buffer. If sufficient erosion were to take place, then
advective conditions could become established within the buffer. /Bérgesson and Hernelind
2006b/ have calculated the buffer swelling pressure for cases where, in KBS-3V, one, two and
three entire bentonite rings surrounding the canister have been omitted, to illustrate the effects
of a local loss of large amounts of bentonite. The conclusion was that a mass loss of 1,200 kg to
a fracture intersecting the deposition hole would lead to conditions where advective conditions
in the buffer must be considered. Due to the similarity between the deposition hole diameter in
KBS-3V (1.75 m) and the deposition drift diameter of in KBS-3H (1.85 m), this conclusion can
be taken to apply to both alternatives. Although no specific studies have been conducted, shear
movements on intersecting fractures are considered unlikely to give rise to mass losses from the
buffer of this magnitude.

121



A further potential impact of rock shear is to increase the transmissivity of fractures intersecting
the drifts. The magnitude of such an increase is unknown, and is treated conservatively in the
evaluation of radionuclide release and transport in the event of canister rupture due to rock shear
in the Radionuclide Transport Report /Smith et al. 2007a/.

7.4.7 Changes in buffer swelling pressure and the possibility of
buffer erosion

As noted earlier in this chapter, penetration of some dilute water to repository depth in associa-
tion with future glaciations cannot be ruled out, which may lead to some reducion in ground-
water salinity. A significant reduction in groundwater salinity at repository depth will increase
buffer swelling pressure, and could potentially lead to the erosion by flowing groundwater of
buffer (and filling block) material intruded into fractures intersecting the repository drifts if
the ionic strength of the water is less than the Critical Coagulation Concentration (CCC); see
Section 6.5.2. This process is termed “chemical erosion”

Tentative calculations of chemical erosion in a KBS-3V repository presented in SR-Can suggest
that the possibility of advective conditions becoming established at some locations in the buffer
cannot be excluded, and that this may occur as early as the next period of glaciation in the least
favourably located deposition holes (Section 12.7 of /SKB 2006a/). The same reasoning applied
to a KBS-3H repository at Olkiluoto would suggest that this degree of erosion would only
occur in association with fractures with transmissivities of around 3 x 10® m? s™! or higher. The
avoidance of drift sections with initial inflows of more than 0.1 litres per minute as canister and
buffer emplacement locations may exclude many such fractures, although there is uncertainty
in the relationship between transmissivity and initial inflow (Section 2.2.7), and the bentonite
filling blocks used in drift sections with initial inflows up to 1 litre per minute may still be
significantly affected by chemical erosion. Furthermore, the model of chemical erosion used in
SR-Can is subject to significant uncertainties. It is acknowledged in SR-Can that better under-
standing of the erosion process could lead to models that yield either lower or higher erosion
rates and higher or lower rates of canister failure. An experimental programme and new model
development to address this process are currently under development by SKB/KTH (using a
preliminary model, /Liu and Neretnieks 2006/) have modelled chemical erosion of the buffer
under different flow conditions and for different contents of gypsum in the buffer). It should

be noted that, for KBS-3H, the loss of buffer around one canister due to exposure to glacial
meltwater may affect the corrosion rate of neighbouring canisters, since the buffer density along
the drift will tend to homogenise over time. This also means, however, that the impact on buffer
density and on the corrosion rate of the first canister will diminish with time. This is in contrast
to the case of KBS-3V, where buffer loss around one canister will not affect the state of the
buffer around the other canisters.

It is cautiously assumed in the present safety studies that the conclusion from SR-Can that
advective conditions in the buffer could arise during the next period of glaciation also applies to
a KBS-3H repository at Olkiluoto. The impact of early canister failure due to corrosion follow-
ing erosion of the buffer on radionuclide release and transport is considered in the Radionuclide
Transport Report /Smith et al. 2007a/.

7.4.8 Buffer liquefaction

Liquefaction of the buffer could occur during glacial periods if the pressure increase in rock
fractures reduces the effective stress (swelling pressure) of the buffer to zero. It has been argued
that buffer liquefaction will not occur in a KBS-3V repository at the Swedish sites considered in
SR-Can /SKB 2006a/ and these arguments are also expected to apply to a KBS-3H repository at
Olkiluoto.
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8 Evolution of a canister with an initial
penetrating defect

8.1 Possibility of occurrence

The evolution of a canister with an initial penetrating defect is described in the following
sections. Given the central role of the canisters in the KBS-3H and KBS-3V safety concepts,
the possibility of initial defects that penetrate the copper shell is of crucial importance. As noted
in Section 4.2.2, Posiva is not yet taking any position on the likelihood of occurrence of such
defects. The evolution of a canister with an initial penetrating defect is described in this report
since it provides a convenient basis for exploring various uncertainties affecting radionuclide
release and transport in the Radionuclide Transport Report /Smith et al. 2007a/.

8.2 Key phases in and aspects of evolution

The following phases in, or aspects of, the evolution of an initially defective canister can be
identified:

» water ingress following penetration of the copper shell;

* interaction of water with the cast iron insert;

* impact of iron and of iron corrosion on the buffer;

» contact of water with the cladding and the fuel pellets and the effects of ionising radiation;
 corrosion of the cladding and other metal components and impact on radionuclide release;
» release of segregated radionuclides;

 fuel dissolution and impact on radionuclide release;

o fate of released radionuclides; and

» the possibility of nuclear criticality inside the canister.

These are described in turn in the following sections.

8.3 Water ingress following penetration of the copper shell
At the time of deposition, void spaces inside the canister will be present:

* in the annulus between the copper shell and the cast iron insert; and
» within the insert around the spent fuel assemblies.

If the copper shell has a penetrating defect, water vapour will start to enter these internal void
spaces immediately upon fabrication. Liquid water will also enter these internal void spaces
following emplacement as the buffer saturates, driven by the pressure difference between

the buffer porewater and the initially relatively low gas pressure inside the canister. The low
hydraulic conductivity of the buffer and the localised nature of the defect will, however, provide
hydraulic resistances that will limit the rate of inflow.

There is significant uncertainty regarding the extent and accessibility of the different internal
void spaces within the canister. It is likely that the annulus between the copper shell and the cast
iron insert will close over time, at least partly, as a result of creep deformation of copper caused
by the swelling pressure exerted on the canister by the buffer /Knuutila 2001/. Furthermore,
unless it has been damaged prior to water ingress, the insert itself will initially prevent access of
water to the void spaces around the fuel assemblies.
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8.4 Interaction of water with the cast iron insert

Water entering a failed canister will react with and corrode the cast iron insert, resulting in:

» the formation of iron corrosion products;

» the weakening of the insert;

» the generation of hydrogen gas; and

 the interaction of iron corrosion products with bentonite located in the vicinity of the defect.

The rate at which these effects occur depends on the corrosion rate of iron and the surface
area over which corrosion occurs (see also the discussion of the corrosion of steel components
external to the canister in Section 5.6.4).

The behaviour of the water/vapour/gas system in a defective copper-iron canister is complex
and has been discussed in various reports /Vieno et al. 1992, Wikramaratna et al. 1993, Bond

et al. 1997, Takase et al. 1999, Vieno and Nordman 1999, SKB 2006e¢, Rasilainen 2004/. The
intruding water is expected to be oxygen free, and therefore the corrosion of the insert will

be anaerobic. As discussed in Section 5.6.4 in the context of steel components external to the
canister, the expected initial corrosion product of steel in the presence of bentonite is magnetite,
although, depending on solution conditions, some iron sulphide and siderite may also form.
Subsequent film dissolution can produce iron silicates. Electrochemical reactions on the copper
surface may have some influence on insert corrosion, although measured corrosion rates of cast
iron galvanically coupled to copper are in the same range as those measured without coupling
/Smart et al. 2005/, and so the effect is considered to be small.

Initially, the corrosion rate of iron will be high, but will decrease rapidly as a surface film of
magnetite develops (magnetite is expected to form as a thin adherent layer with a thickness that
is constant in time and an outer, looser layer with poor adhesion). The corrosion rate will then
depend on the availability of water and the transport resistance of the inner layer (it has been
shown to be independent of both hydrogen gas pressure and the concentration of dissolved
Fe(Il) in the system; /Smart et al. 2002ab/). For a sufficiently small water inflow rate, all

water entering the canister will be consumed by corrosion of iron and the corrosion rate will

be limited by the rate of supply of water. For larger inflow rates, water will accumulate in the
canister annulus. In this case, the corrosion rate will be limited by the transport resistance of
the inner magnetite layer and is expected to remain constant over time. The surface area over
which corrosion occurs depends on the accessibility of internal void spaces within the canister,
which, as noted above, is subject to uncertainty. Accessibility refers to both liquid water and
water vapour; note that both liquid water and water vapour give rise to corrosion and that the
anaerobic corrosion rate of iron in the presence of water vapour is the same as in liquid water
/Smart et al. 2002ab/. Thus, although liquid water may be present only at the bottom of the void
space, corrosion by reaction of water vapour can occur throughout all the connected parts of the
internal void space.

The inflowing water will contain some dissolved natural gases from the host rock — mainly
methane and hydrogen (Section 2.2.4). Due to the initially lower pressure inside the canister
annulus compared with the pore pressure in the buffer, degassing of hydrogen and methane may
occur. The gas released in this way will mix with gas initially present in the annulus and gas
generated by iron corrosion. Furthermore, as a result of the lowered dissolved gas concentration
in water inside the canister, some dissolved hydrogen gas may diffuse from the buffer into the
canister annulus, although the impact of this process on overall gas migration will be small.

Assuming that the annulus remains open as water enters, the corrosion products formed by

the reaction of water entering this volume with the surface of the insert will gradually fill the
open space, since the molar volumes of all relevant corrosion products are larger than the molar
volume of the original uncorroded iron. At the same time, the generation of hydrogen gas will
increase the gas pressure inside the annulus, since the buffer surrounding the canister has a low
permeability to gas flow. As the gas pressure increases, some gas will dissolve in the water
inside the canisters and diffuse through the defect into the buffer. The rate of gas dissolution and
diffusion is, however, expected to be much lower than the gas production rate, and gas pressure
will continue to rise.
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The increasing gas pressure will reduce and possibly eventually reverse the driving force for
liquid water ingress. Even if all liquid water has either been expelled or consumed by corrosion,
corrosion will continue due to vapour, which will diffuse into the canister through the defect.
However, as the void space fills with corrosion products, the corrosion rate will drop due to the
increasing transport resistance between the defect and the uncorroded surfaces. According to
model calculations reported in SR-Can /SKB 2006¢/, the annulus will become completely filled
with corrosion products about 20,000 years after initial ingress of water into the copper shell.

The subsequent evolution of the system is uncertain. Provided the initial defect where
penetration occurs remains small, possibly becoming plugged with bentonite or corrosion
products, corrosion of the external surface of the insert is likely to drop to a very low rate, being
controlled by the slow migration of water through the defect and corrosion product pore space
to the corroding surface or the slow dissolution of the corrosion products and diffusion of the
dissolved iron to the defect and into the buffer (Figure 8-1a). On the other hand, the mechanical
pressure exerted on the copper shell by the corrosion products could potentially expand the
original defect, allowing corrosion of the insert to continue at an increased rate (unlimited water
supply), at least over the part of its surface nearest to the defect (Figure 8-1b). In both cases, the
canister insert will be weakened by progressive corrosion.

Eventually, weakening of the insert by corrosion will lead to the canister collapsing under the
external load. The conditions and timing of the collapse are subject to large uncertainty. For
example, it is uncertain whether the collapse of the insert will be accompanied by a further
rupturing of the copper shell. The greatest mechanical forces on the canister are likely to arise
during or subsequent to a glacial episode. As described in Sections 7.4.4 and 7.4.5, respectively,
for an intact canister, the likelihood of collapse due to increased isostatic loading associated
with glaciation is negligible, and that of rupture due to rock shear associated with post-glacial
earthquakes is small. This is because of the mechanical strength of the insert and, in the case
of rock shear, the protection afforded by the plasticity of the buffer. In the case of a defective
canister, however, the likelihood of collapse or rupture, especially during and subsequent to a
glacial episode, is significant if the canister insert has already been weakened prior to or during
glaciation by corrosion. Thus, it is likely that the collapse of a weakened insert will take place
during or after a major glaciation, although earlier collapse cannot be excluded.
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Figure 8-1. Possible impacts of iron corrosion on water inflow — (a), corrosion products and bentonite
plug the defect in the shell, providing a barrier to further inflow, (b), corrosion products expand the
original defect, increasing water inflow
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8.5 Impact of insert corrosion on the buffer

The corrosion products from the corroding insert may react with swelling clay minerals in

the buffer in the vicinity of the canister defect and may change its mineralogical and physical
properties. 1-D transport modelling of the interaction between the corrosion products of the steel
supercontainer shell and the buffer, as discussed in Section 6.5.3, indicates that transformation
of the buffer will be slow, with the affected zone being limited to a few centimetres over a
timescale of hundreds of thousands of years or more. The same argumentation can be applied to
the impact of insert corrosion on the buffer, but with the additional limiting factor of the residual
transport resistance of the defect.

Apart from this chemical interaction, the formation of iron corrosion products with a higher
volume than the original metallic iron may also expand the copper shell and lead to a compac-
tion of the buffer, increasing the pressure exerted by the buffer on the canister and rock, and
potentially reducing the protection afforded to the (already failed) canister by the buffer against
rock shear (Section 7.4.5). In the case of a KBS-3V repository, compaction of the buffer as a
result of the expansion of the canister diameter will be offset by the buffer “relaxing” by expan-
sion into, and compaction of, the space above the deposition hole (the crushed rock/bentonite
tunnel backfill). This will limit the increase in buffer density and swelling pressure in the gap
between the canister and the wall rock. Preliminary modelling by /Bond et al. 1997/ indicates
that the overall effect is not significant for KBS-3V. In the case of KBS-3H, creep along the drift
may also mitigate, to some extent, the compaction of the buffer around the canister, although,
in both repository alternatives, frictional forces within the buffer mean that some increase in
buffer density around a failed canister is likely to remain. Assuming pessimistically that only
the buffer originally inside the supercontainer and the void space inside the canister take up the
increased volume, and that the insert is completely converted to magnetite, a scoping calculation
in Appendix B.4 indicates an increase in buffer density around the canister to 2,160 kg m™.
This does not satisfy the criteria for the safety function indicators for the buffer, which give a
maximum buffer density of 2,050 kg m~ (Table 2-3) The calculation is, however, conservative.
In reality, there is likely to be some relaxation of the increased density by buffer creep along the
drift, although internal friction will mean that some locally increased density around the failed
canister is likely to remain.

Buffer with a density above 2,050 kg m~ may give reduced protection against rock shear,
although the initially defective canister has already failed. Furthermore, the increased buffer
swelling pressure could cause some damage to the adjacent rock, although the extent of

such damage is likely to be limited to a small region adjacent to the drift wall. Modelling by
/Lonnqgvist and Hokmark 2007/ has found that pressures of the order of 10 MPa are required in
the deposition drift to cause opening of intersecting rock fractures. To open these sufficiently
to bring them into tension at distances between 0 m and 0.2 m from the drift periphery requires
about 20 to 25 MPa. Furthermore, the effects were found to be modest in terms of increase in
fracture aperture and distance from the drift wall to which such effects extend.

8.6 Contact of water with the cladding and fuel pellets and the
effects of ionising radiation

Once water penetrates the cast iron insert and enters the channels in the insert containing the
fuel assemblies, it will corrode the channel surfaces, giving rise to further corrosion products
and gas. It will contact the surfaces of the cladding and, if the cladding tubes are already
ruptured by creep failure, delayed hydrogen cracking (DHC) or failure due to damage during
handling (Sections 4.1.3 and 5.7.6), it will also contact the surfaces of the fuel pellets and
interact with them.
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Ionising radiation from the fuel will cause excitation or ionisation of water molecules near to
fuel surfaces and the breaking of their chemical bonds (radiolysis). Even in the case of intact
cladding tubes, water inside the fuel channels but outside the tubes will undergo radiolysis.
This will be mainly gamma radiolysis because of the relatively low Linear Energy Transfer
(LET) and hence long range of gamma radiation. Radiolysis will give rise to a range of
products, including stable molecular species such as H, and H,0,, and highly reactive radicals.
The contribution of radiolytic hydrogen to overall hydrogen production inside the canisters

is expected to be small compared with that from corrosion of the insert, especially since the
gamma radiation field from the spent fuel is expected to have decreased markedly by the time
significant amounts of water enter the canisters (gamma radiolysis is only relevant for a few
hundred years after deposition of the canisters).

8.7 Corrosion of the cladding and other metal components
and impact on radionuclide release

The cladding will slowly corrode on contact with water, resulting in the congruent release to
solution of activation products embedded within it. Based on experimental studies of the cor-
rosion of titanium /Mattsson and Olefjord 1984, 1990, Mattsson et al. 1990/, which is expected
to behave in a similar manner to Zircaloy, it is expected that general corrosion of the cladding
will be controlled by the dissolution of the film of zirconium dioxide that will form on, and be
tightly bound to, the cladding surfaces. Due to the presence of the zirconium dioxide film, any
radiolytically produced nitric acid is expected to preferentially corrode the cast iron insert, and
thus not significantly affect the corrosion rate of the cladding tubes. The solubility of zirconium
dioxide is low /Bruno et al. 1997/ and corrosion of the cladding will thus proceed slowly at a
constant rate estimated at about 2 nm per year /Rothman 1984/. Thus, complete corrosion of the
0.6-0.7 mm thick tubes*® will require about 400,000 years, although there are uncertainties asso-
ciated with the extrapolation of the corrosion rate from the results of short-term experiments.

Other metal components in the fuel, which are composed of stainless steels or other nickel based
alloys, will also corrode on contact with water and release activation products congruently.

Rupturing of the cladding tubes is likely to take the form of holes or cracks in otherwise
relatively intact tubes. The ruptured cladding tubes will, therefore, still provide a partial barrier
to the migration of water to the fuel surfaces and the release of radionuclides from the fuel to the
canister exterior. There are, however, uncertainties in the probability and extent of rupturing.

In SR-Can, for transport modelling purposes, all cladding tubes are pessimistically assumed to
be damaged and to provide no barrier to water ingress and radionuclide release subsequent to
canister failure. The same assumption is made in the present study of a KBS-3H repository at
Olkiluoto, as described in the Radionuclide Transport Report /Smith et al. 2007a/. In SR-Can,
the activation products present in the cladding and in other metal components are conservatively
assumed to be released instantaneously upon ingress of water to the canister interior. However,
in the Radionuclide Transport Report /Smith et al. 2007a/, release congruent with the corrosion
of these materials is explicitly modelled.

8.8 Release of segregated radionuclides

Once water contacts the fuel pellet surfaces through ruptures in the cladding tubes, radionu-
clides that have been segregated to grain boundaries in the fuel, to pellet cracks and to the fuel/
sheath gap will either rapidly enter solution (these radionuclides generally have high solubility
and mobility), or, in the case, for example, of C-14, may form volatile products such as methane

30 Zirconium tube thicknesses are given in /Ikonen 2006/.

127



or carbon dioxide that will mix with hydrogen gas produced principally by corrosion of the
insert. These volatile products will be in solubility equilibrium with the water. The release of
segregated radionuclides will take place on a timescale in the order of days. The assumption of
instant release of all segregated radionuclides is made in the SR-Can safety assessment and is
also made in the safety assessment of a KBS-3H repository at Olkiluoto. Instant release frac-
tions are given in the Radionuclide Transport Report /Smith et al. 2007a/, based on values from
the SR-Can Data Report /SKB 2006b/.

8.9 Fuel dissolution and impact on radionuclide release

Water will also start to interact (but far more slowly) with the surfaces of the fuel matrix, and
radionuclides embedded in the fuel matrix, along with radioactive gases present in fission gas
bubbles, will be released as the matrix is dissolved or otherwise altered. The rate at which

this occurs is determined primarily by redox conditions in the immediate vicinity of the fuel
surfaces. Redox conditions will be affected by the composition of water entering the cast iron
insert and, potentially, by the radiolysis of water near the fuel surfaces. By the time that liquid
water contacts the fuel, the corrosion of the cast iron insert is expected to have produced sub-
stantial amounts of hydrogen, part of which will dissolve in the intruding water and be present
together with Fe(Il) ions. The intruding water will be oxygen free, any oxygen remaining in the
repository at the time of closure having been consumed by bacteria, by the reducing minerals in
the rock and bentonite and by the surfaces of the copper canisters (Section 5.6.3). When water
contacts the fuel (which is likely to be more than several thousand years after disposal), alpha
radiolysis is expected to dominate over beta and gamma radiolysis near to the fuel surfaces,

the predominant products being H, and H,O,. The degree of radiolysis occurring after several
thousand years or more is not, however, expected to cause significant oxidative dissolution of
the fuel matrix in the presence of hydrogen gas and corroding iron /Werme et al. 2004/.

/Werme et al. 2004/ have proposed fractional fuel dissolution rates to be used in the SR-Can
safety assessment on the basis of several recent experimental studies performed on alpha-doped
UQO, and spent fuel under anaerobic, reducing conditions in the presence of a hydrogen atmos-
phere and in the presence of corroding iron. In SR-Can, rates are sampled from a triangular
distribution with a peak at 10”7 per year, and upper and lower bounds of 10-¢ and 108 per year,
to take account of uncertainties in the mechanism of the dissolution process. The distribution

is conservative, in that it is expected to over-estimate dissolution rates. In reality, the rate of
dissolution or alteration of the fuel matrix may be inhibited over time by the build-up of second-
ary phase deposits on the fuel surfaces, limiting the amount of water contacting the unaltered
fuel. This process has not, however, been quantitatively evaluated. The rate of dissolution will
also slowly vary as the wetted surface area of the fuel (including grain boundaries) varies over
time. Again, this process has not been quantitatively evaluated, but variations are expected to be
insignificant given the slow rate of matrix dissolution or alteration.

The rates assumed in the Radionuclide Transport Report /Smith et al. 2007a/ are also based

on the recommendations of /Werme et al. 2004/. The recommended values are based on the
expected situation of reducing conditions in the repository and the presence of hydrogen

gas and/or corroding iron and iron corrosion products. Fuel dissolution rates are based on
measurements taken in solutions of low ionic strength, for which most data is available. /Loida
et al. 2004/, however, show that dissolution rates are not significantly affected by salinities up
to 5 M NaCl, which is even more severe than the conditions at Olkiluoto. The recommended
values have been used without further evaluation, although there remains considerable uncer-
tainty regarding the validity of various proposed models for fuel dissolution, and this remains
an important area for further studies (Chapter 12).
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8.10 Fate of released radionuclides

8.10.1 Solubilities and speciation

Radionuclides released from the fuel (including activation products in the metal components)
will either enter solution, form volatile species that can mix with repository-generated gas
(particularly relevant for C-143"), or, if their solubilities in water are low, precipitate either as
immobile solids or as colloids.

Solubility limited concentrations used in the Radionuclide Transport Report are based on the
study by /Grivé et al. 2007/. Solubilities are dependent on the chemical environment and on
temperature. The chemical environment will also affect the speciation of radionuclides in
solution. Reducing conditions are expected inside the canisters due to corrosion of the cast

iron insert and because the surface of the spent fuel in the presence of dissolved hydrogen is
expected to be a strong oxidant scavenger. Other chemical parameters affecting solubilities and
speciation, such as pH, the concentrations of strong complexing ligands such as the carbonate
ion and salinity are site-specific and have been assessed for a repository at Olkiluoto in /Grivé

et al. 2007/. The solubility-limited concentrations of important radionuclides used in SR-Can are
reported in /SKB 2006b/, based on /Duro et al. 2006/.

8.10.2 Transport mechanisms

Dissolved radionuclides and radionuclides in gaseous form will be transported by gas and water
movements (advection) and by diffusion in the interior of the canister, and will exit the canister
through the damaged copper shell. The structures inside the canister, including the cladding
tubes, other metal parts of the fuel, the cast iron insert and accumulations of iron corrosion
products will hinder water movement and provide transport resistances and long transport times
for migrating radionuclides (although, as described above, the way in which these features will
evolve is uncertain). Sorption of Fe(Il) from iron corrosion on the pore surfaces of the buffer
may compete with the sorption of some species, such as Ni(Il) and Sr(Il), and thus weaken the
barrier function of the near field for the corresponding radionuclides. The relevance of competi-
tive sorption of Fe(II) is not yet well understood because of lack of experimental data. On the
other hand, the surfaces of the structures inside the canister and the newly formed surfaces of
their corrosion products display good sorption properties for some radionuclides, offsetting to
some extent any detrimental effects of competitive sorption, although it is not currently possibly
to make any quantitative assessment (these are issues identified for further study — Chapter 12).

Radionuclides in colloidal form will also migrate in water in the canister interior by advection
and diffusion. The microporous structure of the buffer is, however, expected to ensure that

no radionuclides are transported out of the canister in colloidal form. This structure may be
perturbed by processes affecting the evolution of the buffer, including drying/wetting, impact of
iron saturation, silica precipitation and strain caused by deformation of the supercontainers, and
these potential perturbations require more thorough investigation (Chapter 12). Nevertheless,
according to current understanding, none of these processes are likely to reduce the average
buffer density between the canister and the rock below that required to filter colloids

(1,650 kg m~ — see Table 2-3), lead to extensive embrittlement and fracturing of the buffer
across its entire thickness, or to canister sinking to the extent that the colloid filter provide by
the buffer became ineffective.

The fate of water/vapour/gas and radionuclides in a defective canister depends to some extent
on the location of a possible defect in the canister, as well as on the orientation of the canister,
the defect size and its evolution, contact surfaces, corrosion rate, etc. This affects the level of the
water/gas interface inside the canister, water/gas transport into and out of the canister (possibly
including gas-induced porewater displacement) and radionuclide transport. The water ingress

— gas generation — water expulsion scenario is more likely to occur in KBS-3H compared with

31 C-14 may be present carbonate complexes and organic acids, as well as in the form of methane.

129



KBS-3V. This is because, as described in Section 4.2.2, the initial defect is most likely to occur
in the weld region, which is located at the top of the canister in KBS-3V. Defects at locations on
the lower part (or at the underside) of the canister cannot be ruled out, but are considered to be
significantly less probable than those in the weld at the top of the canister. In contrast, defects
in KBS-3H will occur with similar probabilities on the underside and on the upper side of the
canister.

8.10.3 Conditions for gas-induced displacement of porewater

Model calculations of the fate of water/vapour/gas and radionuclides in a horizontally emplaced
canister with a single, small penetrating defect are described in the Process Report /Gribi et al.
2007/.

The model calculations elucidate the conditions under which gas-induced displacement of
radionuclide contaminated water from the canister interior through the defect may occur. The
relevant processes governing the pressure evolution and water/gas migration into and out of a
defect at the underside of a canister are summarised in the following paragraphs.

Slow inflow of water from the buffer through the defect into the canister interior will take place
as long as the gas pressure within the canister is below the hydrostatic pressure at repository
depth. As described in earlier sections, anaerobic corrosion of the cast iron insert will occur,
thereby consuming water and generating hydrogen gas. The rate of gas generation is determined
by the steel corrosion rate and may be limited by the availability of water inside the canister.
When the gas pressure exceeds the hydrostatic pressure, inflow of liquid water will stop, but
gas generation may be sustained by transport of water vapour through the hole.

With respect to saturation of the cavity within the canister insert, two limiting situations are of
interest:

1. The inflow rate of liquid water exceeds the maximal consumption rate of water by anaerobic
steel corrosion. This situation is illustrated in Figure 8-2. In this case, liquid water will
slowly accumulate within the cavity until the gas pressure is in equilibrium with the pressure
outside the canister (P, in Figure 8-2). Due to ongoing gas generation, the pressure inside the
canister may further rise. As a consequence, any water previously accumulated within the
canister will be slowly squeezed outwards through the hole.

2. The inflow rate of liquid water is smaller than the maximal consumption rate of water by
anaerobic steel corrosion. In this case, the cavity remains fully gas saturated.

Model calculations have been performed for various corrosion rates of iron (0.1-10 um a™!') and
hydraulic conductivities of the buffer (10— 107> m s™'). The void space accessible to inflowing
water assumed in the calculations (1 m?) is a typical value for the entire internal void space of
the canister (Table 4-2) —i.e. it is assumed that the insert as well as the copper shell has failed.
Time-dependence of the accessible void space, e.g. due to the volume expansion of corrosion
products, is not taken into account. In modelling cases corresponding to situation (2), it is
further assumed that cast iron corrosion and gas generation are the result of the inflow of liquid
water only (i.e. any corrosion due to water vapour is not included).

Modelling results indicate that, for the expulsion of dissolved radionuclides by gas to occur
(situation (1), above), a relatively high hydraulic conductivity of 10" m s™' must be assumed
for saturated bentonite, combined with a low steel corrosion rate of 0.1 um a™!. For this case, a
maximal water saturation of about 3% (0.05 m* water in 1 m® void space) and a maximal water
pressure of about 6 MPa within the canister interior are calculated. In the time period from
2,800 to 4,100 years after initial water ingress, water is expelled through the hole at a maximal
rate of 0.02 litres per year. This water flux may convey dissolved radionuclides, mainly from the
instant release fraction of spent fuel (assuming that the fuel cladding has ruptured, and water has
access to fuel surfaces).
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Note: the amount of free gas (light yellow) within the canister is changed by a number of different proc-
esses (gas generation, advection and diffusion of dissolved gases, dissolution/degassing).

Figure 8-2. Conceptual model for transport of water and gas into and out of a canister with an initial
penetrating defect /after Gribi et al. 2007/.

On the basis of the modelling results, the more likely situation is that inflowing water will be
completely consumed by steel corrosion (situation (2), above), and there will be no gas-induced
displacement of contaminated water through the hole into the saturated bentonite.

8.10.4 Formation of gas pathways in the buffer

Whichever situation occurs in reality, gas pressure inside the canister will continue to rise until
it exceeds the gas breakthrough pressure of the bentonite. In some experiments, this pressure has
been found to be above 20 MPa for bentonite with a swelling pressure of ~ 6 MPa (Section 2.3.3
of /SKB 2006¢/). After breakthrough, gas pressure will fall to a lower value (‘shut-in pressure’
of about 10 MPa), sufficient to support the pathways and prevent their closure due to swelling
pressure. The formation of gas pathways is not expected to displace a significant amount of
porewater or dissolved radionuclides /Harrington and Horseman 2003/. Gas pathways may,
however, transport radionuclides that are present as volatile species (mainly C-14). The gas
pathways will remain open until gas production ceases or is greatly reduced such that it can be
dissipated solely by diffusion, at which time the pathways are expected to close and re-seal.

8.11 Possibility of nuclear criticality

The risk of criticality, i.e. the risk of a spontaneous and sustained nuclear chain reaction as

a result of re-distribution of fissile material at various locations outside a spent fuel canister
has been analysed by /Behrenz and Hannerz 1978/ and /Oversby 1996/, the latter study being
based on observations from the natural reactor at Oklo. In both cases, the conclusions were
that criticality outside the canister has a vanishingly small probability, requiring several highly
improbable events to occur.
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The possibility of nuclear criticality inside a failed canister has been discussed in a number
of studies (see e.g. /SKB 2006a/ and /Nagra 2002/). Calculations by /Agrenius 2002/ and
/Nagra 2002/ show that, based on state-of-the-art methods and a reasonable assessment of
the uncertainties, burnup credit® is a possible way to demonstrate control of the reactivity in
the canisters. For the three types of Finnish canisters, /Anttila 2005b/ has shown that the fuel
remains subcritical even if the void inside the canister is entirely filled with water.

In the horizontally emplaced canisters in KBS-3H, degraded fuel may accumulate all along

the bottoms of the horizontally oriented fuel channels (Section 5.7.7). In such a situation, the
re-distributed amount of fissile material per unit channel length would not change compared
with the initial fuel configuration. It seems, therefore, highly unlikely that the effective neutron
multiplication factor used to evaluate the possibility of criticality would be any different for dis-
integrated fuel assemblies as compared with intact fuel assemblies in the horizontal orientation.

Thus, based on the investigations carried out to date, and assuming credit for burnup to be taken,
sustained induced fission (criticality) is not expected to occur in any of the types of canisters
and for any of fuels that will be disposed of in a Finnish repository.

32 Burn-up credit is a term that applies to the reduction in reactivity of burned nuclear fuel due to the
change in composition during irradiation.
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9 The farthest future

Over a sufficiently long time frame, one or more of the processes described in the previous
chapters will lead to the failure of all canisters. Although the possibility of initial penetrating
defects is not currently excluded (Section 4.2.2) and there is also some possibility of canister
failure due to rock shear associated with post-glacial earthquakes (Section 7.4.5), for the
majority of canisters the most likely eventual failure mechanism is the slow corrosion of the
copper shell. Calculations reported in SR-Can indicate that, in the absence of buffer erosion or
significant perturbations to the buffer/rock interface, around 6 mm of copper will be corroded in
a one million year period, compared with an initial copper thickness of 50 mm. A calculation by
/Vieno et al. 1992/ based on a sulphide concentration of 1 mg per litre indicated an 18 million
year canister lifetime in the absence of defects. The current maximum concentration of sulphide
in the groundwater at Olkiluoto at repository depth is, however, higher than that assumed in
this calculation, at about 12 mg per litre. Furthermore, additional sulphide could be introduced
by microbial activity or by the dissolution of sulphidic minerals. The estimated maximum
amount of sulphide produced due to microbial activity in the backfill of a KBS-3V repository at
Olkiluoto is 42.3 mg per litre /Pastina and Helld 2006/. Even for these sulphide concentrations,
the maximum calculated amount of corroded copper is in the order of a few millimetres in
100,000 years. It should also be noted that the actual rate of corrosion will depend not only on
sulphide concentration, but also on local flow conditions around the drift, which determine the
rate at which sulphide in the groundwater is conveyed to the near-field/geosphere interface, and
also by the long-term evolution of the diffusion barrier provided by the buffer. Perturbations

to the interface by thermally-induced rock spalling, by the presence of potentially porous or
fractured corrosion products in contact with the drift wall tighter drift sections and by chemical
interaction of the buffer with these corrosion products are described in Chapters 5 and 6.

The potential for buffer erosion due to penetration of glacial meltwater to repository depth

is described in Section 7.4.7.

Beyond the end of the next glacial cycle, the Quaternary pattern of glacial-interglacial cycling
is expected to continue or to be resumed. Based on past glaciation events, cycles are expected
to repeat approximately every 120,000 years according to the Quaternary pattern. Over a one
million year period, according to the Weichselian-R scenario, approximately 8 glacial cycles
are expected, each one featuring at least two ice sheet layers and two glacial melting periods. It
is highly uncertain, thus far, how the engineered barrier system and the host rock will react to
repeated glacial cycles. So far, in SR-Can it has been assumed that consequences of irreversible
processes such as chemical erosion of the buffer are additive, that is, the amount of buffer
eroded during the first glacial meltwater period is multiplied by 8 times. However, there is cur-
rently little support for the assumption that these processes will be additive. Further knowledge
is necessary to elucidate the behaviour of the engineered barrier system in the farthest future.

If the Quaternary pattern is interrupted, for example due to the growth of mountain ranges,
changing oceanic circulation patterns (e.g. a breach in the isthmus of Panama) and changes in
the distribution of oceanic and continental crust, the periodicity of glaciation cycles will change.
The timing of any interruption is uncertain, but current estimates are that this will happen over
the next 10 to 100 million years /Crawford and Wilmot 1998/.

Eventually, degradation and transport processes may result in the fuel, radionuclides and
repository construction materials becoming widely dispersed in the geological environment.
Rates of erosion in the Precambrian Shield areas are extremely low, even during periods of
glacial-interglacial cycling. In the hundreds to thousands of millions of years required to
exhume the repository horizon, therefore, the geochemical properties of the repository host
rock may become similar to a uranium ore body. On the other hand, it is also possible that the
copper will be partly replaced by copper sulphide, which is insoluble and not likely to become
dispersed, and that the fuel matrix will experience only limited dissolution over time due to its
relative geochemical stability.
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10 Summary of system evolution of a KBS-3H
repository at Olkiluoto

10.1 Overall evolution

The timescales for the overall evolution of the repository and the site under the Weichselian-R
climatic scenario are illustrated in Figure 10-1. The figure assumes a repetition of the last glacial
cycle, although the future evolution of the climate and the occurrence of future glaciations are
subject to considerable uncertainty, particularly in regard to the long-term impact of anthropo-
genic emissions, especially greenhouse gasses. The figure is adapted from a version developed
for a KBS-3V repository evolution in /Pastina and Helld 2006/. The timescales shown are the
same in the KBS-3H case.

10.2 Early evolution

Early evolution covers the transient phase starting with the emplacement of the first canister
in the repository. Its duration is not well defined, but may be taken as being roughly the period
required to saturate the repository external to the canisters, which may take up to several
thousands of years.
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Figure 10-1. The timescales for the overall evolution of the repository and the site under the
Weichselian-R climatic scenario. The blue arrows show groundwater flow, black lines and dark grey
areas mark fractures and deformation zones.
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The approximate timescales of key near-field processes and changes in key characteristics of
the near field that take place within the transient phase are illustrated in Figure 10-2 (note that
changes occurring within this period affect the characteristics and performance of the repository
at later times, which is why the time-axis in Figure 10-1 extends to 10° years).

Operation of a drift, from emplacement of the first canister, through the emplacement of succes-
sive distance blocks, supercontainers, compartment plugs and filling materials, to the installa-
tion of the drift end plug, is expected to take about 6 weeks, but will depend on the number of
compartments into which the drift is divided.

Excavation of ONKALO and of the repository at Olkiluoto may cause a transient drawdown of
the water table and an associated reduction of the hydrostatic pressure at repository depth. This
could lead to the drawdown of fresh and brackish, sulphate-rich water from closer to the surface
and upconing of more saline, deep groundwaters in the period up to saturation of the reposi-
tory. However, measures to avoid these hydrological disturbances are being taken during the
construction of ONKALO and will also be implemented during repository construction. So far,
the observed hydrological disturbances have been minimal and this is expected to remain the
case in the future /e.g. Ahokas et al. 2006/. The hydrostatic pressure will recover within a couple
of years of backfilling and sealing the facility, although perturbed conditions may persist in

the immediate vicinity of the repository due to the residual thermal output from the spent fuel,
which gives rise to upward convective flow of deep, saline groundwater and increased salinity
at repository depth compared with unperturbed conditions lasting for a period of up to several
hundreds of years.

Heat generated by the radioactive decay of the spent fuel inside the canisters will be transferred
continuously to the surrounding media by conduction, radiation from surfaces, and convection
of gas or water in gaps and voids. Model calculations accounting for the first two of these
transfer mechanisms show that, for a canister pitch of 11 m and a drift separation of 25 m,
temperature at the canister/bentonite interface at the centre of the highest-temperature canister
peaks at 90°C after 50 years of repository operation — or about 20 years after deposition of the
canister (Finnish BWR spent fuel). For a drift spacing of 40 metres and the same canister pitch,
the temperature maximum is slightly lower (84°C) and reached somewhat earlier (after 40 years
of years of repository operation — or about 10 years after deposition of the canister). During

the period of elevated temperature, some limited chemical changes may occur in the buffer
(Section 6.2.5). Furthermore, some thermally-induced rock spalling is expected in tighter drift
sections, where significant swelling pressure on the drift wall takes more than a few years to
develop.

The decay heat of spent nuclear fuel will continue to raise the temperature of the repository and
the surrounding bedrock by several tens of degrees for many centuries and by a few degrees for
several thousand years.

The distance blocks and the buffer inside the supercontainers will take up water flowing into
the drift through intersecting transmissive fractures and water vapour in the air. Water vapour
in the air in the deposition drifts will originate from the rock and, during the operational period,
from the water cushion system that is proposed for the deposition vehicle (see Section 4.1.2,
Air humidity). The infiltrating water will interact chemically with the bentonite. Water uptake
will result in swelling of the buffer, and the establishment of a tight contact between the
distance blocks and the drift wall. In drift sections with relatively high water inflow through
transmissive fractures (hydraulic conductivities of the wallrock greater than about 102 m? s1),
a hydraulic separation between the supercontainers is likely to develop during the operational
period. In tighter drift sections, humidity-induced swelling will require about three months to
provide hydraulic separation between the supercontainers. In the case of the DAWE design
variant (Appendix A), drainage will prevent significant water uptake and swelling during the
operational period. Following artificial watering at the end of operations, however, hydraulic
separation between the supercontainers will be rapidly achieved.
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Figure 10-2. Approximate timescales of various aspects of system evolution for a KBS-3H repository at Olkiluoto. Uncertainties are indicated by dotted lines.
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Uptake of liquid water by the buffer inside the supercontainers will lead to some extrusion of
low-density bentonite through the perforations in the supercontainer shell. Furthermore, the
swelling pressure developed on the inner surfaces of the supercontainer due to the uptake of
liquid water and, in especially in tighter drift sections, water vapour is expected to lead to defor-
mation and possible rupturing the supercontainers within a few months of emplacement. At the
same time, much of the oxygen trapped in the drift will migrate by diffusion to the buffer/rock
interface, where it will be consumed over a period of a few years to a few decades principally
by fast microbially induced reactions.

Heterogeneity of the near-field rock results in widely differing saturation times for different drift
sections. Saturation of the buffer in less tight drift sections (wall rock hydraulic conductivities,
K, of more than 102 ms™) will take about a decade, controlled by the ability of the bentonite

to take up water. In tighter drift sections (107* m s'< K < 1072 m s!), the rate of saturation is
limited by the tightness of the rock. In the tightest drift sections (K < 1073 m s™!), saturation
may be further delayed by the build-up of gas overpressures. Overpressures may persist until
the supercontainers and other steel components are fully corroded. This could take up to several
thousands of years based on an expected steel corrosion rate of 1 pm a™!. Even in the tightest
drift sections, the buffer is expected to retain its initial water content, and will eventually fully
saturate, at which time it is expected to perform its full range of safety functions.

As a result of chemical interactions between iron and bentonite, the physical properties of the
buffer may change in the vicinity of the supercontainer and other steel components (porosity,
hydraulic conductivity, swelling pressure, etc). To date, such changes are difficult to quantify
and the impact of iron/bentonite interactions is rather uncertain, but the spatial extent of the
affected buffer zone is expected to be very limited for long after the early evolution period.

Gas from the corrosion of steel components external to the canisters may create transport path-

ways through the buffer, but buffer swelling pressure is expected to reseal these pathways once
the gas generation ceases and gas pressure falls. As corrosion products form on the surfaces of

the steel components, the volume available to the benton-ite will be reduced, and buffer density
and swelling pressure will increase. This is due to the higher volume occupied by the corrosion
products compared with the original metal. The effect is not, however, expected to be sufficient
to compromise the protective function of the buffer.

During early evolution, shear movement on fractures intersecting the deposition drifts may take
place as a result of rock excavation and heat load, leading to mechanical forces on the canisters.
The plasticity of the buffer is, however, expected to protect the canisters from such movements.
The probability of a tectonic earthquake large enough to cause damage to the canisters is
expected to be small during this period.

Interactions involving the limited amount of low-pH cement or Silica Sol and stray materials
left in the repository are not expected to have a detrimental impact on the buffer, canister or
rock, although this is an area requiring further study.

The copper coverage of the canisters is expected to remain intact during early evolution,
and with a large safety margin, assuming appropriate quality control procedures during
canister encapsulation and emplacement, such that there are no initial penetrating defects.
As a consequence, spent fuel and radionuclides are expected to be totally isolated within the
canisters throughout this period.

10.3 Subsequent evolution prior to major climate change

Following the transient phase, and before any major climate change, the repository and its
geological environment will evolve to a quasi-steady state, in which key safety-relevant physi-
cal and chemical characteristics are subject to much slower processes.
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By definition, the heat output of fuel will have declined to a level that has no significant effect
on the evolution of the repository and its environment. Minor variations in climate are also not
expected to have any significant impact on temperatures at repository depth. The reduction

in thermal output from the fuel will result in rock stress levels returning to those of the pre-
emplacement stage and in a reduction in the thermo-mechanical loads on the canister.

As a result of post-glacial land uplift, the saline water currently at repository depth will start to
be replaced by brackish, sulphate-rich and fresher groundwater currently present at shallower
depths, and the driving forces for groundwater flow will also change. The changes in the salinity
of the groundwater will affect the swelling pressure of the buffer, with lower salinities giving
higher swelling pressures.

There is likely to be some intrusion of buffer material into open fractures intersecting the
deposition drifts. Significant erosion of this material is not, however, expected.

The buffer will continue to evolve chemically, important processes being ion exchange and the
dissolution/precipitation of calcite. Mineral transformation of the buffer due to the presence of
Fe(Il) from corroding steel components is also likely to extend further into the buffer. 1-D reac-
tive transport modelling results indicate, however, that the Fe(Il) front migrating inwards from
the supercontainer will penetrate only a few centimetres into the buffer, even after hundreds of
thousands of years.

Copper canisters will continue to slowly corrode until they are finally breached. Given the
expected anoxic conditions at the canister surface, the only corrosion agent will be sulphide
that diffuses through the buffer from the rock. Because of the small diffusive flux of sulphide
that is expected to reach the canister surface, the rate of copper corrosion will be very low.
Although there is some uncertainty related to perturbations to the buffer/rock interface (e.g. due
to thermally-induced rock spalling, the presence of iron corrosion products from the supercon-
tainer shell and iron/bentonite interactions), scoping calculations indicate that a combination of
pessimistic assumptions must be made before the canister lifetime drops to one million years or
less. No canister failure by corrosion of the copper shell is expected prior to the next glaciation
(50,000 years form now according to the Weichselian-R scenario).

10.4 Effects of major climate change

The evolution of conditions at repository depth may be significantly affected by major climate
change, and in particular by the formation of ice sheets at the ground surface in response to
any future change to much colder climatic conditions. The impact of anthropogenic emissions,
especially greenhouse gasses, on the magnitude and timing of future major climate changes is
uncertain.

The development of permafrost and frozen ground and the advance and retreat of ice sheets are
expected to have only limited effects on the ambient temperature at repository depth. Permafrost
will also have only a minor influence on hydro-mechanical pressure conditions at repository
depth, possibly leading to a more stagnant flow pattern.

The creation of ice sheets, on the other hand, will result in large water pressures and hydraulic
gradients in the subsurface. This could conceivably force large volumes of low-salinity and
possibly oxidising meltwater into deeper parts of the bedrock. There is a potential for local
upconing of saline/brackish groundwater during periods of permafrost and in the presence of

an advancing or retreating warm-based ice sheet, as discussed in the KBS-3V Evolution Report
(Section 8.3.3 of /Pastina and Helld 2006/) and in SR-Can (Section 9.4.7 of /SKB 2006a/).
Although it is expected that hydrogeological and geochemical characteristics of the geosphere
will remain stable below depths of 300 to 400 m, glacial flow conditions are difficult to assess,
and penetration of dilute water to repository depth cannot be ruled out. The migration of oxygen
to repository depth is, however, unlikely due to oxygen being consumed by microbially-induced
reactions and its interaction with minerals in the geosphere.
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Glacial loading will affect pore pressures in the rock and in the saturated buffer and the isostatic
load exerted on the canisters. No failure of canisters due to this increased load is, however,
expected without prior weakening of the insert by corrosion (which could occur, for example,
in the case of a canister with an initial penetrating defect).

During the next glacial cycle and in the far future, slow corrosion of the copper surfaces of the
canisters will continue to take place by reaction with sulphide from the groundwater, which will
diffuse to the canister surface through the buffer. The possibility of dilute water penetrating to
repository depth may lead to some erosion of the buffer. If the density of the buffer were to be
reduced by erosion to such an extent that advective transport could take place within the buffer
region, this could increase the rate at which sulphide migrates to the copper surface, and hence
increase the copper corrosion rate, reduce canister lifetime and increase radionuclide migration
rates subsequent to canister failure. Currently, the possibility of advective conditions developing
in parts of the buffer as early as the next period of glaciation cannot be excluded.

When an ice sheet is present, seismic activity, which is in any case low in the Olkiluoto region,
will be further repressed. Post-glacial earthquakes may, however, occur following the retreat

of the ice sheet, giving rise to stress changes in the rock that trigger shear movements on
smaller-scale fractures that intersect the deposition drifts. The expectation value of the number
of canisters in the repository that could potentially be damaged by rock shear in the event of

a large earthquake has been estimated at 16 out of the 3,000 canisters in the repository, with a
probability of 0.02 of such an earthquake occurring in a 100,000 year time frame, although there
are some significant uncertainties associated with these values that could lead to them giving
either an underestimate or an overestimate of the actual likelihood of damage.

A further potential impact of rock shear is to increase the transmissivity of fractures intersecting
the drifts. The magnitude of such an increase has not, however, been estimated as yet. The
retreat of an ice sheet could also cause an infiltration of brackish or saline waters of marine
origin, which could also increase the salinity at repository depth (/SKB 2006a/, Section 9.4.7).

10.5 Evolution of a canister with an initial penetrating defect

The possibility that an initial defect will penetrate a copper canister shell (or be sufficiently deep
to have significant implications for the timing of failure due to copper corrosion) is not currently
excluded.

The behaviour of the water/vapour/gas system in a defective copper-iron canister is complex.
Water entering a canister through an initial penetrating defect will react with and corrode the
cast iron insert, resulting in the formation of iron corrosion products, the weakening of the
insert, the generation of hydrogen gas, and the interaction of iron corrosion products with
bentonite located in the vicinity of the defect.

As internal gas pressure within the canister increases, the driving force for liquid water ingress
will be reduced and possibly eventually reversed. Furthermore, as the void space fills with cor-
rosion products, the corrosion rate will drop due to the increasing transport resistance between
the defect and the uncorroded surfaces.

The canister insert will continue to be weakened by progressive corrosion, although the rate at
which this will occur is uncertain, depending, for example, on the extent to which the original
defect is expended by the developing corrosion products. Eventually, the canister will collapse.
It is likely that the collapse of a weakened insert will take place during or after a major glacia-
tion, although earlier collapse cannot be excluded.

The corrosion products from the insert may react with swelling clay minerals in the buffer in the
vicinity of the canister defect, although their effect will extend only very slowly into the buffer.
Corrosion of the insert may also expand the copper shell and lead to a compaction of the buffer,
increasing the pressure exerted by the buffer on the canister and rock. Due to the low corrosion
rate of the insert, this process will also be slow.
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Once water penetrates the cast iron insert and enters the channels in the insert containing the
fuel assemblies, it will corrode the channel surfaces, giving rise to further corrosion products
and gas. It will contact the surfaces of the cladding and, if the cladding tubes are ruptured, it will
also contact the surfaces of the fuel pellets and interact with them.

The cladding and other metal components will slowly corrode on contact with water, resulting
in the congruent release to solution of activation products embedded within them. Once water
contacts the fuel pellet surfaces, radionuclides that have been segregated to grain boundaries in
the fuel, to pellet cracks and to the fuel/sheath gap will either rapidly enter solution, or, in the
case, for example, of C-14, may form volatile products such as methane or carbon dioxide that
will mix with hydrogen gas inside the canister. Water will also start to interact (but far more
slowly) with the surfaces of the fuel matrix, and radionuclides embedded in the fuel matrix,
along with radioactive gases present in fission gas bubbles, will be released as the matrix is
slowly dissolved or otherwise altered.

Radionuclides released from the fuel (including activation products in the metal components)
will either enter solution, form volatile species that can mix with repository-generated gas
(particularly relevant for C-14), or, if their solubilities in water are low, precipitate either as
immobile solids or as colloids. Dissolved radionuclides and radionuclides in gaseous form will
be transported by gas and water movements (advection) and by diffusion in the interior of the
canister, and may exit through the damaged copper shell. Radionuclides in colloidal form will
also migrate in water in the canister interior by advection and diffusion, but will be prevented
from migrating into the buffer by its microporous structure.

If the inflow rate of water into the canister exceeds the maximal consumption rate by steel
corrosion, water will slowly accumulate within the cavity until the gas pressure is in equilibrium
with the pressure outside the canister. Due to ongoing gas generation, the pressure inside the
canister may further rise. As a consequence, any water previously accumulated within the
canister will be slowly squeezed outwards through the hole, along with any radionuclides that
have been released to solution in the intervening period. On the basis of the modelling results,
however, the more likely situation is that inflowing water will be completely consumed by steel
corrosion, and there will be no gas-induced displacement of contaminated water.

Gas pressure inside the canister will continue to rise until it exceeds the gas breakthrough
pressure of the bentonite. Gas pathways will form that may transport radionuclides present as
volatile species (mainly C-14). The gas pathways will remain open until gas production ceases
or is greatly reduced.

Induced fission (criticality) inside or outside a canister with an initial penetrating defect is not
expected to occur in any of the types of canisters and for any of fuels that will be disposed of in
a Finnish repository.

10.6 The farthest future

Over a sufficiently long time frame, one or more of the processes described in the previous
chapters will lead to the failure of all canisters. For the majority of canisters, the most likely
eventual failure mechanism is the slow corrosion of the copper shell, leading to failure after
several hundred thousand years or more. The fuel, radionuclides and repository construction
materials may eventually become widely dispersed in the geological environment. In the hun-
dreds to thousands of millions of years required to expose the repository horizon to the surface
by uplift and erosion, the geochemical properties of the repository host rock may become
similar to a uranium ore body. On the other hand, it is also possible that the copper will be partly
replaced by copper sulphide, which is insoluble and not likely to become dispersed, and that the
fuel matrix will experience only limited dissolution over time due to its relative geochemical
stability.
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11 Implications for radionuclide release
and transport

11.1 Scenarios and assessment cases

The discussions in the Process Report /Gribi et al. 2007/ and in the present Evolution Report
indicate that, while a prolonged period of isolation of the spent fuel and containment of radio-
nuclides in the copper canisters is the expected course of evolution for a KBS-3H repository,
there are evolutionary paths or scenarios® that cannot currently be excluded in which one or
more canisters fail, giving rise to some radionuclide releases. According to the safety concept
(Figure 1-3), safety in these scenarios rests principally on complete containment of radio-
nuclides by the remaining canisters and, for the failed canisters, slow release from the spent
fuel, slow diffusive transport in the buffer, and slow transport in the geosphere to the biosphere.
Each of these is, however, subject to uncertainties. A key purpose of the radionuclide release
and transport calculations described in detail in the Radionuclide Transport Report /Smith et al.
2007a/ is to assess the robustness of the safety concept in view of these uncertainties.

Some uncertainties are treated using models, computer codes and parameter values that are
conservative, meaning that they tend to over-estimate radiological consequences. Identifying
what is a conservative model approach, assumption or parameter value is not, however, always
straightforward — what is conservative with respect to one process may not be conservative
with respect to another competing process. Furthermore, a purely conservative approach does
not give a basis for deciding which uncertainties are the most important in terms of system
performance. Thus, many uncertainties are treated by defining a range of assessment cases —
i.e. specific model realisations of different possibilities or illustrations of how a system might
evolve and perform in the event of canister failure — and analysing these cases in terms of
hazard to humans and to other biota, quantified in terms of annual effective dose** or nuclide-
specific fluxes across the geosphere/biosphere interface (in order to compare with Finnish
regulatory guidelines).

The definition of an assessment case includes (i), the canister failure mode that is presumed to
lead to the formation of transport pathways between the canister interior and it surroundings,
and (i), the models and data that describe subsequent radionuclide release and transport. The
identification of scenarios leading to different canister failure modes is described in the fol-
lowing sections. Given that a key question addressed by the KBS-3H safety studies is whether
or not there are there safety issues identified in the KBS-3V/KBS-3H difference analysis with
the potential to lead to unacceptable radiological consequences, specific assessment cases

are defined addressing uncertainties related to features and processes that have a different
significance to, or potential impact on, KBS-3H compared with KBS-3V. Additional cases are
also analysed to illustrate the impact of other uncertainties in key features of the safety concept.
Nevertheless, the range of cases analysed is more limited than that considered, for example, in
either TILA-99 /Vieno and Nordman 1999/ or SR-Can /SKB 2006a/, and not all conceivable
uncertainties and combinations of uncertainties are covered. The selection of assessment cases
for each of canister failure modes is described in the Radionuclide Transport Report /Smith et al.
2007a/. The Radionuclide Transport Report also describes the computer codes, models and data
used to analyse the selected cases, and presents the results of these analyses.

3 According to the IAEA definition, a scenario is a postulated or assumed sequence of states defined by
the safety functions that are provided by the system components /IAEA 2003/.

3% Exposure of other biota is not explicitly addressed in the present safety assessment, but is considered
in the Biosphere Analysis Report /Broed et al. 2007/.



Consistent with Finnish regulations, assessment cases address radionuclide release and transport
over one million year time frame. The consequences of the ultimate failure of the repository
multi-barrier system in the farthest future (beyond one million years), including the possible
exhumation of the repository, are discussed in the Complementary Evaluations Report /Neall

et al. 2007/.

The importance to long-term safety of human intrusion scenarios (e.g. boring a deep water

well at the disposal site and core drilling hitting a spent fuel canister) has not beeen evaluated,
although current Finnish regulations indicate that this will be a requirement of any future safety
case. Human intrusion has, however, been addressed in the main report of the Swedish SR-Can
safety assessment by considering a borehole hitting a canister and then subsequently being used
for drinking water abstraction /SKB 2006a/. Drilling occurs 300 years after the sealing of the
repository and the calculated doses are in the range of 10 to 10 Sv per year, assuming a fuel
degradation rate of 1077 per year and water flow through the affected canister of 1,000 litres per
year.

11.2 Finnish regulatory requirements regarding scenarios
It is a Finnish regulatory requirement given in /STUK 2001/ that:

“A scenario analysis shall cover both the expected evolutions of the disposal system and
unlikely disruptive events affecting long-term safety. The scenarios shall be composed systemati-
cally from features, events and processes, which are potentially significant to long-term safety
and may arise from:

* mechanical, thermal, hydrological and chemical processes and interactions occurring inside
the disposal system

» external events and processes, such as climate changes, geological processes and human
actions”

Regarding the scenarios to be analysed, regulations go on to state:

“The base scenario shall assume the performance targets defined for each barrier, taking
account of the incidental deviations from the target values. The influence of the declined overall
performance of a single barrier or, in case of coupling between barriers, the combined effect

of the declined performance of more than one barriers, shall be analysed by means of variant
scenarios. Disturbance scenarios shall be defined for the analysis of unlikely disruptive events
affecting long-term safety.”

As noted in Section 1.3, the importance to long-term safety of unlikely disruptive events shall,
according to regulations, be assessed. The likelihood and consequence of boring a deep water
well at the disposal site, or of core drilling hitting a spent fuel canister and not considered in the
present safety studies for KBS-3H, since they no not differ significantly between KBS-3V and
KBS-3H repositories.

The methodology applied in the present assessment for identifying the base and variant
scenarios is described in the following section.
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11.3 Methodology for the identification of scenarios leading to
canister failure and radionuclide release

The methodology used to identify scenarios leading to canister failure and radionuclide release

from a KBS-3H repository is based on that developed for SR-Can. It can be described in terms

of the following steps:

1. Consider the safety functions of each of the main components of the disposal system.

For each safety function, identify one or more safety function indicators.

For each safety function indicator, derive safety function indicator criteria.

Develop understanding of the system and its evolution — with a focus on the safety functions.

kv

Identify the failure modes (loss of safety functions) that could occur in the course of system
evolution.

6. Consider if and when the occurrence of such failure modes is plausible.
7. Consider the implications of loss of one safety function on the others.
8. Identify plausible descriptions of the evolution of safety functions over time.

The products of this methodology — plausible descriptions of the evolution of safety functions
over time — are described in the following as “scenarios”, although, in SR-Can, because of the
way in which Swedish regulatory guidance is formulated, all those that are considered “prob-
able” are classified as variants within the “base scenario”. Scenarios outside the scope of the
base scenario are those that are judged less likely to occur (see Section 11.3 of the main report
of SR-Can, /SKB 2006a/).

In the present safety assessment, the Base Scenario for the evolution of a KBS-3H repository at
Olkiluoto assumes that the main system components (the canister, the buffer and the host rock)
perform the safety functions described in Section 2.4 for a period extending to one million years
or more. These safety functions include complete containment of radionuclides by the canister.
Thus, in the Base Scenario, there are no canister failures within one million year time frame.

On the other hand, for each of the three failure modes, a Base Case and one or more variants

are defined.

Process tables that summarise the handling of internal processes in the safety assessment are
used as check lists to ensure that no important processes and associated uncertainties have
been overlooked in the identification of scenarios (and assessment cases). Process tables for
a KBS-3H repository at Olkiluoto are given in /Gribi et al. 2007/.

11.4 Application to a KBS-3H repository at the Olkiluoto site

11.4.1 Carrying out the steps

The Process Report /Gribi et al. 2007/ provides the most important processes that affect the
safety functions of the repository. The present Evolution Report describes these processes in

a chronological order and highlights the coupling among different processes. Steps 1-3 and 5
of the methodology are covered in Chapter 2. The main components of the disposal system
that are considered to provide safety functions are the canister, the buffer and the host rock.
Their safety functions are described in Section 2.4.1. Safety function indicators, safety function
indicator criteria and the models by which, in principle, these main components could fail to
provide their safety function fully are described in Sections 2.5.2-2.5.4. Current understanding
of the initial state of the system and how the system might evolve in different time frames, with
a focus on safety functions (Step 4), is described in Chapters 4—8. These chapters also describe
the plausibility of different failure modes and implications of loss of one safety function on the
others (Steps 6 and 7).
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The descriptions of initial state and evolution presented in Chapters 48 of this report draw
extensively on system understanding developed in the course of SR-Can, /SKB 2006a/ as well
as that described in the Evolution Report for a KBS-3V repository at Olkiluoto /Pastina and
Hella 2006/. They also, however, involve consideration of features and processes of specific
relevance to KBS-3H which have the potential to lead to significant perturbations to the safety
functions. Most of the identified features and processes that have a different significance to, or
potential impact on, KBS-3H compared with KBS-3V have the potential to affect, in the first
place, the mass transport properties of the buffer and the buffer/rock interface, but can also
affect canister lifetime by increasing the rate at which sulphide from the groundwater migrates
to, and corrodes, the canister surface. They may also perturb radionuclide transport in the event
of canister failure. These features and processes, associated uncertainties and the evaluation

of impact of these on the mode and timing of canister failure and on subsequent radionuclide
release and transport, are shown in Table 11-1. The table also gives references to specific assess-
ment cases defined in the Radionuclide Transport Report which are used to evaluate the impact
of particular KBS-3H-specific features and processes.

A key point to note is that features and processes with a different significance to, or potential
impact on, KBS-3H compared with KBS-3V, while they may affect to some extent the timing or
rate of canister failure, do not introduce any new modes of canister failure not already consid-
ered in SR-Can in the case of a KBS-3V repository at Swedish sites. Canister failure modes that
are judged to be plausible for a KBS-3H repository at Olkiluoto are:

* an initial penetrating defect;
 failure due to copper corrosion; and
* rupture due to rock shear.

A fourth mode — collapse due to isostatic loading — is excluded on the basis that the stability
of the canister under isostatic loading is ensured with a large safety margin (Sections 5.4.3 and
7.4.4). This failure mode is, therefore, not addressed in analyses of radionuclide release and
transport (except as a secondary failure mode in the case of canisters with initial penetrating
defects that have been weakened by corrosion of the insert).

11.4.2 Overview of scenarios

The various scenarios shown in Figure 11-1 have been identified by applying the methodology
outlined above. The scenarios are shown as combinations of barrier states (a “no fail” state
indicates that all safety functions are assumed to be fulfilled), and are grouped according to the
initial canister failure mode that they involve.

As indicated by arrows in Figure 11-1, scenarios involving canister failure and radionuclide
release are initiated by:

» the presence of an initial, penetrating defect in one or more of the canisters;

* perturbations to the buffer and buffer/rock interface, giving rise to an increased rate of
transport of sulphide from the geosphere to the canister surface and an increased canister
corrosion rate;

» penetration of dilute glacial meltwater to repository depth, giving rise to chemical erosion
of the buffer an increased rate of transport of sulphide from the geosphere to the canister
surface and an increased canister corrosion rate; and

» rock shear movements of sufficient magnitude to give rise to shear failure of the canisters.
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Table 11-1. Features and processes with different significance to, or potential impact on, KBS-3H compared with KBS-3V and summary descriptions of
their relevance to radionuclide release and transport major uncertainties and evaluation of their implications for canister failure modes and timing and
for radionuclide transport. PR: Process Report /Gribi et al. 2007/, ER: the present Evolution Report, RNT: Radionuclide Transport Report /Smith et al.

2007al.

Feature/process

Relevance to RN release and
transport

Major uncertainties

Evaluation of impact

Impact on canister failure
mode/timing

Impact on radionuclide transport
(see Table 11-2 and RNT for full
lists of cases)

Piping and erosion during the
operational phase and during
saturation

(cf. PR Section 4.5.2;

ER Section 5.5.6)

Processes due to the presence
of steel components (external
to canister) and their corrosion
products

(cf. PR Section 4.7.1;

ER Sections 5.4.2; 5.6.4; 6.5.3)

H, from corrosion of steel
components (external to canister)
(cf. ER Sections 5.3.1; 5.6.4; 5.7.4)

May locally perturb buffer density
and increase rate of diffusion of
corrosive agents to canister surface
and rate of radionuclide diffusion
from failed canister

May result in chemical alteration
of buffer and consequent changes
to physical properties; may perturb
mass transfer at buffer-rock
interface

May provide sorbing surfaces

for radionuclides; (which could

be released following a change

in groundwater chemistry) Fe(ll)
may compete for sorption sites on
buffer; it may also act as a sink
for dissolved sulphide, reducing
the flux of sulphide to the canister
surface.

May participate in microbial
reduction of sulphate to sulphide,
which may subsequently corrode
canister surface

May perturb groundwater flow

and radionuclide transport in the
geosphere for the first few thousand
years

Likelihood of occurrence; amount
of bentonite conveyed by piped
water; degree of homogenisation
after piping/erosion cease

Degree and spatial extent of
perturbation

Quantitative understanding of
impact; possibility of release of
sorbed radionuclides in the event
of change in groundwater chemistry

Quantitative understanding of
impact

Quantitative understanding of
impact

Scoping calculations in
ER Appendix B.7

Scoping calculations in

ER Appendix B.7 (impact on
capacity of buffer to protect
canister in the event of rock shear
movements < 10 cm assumed to
be negligible)

Favourable effect of iron acting as
sink for sulphides not evaluated
quantitatively

Scoping calculations in ER
Appendix B.7 (minor impact)

Minor impact on mass transfer
of corrosive agents between
geosphere and buffer (not
quantitatively evaluated)

lllustration of impact of increased
radionuclide diffusion rates in buffer
in assessment case PD-HIDIFF

lllustration of impact of increased
radionuclide mass transfer

at buffer-rock interface and
mixing in outer part of buffer in
assessment cases PD-FEBENT1;
PD-FEBENT2; PD-FEBENT3

Impact on sorption not assessed
(remaining issue for further study);
impact on buffer as a whole of
change in groundwater chemistry at
70,000 years due to influx of glacial
meltwater illustrated in PD-GWMC

None expected

Impact on radionuclide transport
for an initially defective canister
not assessed (remaining issue for
further study)



871

Feature/process

Relevance to RN release and
transport

Major uncertainties

Evaluation of impact

Impact on canister failure
mode/timing

Impact on radionuclide transport
(see Table 11-2 and RNT for full
lists of cases)

High-pH leachates from
cementitious components
(cf. ER Section 5.6.5)

KBS-3H drift and surrounding
EDZ/rock spalling
(cf. ER Sections 4.1.2; 5.4.5)

May result in chemical alteration
of buffer and consequent changes
to physical properties; may perturb
mass transfer at buffer-rock
interface

May perturb mass transfer at buffer-

rock interface

Degree and spatial extent of
perturbation

EDZ hydraulic properties; impact
of buffer swelling on rock spalling;
transport characteristics of spalled
zone

Scoping calculations in
ER Appendix B.7

Scoping calculations in
ER Appendix B.7

lllustration of impact of increased
radionuclide mass transfer

at buffer-rock interface and
mixing in outer part of buffer in
assessment cases PD-FEBENT1;
PD-FEBENT2; PD-FEBENT3

lllustration of impact of rock
spalling in assessment case
PD-SPALL
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Figure 11-1. Potential system states in different time frames analysed in the present safety assessment —

the base scenario is shown in red.

Following the requirements given in /STUK 2001/, a Base Scenario is defined which assumes

that the performance targets defined for each barrier are met. This is interpreted as meaning that
each barrier fulfils the safety functions assigned to it in the safety concept for a period extending
to one million years or more. There will thus be no release of radionuclides from a KBS-3H
repository within this time frame. This does not imply that the system does not evolve over time
in the Base Scenario. Corrosion of the copper canister initially due to oxygen entrapped at the
time of deposition, and, in the longer-term, due principally to sulphide present in the buffer and
in the groundwater will inevitably occur and eventually lead to failure. However, provided the
other components of the system fulfil their safety functions, rates will be low — in the order of

a few tens of nanometres per year /Pastina and Helld 2006/ — and canister integrity should be
preserved for at least one million years.

The following sections describe other scenarios, which involve canister failure and radionuclide
release within one million year time frame.

149



11.4.3 Scenarios involving an initial penetrating canister defect
General description

The evolution of a canister with a postulated initial penetrating defect is described in Chapter 8.
The defective canister will initially provide some transport resistance, limiting the rate of water
ingress and radionuclide release. Corrosion and volume expansion of the insert is, however,
expected lead to a reduction of this transport resistance over time. It will also lead to a gradual
weakening of the canister and eventual isostatic collapse or shear failure, possibly in association
with a future glaciation.

Figure 11-1 depicts three scenarios involving the presence of one or more initial, penetrating
defects. In all three, the canister is assumed to undergo eventual isostatic collapse or shear
failure during or after a future glaciation.

In the first scenario, the buffer and geosphere are assumed to fulfil all their safety functions for
at least one million years.

In the second scenario, the buffer/rock interface is perturbed, leading to enhanced release of
radionuclides from the failed canisters across the interface. Features and processes that may lead
to perturbations of the buffer/rock interface with different significance to, or potential impact
on, KBS-3H compared with KBS-3V are shown in Table 11-1. It should be noted that, while
perturbations to the buffer-rock interface may also affect the rate of corrosion of the copper
canister (Appendix B.7), the corrosion rate of the copper canister will remain low (isostatic
collapse or shear failure will eventually occur, as in the other scenarios involving an initial
penetrating defect).

In the third scenario, volume expansion due to corrosion of the cast iron insert is assumed to
lead to compaction of the buffer around the canister, and an increase in swelling pressure that
damages the rock. A conservative scoping calculation in Appendix B indicates that corrosion of
the insert could lead to an increase in buffer density around the canister to about 2,160 kg m,
which could give a swelling pressure of around 10 MPa or greater, depending on the salinity

of the groundwater (see Figure 4-7 in /SKB 2006a/). A modelling study by /Lénnqvist and
Hokmark 2007/ found that, for a KBS-3H repository at Olkiluoto, a pressure on the drift wall of
10 MPa or more might open pre-existing horizontal fractures intersecting the drift at mid-height,
although the effects are expected to be small, even at pressures of 20 to 25 MPa.

The first two scenarios are assessed explicitly in assessment cases defined in the Radionuclide
Transport Report /Smith et al. 2007a/. The third scenario is addressed implicitly by defining
assessment cases in which the transport resistance of the geosphere is reduced (see Table 11-2
for an overview of assessment cases).

Likelihood of occurrence of initial penetrating defects

SKB and Posiva are considering different techniques for the closure welding and inspection of
copper canisters. As noted in SR-Can /SKB 2006a/, SKB has adopted friction stir welding and
has concluded that no penetrating defects are expected.

The differences in Posiva’s and SKB’s canister designs, including the chosen reference welding
technique, are not expected to have any significant impact on the probability of an initial
canister defect, which thus is also expected to be low in case of Finnish canisters. In both
methods, the seal location is on or within a few cm from the end-face of the canister so that no
differences can be identified between electron beam welding and friction stir welding from the
long-term safety point of view. Posiva has not yet resolved implementation of quality assurance
for canister fabrication, thus it does not as yet take any position on the likelihood of occurrence
of defective canisters, except that it will be designed to be low.
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11.4.4 Scenarios involving canister failure by corrosion
General description

If the engineered barrier system performs as designed, as assumed in the Base Scenario, there
are no canister failures within one million year time frame. There are, however, two scenarios
depicted in Figure 11-1 in which canister failure by corrosion occurs before one million years.
These are scenarios in which:

1. the buffer/rock interface is perturbed, leading to enhanced mass transfer at the interface; and

2. dilute glacial meltwater penetrates to repository depth, leading to chemical erosion of the
buffer and to advective conditions becoming established in the buffer.

These scenarios lead to canister failure times earlier than in the Base Scenario, due to their
effects on the transport of sulphide from the groundwater to the buffer and across the buffer,
and hence on sulphide concentrations at the canister surface. Features and processes that may
lead to perturbations of the buffer/rock interface different significance to, or potential impact on,
KBS-3H compared with KBS-3V are summarised in Table 11-1. The impact of these or of other
processes potentially altering the buffer transport properties and canister lifetime is assessed in
the scoping calculations in Appendix B.7. As discussed in Section 7.4.7, penetration of dilute
water to repository depth in association with glacial retreat during future glacial cycles cannot
yet be ruled out, although ongoing site characterisation work is exploring whether such event
could have happened in the past. Flowing groundwater with a reduced salinity at repository
depth could potentially lead to the erosion of buffer material intruded into fractures intersecting
the repository drifts if the ionic concentration in the water (proportional to the ionic strength)

is less than the Critical Coagulation Concentration (CCC). If, during repeated glacial cycles,

the density of the buffer were to be reduced by erosion to such a degree that advective transport
takes place within the buffer region, this could increase the rate at which sulphide migrates to
the copper surface, and hence increase the copper corrosion rate and reduce canister lifetime.

Following canister failure, radionuclide transport across the buffer will be perturbed by the
same features and processes that lead to enhanced sulphide transport to the canister surface. In
all assessment cases addressing canister failure by corrosion, it is assumed that transport across
the buffer is instantaneous irrespective of the scenario by which corrosion failure occurs (the
buffer is treated as a “mixing tank™). This represents a highly conservative representation of a
scenario in which only the buffer/rock interface is perturbed. It should be noted, however, that
radionuclide transport in assessment cases in which only the outer part of the buffer is treated
as perturbed are considered in the context of an initial penetrating defect (Cases PD-SPALL,
PD-FEBENT1, PD-FEBENT2 and PD-FEBENT3, as defined in the Radionuclide Transport
Report, /Smith et al. 2007a/ — see Section 11.5 for a description of case nomenclature).

Timing and likelihood of occurrence of canister failure by corrosion

The scoping calculations presented in Appendix B.7 indicate that corrosion is unlikely to result
in a canister lifetime of less than several hundred thousand years, even in cases where mass
transport in the buffer is severely perturbed (and for a moderately pessimistic assumption
regarding the groundwater flow rate at the buffer/rock interface, see Appendix B.7). It is
acknowledged that there are several simplifying assumptions in scoping calculations that
could result in somewhat higher or lower canister lifetimes than those calculated. Nevertheless,
a canister lifetime in excess of 100,000 years is expected, even in the event of a significantly
perturbed buffer/rock interface.

In the case of chemical erosion by glacial meltwater, assuming a repetition of the last glacial
cycle, the next glacial retreat and hence the next possibility for penetration of glacial meltwater
to repository depth is in 70,000 years time. There is also significant uncertainty associated with
anthropogenic emissions, especially greenhouse gasses, which could significantly delay the
formation of permafrost and ice sheets (see Section 6.1). Even following partial erosion of the
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buffer, the rate of corrosion is expected to remain low due to the limited supply of sulphide from
the groundwater. The scoping calculations given in Appendix B.7 indicate that about million
years would be required for failure by corrosion even if the entire buffer is treated as a mixing
tank, based on the currently observed maximum sulphide concentration in the groundwater at
Olkiluoto, and the current hydraulic gradient®.

Radionuclide release and transport calculations addressing canister failure due to corrosion
assume that failure of a single canister occurs 100,000 years in the future. This failure time is
regarded as pessimistic, given the slow rate of canister corrosion even following significant
erosion of the buffer.

In neither scenario leading to failure by corrosion can an estimate currently be made of the like-
lihood or rate of canister failure by corrosion in one million year time frame, given the limited
quantitative understanding of relevant processes, such as chemical erosion of the buffer and the
impact of methane and hydrogen on the microbial reduction of groundwater sulphate to sulphide
(the impact of repository generated hydrogen has been shown to be small). However, for both
scenarios leading to this mode of canister failure, the canister positions most vulnerable to
failure will be those associated with the highest groundwater flows at the buffer/rock interface.
Where the rock adjacent to the drift is relatively tight, it may take many glacial cycles before
sufficient buffer erosion occurs for advective conditions to become established in the buffer.

11.4.5 Scenarios involving canister rupture due to rock shear
General description

According to Finnish regulations, the importance to safety of a substantial rock movement
occurring in the environs of the repository should be considered. Significant shear movements
on fractures intersecting the repository drifts are most likely to occur in association with large
earthquakes. As discussed in Section 7.4.5, the buffer is expected to protect the canister against
rock shear movements of the order of 0.1 m and smaller with a significant safety margin. The
maximum amount of movement is related to fracture size. There is, however, uncertainty in the
degree to which large fractures with the potential to slip by more than 0.1 m can be identified
and avoided when emplacing canisters along the drift, and so the potential consequences of
shear movements greater than 0.1 m at canister emplacement locations need to be assessed.

A single scenario is depicted in Figure 11-1 involving, as the first mode of canister failure,
rupture due to rock shear, where the shear movement is in excess of 0.1 m. In this scenario,
following failure, the canister is assumed to cease to provide a barrier to water ingress and
radionuclide release. There will be deformation and possibly some limited erosion of the buffer,
and some increase the transmissivity of fractures intersecting the drifts, although the safety
functions of the buffer and the geosphere (including protection of the remaining non-failed
canisters) are assumed to be maintained.

Timing and likelihood of canister rupture due to rock shear

Any future large earthquakes occurring at the Olkiluoto site are not expected to be uniformly
distributed in time. Palaeoseismicity studies support the suggestion that major seismic activity
was, in the past, limited to a short period after the last deglaciation, and it may be inferred
that this will also be the case in the future (Section 2.2.2). Given that, based on a repetition

of the last glacial cycle, the next glacial retreat will be in 70,000 years time, assessment cases
addressing canister failure due to rock shear assume that failure occurs 70,000 years in the
future.

35 Higher flows are expected in association with glacial retreat, but these would only persist for a few
thousand years.
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Based on scoping calculations in Appendix B.5, the expectation value of the number of canisters
in the repository that could potentially be damaged by rock shear in the event of a large earth-
quake is 16 out of the total number of 3,000 canisters, although there are some significant uncer-
tainties associated with these values that could lead to them giving either an underestimate or

an overestimate of the actual likelihood of damage (see Section 7.4.5). Application of a canister
position avoidance criterion would potentially decrease this number, but an efficient criterion
has not been developed and tested for KBS-3H. The probability an earthquake occurring that is
sufficiently large to cause canister damage in a 100,000 year time frame has been estimated at
0.02 (Table 5-8 in /La Pointe and Hermanson 2002/).

11.5 Overview of assessment cases

Table 11-2 gives an overview of assessment cases considered in the Radionuclide Transport
Report /Smith et al. 2007a/. Each case is assigned a unique name, comprising two parts
separated by a hyphen. The first part of the name indicates the canister failure mode that the
case addressed:

PD:  canister with an initial penetrating defect;
CC:  canister failure due to copper corrosion; and
RS: canister failure due to rock shear.

The second part of the name identifies the case either as a Base Case (BC) for a given canister
failure mode, or a variant case illustrating the impact of one or more uncertainties.

Cases MD-1, MD-2 and MD-3 illustrate the impact of rock matrix diffusion depth for a
hypothetical pulse release from the geosphere, and therefore are not associated with a specific
canister failure mode.

Following the methodology applied in SR-Can, the majority of assessment cases illustrating
uncertainties not specifically related to a canister failure mode are assigned to the group dealing
with an initial penetrating defect. This failure mode provides a convenient basis for exploring
these various uncertainties, since, unlike the other failure modes, the transport and retention
properties of the buffer and host rock are unaffected by (or need not be perturbed in order to
give rise to) canister failure. Using the initial penetrating defect as a reference failure mode for
exploring uncertainties also limits the number of cases that need to be analysed, and provides a
common basis for comparison with TILA-99.

The variant cases are designed to illustrate specific uncertainties or combinations of uncertain-
ties, including (but not restricted to) those that are of particular relevance to KBS-3H. However,
not all conceivable uncertainties and combinations of uncertainties are covered. For example,
uncertainties in the transport barrier provided by the geosphere, biosphere uncertainties and
uncertainties related to future human actions are either not addressed or are analysed in less
detail than others.

In some cases, whether one alternative parameter value is more optimistic or conservative than
another is well known from experience in past assessments or is clear from the nature of the
release and transport processes involved. For example, a high geosphere transport resistance

is clearly a more optimistic assumption than a low transport resistance. On the other hand, in
other cases, a sensitivity analysis would, in principle be necessary to explore the impact of
variations in one or more parameters on radionuclide releases, before it could be stated what is
an optimistic parameter value, and what is conservative. Such sensitivity analyses have not, in
general, been performed in the present assessment.

The scope of these cases and the rationale for case selection is discussed further in the
Radionuclide Transport Report /Smith et al. 2007a/.
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Table 11-2. Overview of assessment cases.

Cases assuming a single canister with an initial penetrating defect (PD-)

Case
PD-BC
PD-VVER
PD-EPR
PD-HIFDR
PD-LOFDR
PD-IRF

PD-BIGHOLE
PD-HIDELAY
PD-LODELAY
PD-BHLD
PD-HIDIFF
PD-FEBENT1

PD-FEBENT2
PD-FEBENT3

PD-SPALL

PD-EXPELL

PD-VOL-1
PD-VOL-2

PD-BCN

PD-BCC

PD-VVERC

PD-EPRC

PD-NFSLV
PD-SAL
PD-HISAL
PD-GMW
PD-GMWV
PD-GMWC

PD-HIFLOW
PD-LOGEOR
PD-HIGEOR
PD-HIFLOWR

Description

Base Case for initial penetrating defect in BWR-type canister
Initial penetrating defect in VVER-440 PWR type canister
Initial penetrating defect in EPR type canister

Increased fuel dissolution rate

Reduced fuel dissolution rate

Evaluates transport only of radionuclides present in instant release fraction? (see
footnote at the end of the table)

Increased defect size

Increased delay until loss of defect transport resistance

Decreased delay until loss of defect transport resistance

Increased defect size plus decreased delay until loss of defect transport resistance
Increased diffusion rate in buffer

Perturbed buffer-rock interface — high conductivity, narrow perturbed zone

Perturbed buffer-rock interface — more extensive perturbed zone (2 different thicknesses)

Perturbed buffer-rock interface — high conductivity, narrow perturbed zone, lower flow
through intersecting fractures than that assumed in cases PD-FEBENT1, 2 and 3

Dissolved radionuclides expelled by gas from canister interior and across buffer to
geosphere

C-14 transported in volatile form by gas generated by corrosion (2 rates of gas
generation)

Initial penetrating defect in BWR-type canister; Nb present in near field and geosphere in
anionic form

Initial penetrating defect in BWR-type canister; C-14 present in geosphere in anionic
form (carbonate)

Initial penetrating defect in VVER-440 PWR type canister; C-14 present in geosphere in
anionic form (carbonate)

Initial penetrating defect in EPR type canister; C-14 present in geosphere in anionic form
(carbonate)

Near-field solubilities varied according to uncertainties in redox conditions
Brackish/saline water present at repository depth (all time)

Saline water present at repository depth (all time)

Change from reference (dilute/brackish) water to glacial meltwater at 70,000 years
(release also starts at 70,000 years — two alternative meltwater compositions)
Change from reference (dilute/brackish) water to glacial meltwater at 70,000 years
(release starts at 1,000 years, as in the reference case)

Increased flow at buffer-rock interface

Reduced geosphere transport resistance

Increased geosphere transport resistance

Increased flow at buffer-rock interface and reduced geosphere transport resistance
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Table 11-2. (Continued) Overview of assessment cases.

Cases assuming a single canister failing due to copper corrosion (CC-)

Case Description

CC-BC Base Case for failure due to copper corrosion; buffer treated as mixing tank

CC-HIFDR Increased fuel dissolution rate

CC-LOFDR Reduced fuel dissolution rate

CC-GMW Glacial meltwater present at repository depth (impact on near-field solubilities and
geosphere retention parameters)

CC-LOGEOR Reduced geosphere transport resistance

CC-LOGEORG Reduced geosphere transport resistance, glacial meltwater®

CC-LOGEORS Reduced geosphere transport resistance, saline groundwater®

Cases assuming a single canister failing due to rock shear (RS-)

Case Description
RS-BC Base case for failure due to rock shear
RS-GMW Glacial meltwater present at repository depth (impact on near-field solubilities and

geosphere retention parameters)

Additional cases (hypothetical pulse release to geosphere)

Case Description

MD-1 Variations in matrix diffusion depth (3 cases)
MD-2

MD-3

a Certain radionuclides are enriched at grain boundaries in the fuel, at pellet cracks and in the fuel/sheath gap as
a result of thermally driven segregation during irradiation of the fuel in the reactor. These are assumed to enter
solution rapidly once water contacts the fuel pellet surfaces, and are termed the instant release fraction (IRF).

® Glacial meltwater is a very dilute ice-melting water. Saline groundwater represents water with a TDS (Total
Dissolved Solids) content of about 20 g/I. For detailed composition of the waters used in the assessment, see
Appendix D of Radionuclide Transport report.
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12 Issues requiring further work

The description of the evolution of a KBS-3H repository at Olkiluoto given in the previous
chapters of this report, and the more detailed process description given in /Gribi et al. 2007/,
have identified a range of issues of scientific understanding that may need to be addressed in
future research and design development (RD&D). These issues are summarised below. With
the exception of erosion due to buffer material falling through supercontainer perforations
(Piping and erosion during early evolution, below), none are exclusive to KBS-3H, although
their significance to KBS-3V and KBS-3H may differ, for example due to the different nature
and amounts of materials likely to be used in the two alternatives. Some, such as iron/bentonite
interaction (Iron corrosion, gas generation and the interaction of the buffer with iron corrosion
products and hydrogen, below), are of more relevance to KBS-3H than to KBS-3V assuming the
current reference KBS-3H design, which employs steel supercontainer shells.

The issues are not prioritised and are to be considered in the context of the development of the
KBS-3H design, taking into account programmatic objectives and constraints, such as schedules
and resources both in Posiva and SKB.

12.1 Issues related to the evolution of the repository and site

Groundwater flow and composition

The Olkiluoto Site Description 2006 identifies a range of issues and uncertainties concerning
the current site model, and discusses the activities being undertaken or proposed to address them
(Chapter 10 in /Andersson et al. 2007/). There is a particular focus on groundwater flow and
composition, understanding of which is likely to improve significantly as characterisation and
modelling of the Olkiluoto site continues. A specific issue for Olkiluoto site is the need for a
better estimate on the rate of methane gas production and coupling of the methane gas produc-
tion to the boundary conditions for other site models.

Specific areas of uncertainty also noted in the present report particularly relevant to the discus-
sions in the present safety assessment include (Section 5.3.1):

* the long-term impact of backfilled and sealed exploration boreholes on groundwater flow
(this issue is likely to be clarified as more specific information about the technical methods
available to backfill and seal the boreholes becomes available);

* the possible effects on groundwater flow and composition of dissolved gases released from
the deeper parts of the rock (methane and hydrogen); and

» the impact of external conditions related to glaciations (e.g. taliks in permafrost, glacial melt
water intrusion) on the long-term performance of the geosphere and the engineered barrier.

With regard to the impact of glaciations, additional information is needed to

 Dbetter understand rock-water interactions during the transient, high flow conditions
associated with glaciation and the role of microbial reactions under glacial and post-glacial
conditions;

» determine whether glacial meltwater (and possibly oxygen) penetrated to repository depth
during past glaciations;

» provide insight as to the hydrogeology at Olkiluoto during permafrost/glacial conditions; and

 Dbetter understand the hydromechanical effects of successive glaciations.
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Some potentially significant hydromechanical effects include hydraulic jacking as well as the
existence of a highly anisotropic stress field in relation to deglaciation that could possibly open
fractures. Modelling work on these issues is underway in Sweden.

A further issue that is particularly relevant if the onset of any future change to glacial conditions
is delayed by anthropogenic emissions is the likely reduction in ionic strength of the ground-
water during a prolonged period of isostatic uplift (Section 6.5.2). Significant buffer erosion
could occur if the ionic strength were to fall below the Critical Coagulation Concentration
(CCCQ). On the basis of current shallow groundwater composition, it is judged unlikely that

this would occur (other than in association with glaciation, which is discussed in Section 7.4.3)
because of the interaction of this water with the rock and fracture filling materials, but further
information is needed.

Piping and erosion during early evolution

Piping/erosion is a critical issue for repository design as well as safety. The distance blocks in
the current reference design have been the subject of extensive experimental and modelling
studies to evaluate whether or not significant piping and erosion might occur during saturation
(Section 5.5.6). The “tight” blocks have been shown experimentally not to undergo piping

in both a reference scenario and a more pessimistic scenario. The more pessimistic scenario
involves a 1 litre per minute inflow to the gaps around a supercontainer adjoining a block
(higher than the current design limit of 0.1 litres per minute), a 1 MPa per hour rate of hydraulic
pressure increase following filling of the gaps with water and a maximum hydraulic pressure
difference across the block of 5 MPa. There remains, however, some uncertainty in whether
even 5 MPa per hour represents the maximum rate of pressure increase following filling of the
gaps around a supercontainer with water. Furthermore, modelling studies suggest that hydraulic
pressure differences across a distance blocks separating less tight and tighter drift sections could
give rise to deformation, widening the gap between the distance block and the supercontainer
and resulting in full hydraulic pressure being exerted on the entire vertical face of a distance
block, rather than just a narrow annular region around its periphery (Figure 2-10). This could
give rise to displacement of the distance block and to significant piping and erosion. Distance
block design alternatives that less sensitive to these phenomena are being developed (see, e.g.
Appendix K of /Autio et al. 2007/). These designs and the situations in which they might be
implemented are likely to be further studied as part of the repository design work.

In the case of the DAWE design option (Appendix A), a further issue of concern is the possible
loss of buffer material by erosion during the operation of a compartment and subsequent
reduction of final buffer density. In this design option, humidity-induced fracturing of the buffer
inside the supercontainers could lead to pieces of the buffer falling through the perforations in
the supercontainer shell and onto the drift floor, where they could become dispersed in the water
draining along the floor prior to the sealing of the compartment (the gaps around the distance
blocks are relatively large in the DAWE design option in order to allow such drainage). If the
possibility of significant erosion cannot be excluded in the current design, it is likely that it
could be prevented by design refinements, such as reducing the size of the perforations, while
maintaining the same percentage of coverage (62%).

Chemical evolution of the buffer

Strongly reducing conditions will be maintained in the buffer following the depletion of
trapped oxygen. Under such conditions, structural iron in smectites, which occurs in the buffer
mainly as Fe(IlI), may be reduced to Fe(Il) by electron transfer between the species in solution
and in the structure, although the mechanism of this redox process is still controversial and
available experimental data are not representative of repository conditions. The key issue for
the physical performance of the buffer is the structural change that this might cause. As noted in
Section 5.6.2, reduction of Fe(IIl) to Fe(II) could, in principle, have consequences for the stabil-
ity and to some extent the swelling pressure and hydraulic properties of the buffer. In the study
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by /Carlson et al. 2006/, for example, a substantial increase in hydraulic conductivity was found
in some of the samples which had been in contact with iron for a period of up to 3 years. The
swelling pressure was, however, rather unaffected in these systems, indicating inhomogeneity,
with localised high density/low hydraulic conductivity volumes and low density/high hydraulic
conductivity volumes.

More generally, the evolution of the buffer, including drying/wetting, impact of iron saturation,
cementation due to silica precipitation and strain caused by deformation of the supercontainers
are issues requiring more thorough investigation.

Iron corrosion, gas generation and the interaction of the buffer with iron corrosion
products and hydrogen

The corrosion of the supercontainer shells and the other steel components of a KBS-3H reposi-
tory will give rise to significant gas pressures in tight drift sections, where the gas cannot readily
escape into intersecting transmissive fractures in the rock. The EDZ is a potential migration
route for gas away from tight drift sections, but the properties of the EDZ, and thus the magni-
tude of the gas pressures that will arise in these sections, are subject to uncertainties.

The various strain mechanisms that are involved in the early and long-term evolution of the
supercontainer shell have an uncertain and possibly detrimental effect on the outer part of the
buffer, depending on how the supercontainer shells deform. Iron/bentonite interaction and the
possible alteration of montmorillonite and formation of new minerals are also potentially detri-
mental and subject to significant uncertainties. The impact of alteration on mass transfer across
the buffer/rock interface and the resulting effects on canister corrosion and on radionuclide
transport are handled conservatively in the scoping calculations in Appendix B.7 and in the
Radionuclide Transport Report /Smith et al. 2007a/ by treating the affected region as a highly
permeable mixing tank, and by performing sensitivity analyses on the spatial extent of the
affected region. Results of 1-D reactive transport modelling reported in /Wersin et al. 2007/ indi-
cate that the extent of the zone potentially undergoing mineral transformation is likely to remain
spatially limited (a few centimetres) for very long times (Section 6.5.3). The transformed buffer
may also, in reality, be impermeable and thus continue to limit mass transfer across the bufter/
rock interface significantly. Recommendations for continuing studies of iron/bentonite interac-
tion are given in /Wersin et al. 2007/. These include, from the experimental side, long-term
iron/bentonite interaction studies that include measurements of physical properties (swelling
pressure, hydraulic conductivity) and well-controlled diffusion experiments with Fe(Il). From
the modelling side, more detailed geochemical modelling is recommended.

Another source of uncertainty is the impact of Fe(II) from the corrosion of the insert of a failed
canister on the capacity of the buffer to sorb some radionuclides. Fe(II) could, in particular,
compete with the sorption of species such as Ni(Il) and Sr(Il), and weaken the barrier function
of the buffer with respect to Ni and Sr radionuclides. Iron corrosion products will themselves
sorb some radionuclides. The ultimate fate of these sorbed radionuclide is not, however, clear.
It is possible that changes in geochemical conditions and/or ageing and transformation of the
surfaces of the corrosion products could release sorbed radionuclides at a later time. This is also
particularly relevant in the case of Ni(Il).

There is generally assumed to be no significant interaction between hydrogen from the corro-
sion of steel and minerals in the buffer. This assumption, however, still awaits experimental
verification.

Materials such as titanium are being studied as possible alternatives for the supercontainer
shell and some other engineered stuctures in the drift. Long-term safety implications, such as
potential impact of these materials on the safety functions of the buffer, are being addressed in
further investigations.
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Effect of hydrogen gas on porewater chemistry

The presence of high hydrogen partial pressures due to the corrosion of the supercontainer shells
and the other steel components of a KBS-3H repository, may have an effect on the bentonite
porewater chemistry. The impact of hydrogen gas on the bentonite porewater chemistry has not
yet been fully evaluated. Various factors need to be considered, including acid-base equilibria
and the pH buffering capacity of bentonite, as well as the limited timeframe of hydrogen pro-
duction of several thousand years. The overall impacts, in particular any effects on the buffer,
should be taken into account in future studies.

Microbial activity

Microbial activity is expected to be suppressed in the highly compacted bentonite buffer and
decrease with time due to the increasing buffer swelling pressure. The criterion currently set for
negligible microbial activity to be assumed is that the swelling pressure should exceed 2MPa,
and this criterion is expected to be met throughout the bulk of the buffer. The highest value of
buffer density at which significant microbial activity can occur in compacted bentonite is an
issue currently under investigation by SKB.

Lower density bentonite and porous steel corrosion products may, however, be present near the
buffer/rock interface, and here there is a greater likelihood of active microbes. Microbial activity
together with hydrogen from the corrosion of steel repository components could lead to the
reduction of sulphate in the groundwater to sulphide, although the impact on canister lifetime is
also expected to be small (see scoping calculations in Appendix B.7). Furthermore, at Olkiluoto
there is a potential for microbial activity at the boundary between sulphate rich water and the
deeper, methane zone (Section 2.2.4). Although the impact on canister lifetime is also expected
to be limited because of the slow migration of microbially-produced sulphide through the bulk
of the buffer, this issue needs to be further evaluated, especially with respect to the transport rate
of methane and the kinetics of sulphate reduction in the rock.

Impact of cement and stray materials

Interactions involving cement and stray materials are subject to significant uncertainties
including lack of knowledge of the general mechanism of cement/bentonite interaction. Simple
mass balance calculations on the impact of alkaline leachates on bentonite have been performed,
but these excluded a number of phenomena, such as the precipitation/dissolution of secondary
minerals in bentonite. It is argued in Section 5.6.5 that the expected limited amounts of alkaline
leachates in the drift will not have significant adverse effects on the safety functions of the
canister, buffer or host rock, but this is likely to be the subject of further studies. Stray materials
present in the drifts could contain organic substances. As noted in Section 4.2.5, organic
substances or their degradation products could form complexes with radionuclides, which
would lower radionuclide sorption and thus increase radionuclide transport rates in the event

of canister failure and release of radionuclides. Currently, some adverse effects on the mass
transport properties of the buffer/rock interface cannot be excluded. The effects of highly alka-
line conditions on the solubilities of key elements also need to be assessed, although progress

is being made in other programmes dealing with cementitious systems for TRU disposal which
are collecting thermodynamic data for these elements at high pH conditions. This is an issue
currently being studied. Finally, studies are ongoing to assess the impact of cement additives,
e.g. superplasticisers, on radionuclide transport in the event of canister failure.

Evolution of a canister with an initial penetrating defect

There are many uncertainties in the internal evolution of a canister with an initial penetrating
defect, most of which can be treated in safety assessment calculations, e.g. using conservative
assumptions. It is possible that a better understanding of, for example, processes leading to
water ingress, fuel matrix dissolution and the establishment of a transport pathway from the
canister interior to the buffer could allow some of these uncertainties to be reduced.
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Buffer erosion by dilute glacial meltwater

There is currently no adequate quantitative understanding of buffer erosion following the
penetration of dilute glacial meltwater to repository depth (Section 7.4.7). The process is
modelled in SR-Can, but it is acknowledged that better understanding of the erosion process
could lead to models that yield either lower or higher buffer loss rates. This and the effect of
subsequent glaciations on the buffer are issues currently being investigated at SKB and Posiva.
Potentially significant coupled hydro-mechanical effects due to glaciations that could possibly
open fractures, including hydraulic jacking as well as a highly anisotropic stress field resulting
from deglaciation, as discussed in Section 9.4.5 of SR-Can Main report /SKB 2006a/, are also
issues for further work for both KBS-3H and KBS-3V.

Impact of earthquakes

The possibility of detecting fractures with the potential to undergo shear movements of 0.1 m
or greater in the event of a large earthquake, and of avoiding such fractures during repository
construction, has not yet been evaluated in detail. Furthermore, the cumulative effect of the
impact of many earthquakes over a prolonged period on the buffer and canisters is an issue for
further investigation (Section 7.4.5).

Thermally induced rock spalling

As noted in Section 5.4.5, pressures much smaller than the full buffer swelling pressure are
likely to be sufficient to suppress spalling. The pressure required is thought to be in the order
of 150 to 200 kPa, but is uncertain, and is likely to require further investigation. The use of
pellets to prevent spalling is being studied in the context of KBS-3V, and such measures may
also be considered in future KBS-3H design studies. Ongoing work by Posiva and SKB aims
to improve understanding of rock spalling processes, and to find means to reduce or prevent
spalling if necessary. For example, the possibility of excavation-induced rock spalling is being
further studied via the Prediction-Outcome studies currently underway in Posiva’s ONKALO
access ramp /Andersson et al. 2007/. Prior to the emplacement of spent fuel, alignment of the
deposition drifts with the direction of the principal stress in the rock should ensure that little or
no spalling will occur. However, the results of these studies should also provide a firmer basis
for predictions of which drift sections may undergo thermally-induced rock spalling subsequent
to spent fuel emplacement. This issue is of particular concern in the tightest drift sections,
where buffer swelling pressure on the drift wall takes longest to develop. Measures to reduce
or prevent thermally-induced rock spalling are also mentioned in the context of design issues
in Section 12.2.

12.2 Design issues

The present safety assessment was conducted while design development and associated labora-
tory testing was still underway. It was necessary to select a reference design for the assessment
(the Basic Design), even though there were uncertainties regarding the feasibility of implement-
ing this preliminary design in practice. The feasibility of implementing a given design is
assumed in safety assessment, and this assumption must be justified as part of any future safety
case. Ongoing design development that should improve the robustness of any future safety case
are also summarised below.

Avoidance of distance block displacement and deformation during early evolution

In the current reference design, the initial gaps between the distance blocks and adjoining
supercontainers are made small. If these gaps remain small, then, when the void space around
a supercontainer becomes water filled and the water pressure increases towards the hydrostatic
pressure at repository depth, this pressure is exerted only on narrow annuli around the outer
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perimeters of the vertical faces of the adjoining distance blocks, rather than on the full surface
areas of the faces. This is important since, if void space around a neighbouring supercontainer
is more slowly filled, then the resulting pressure difference across the separating distance block
could result in displacement of this distance block relative to the supercontainer. This could
increase the likelihood of piping along the distance block/host rock interface, and would affect
the final saturated density of the buffer in a manner that is not possible to predict.

Maintaining a small gap between the distance blocks and adjoining supercontainers is therefore
critical in the current reference design. In this design, steel fixing rings will be installed, where
necessary, to avoid displacement of the distance blocks prior to the installation of compartment
and drift end plugs. It has, however, recently been shown in modelling studies reported the Design
Description 2006 /Autio et al. 2007/ that deformation of the blocks may still occur due to hydrau-
lic pressure differences along the drift, which could lead to the adverse consequences described
above. Design alternatives that are less sensitive to these phenomena are being developed, includ-
ing the design variant termed DAWE (Drainage, Artificial Watering and air Evacuation). These
designs and the situations in which they might be implemented are likely to be further studied as
part of the repository design work.

Avoidance or limitation of thermally induced rock spalling

In the current reference design, significant thermally induced spalling could occur on a timescale
of a few years in relatively tight drift sections (wall rock hydraulic conductivity less than about
102ms™!). However, there are indications that pressures much smaller than the full buffer swell-
ing pressure are likely to be sufficient to suppress spalling. The pressure required is thought to be
in the order of 150 to 200 kPa, but is uncertain, and is likely to require further investigation. The
use of pellets to prevent spalling is being studied in the context of KBS-3V, and such measures
may also be considered in future KBS-3H design studies.

Possible alternative supercontainer materials

A concern with the use of steel in the supercontainer shell and some other engineered structures
in the drift is its possible detrimental impact on the physical properties of buffer (Section 12.1.4).
Very few relevant experimental studies are currently available and further studies to address the
processes involved and their impact on, for example, the swelling and hydraulic properties of
bentonite are being initiated. The findings of these studies will be balanced against the favourable
qualities of steel, such as the scavenging effects of its corrosion products on sulphide and oxygen,
in deciding whether or not steel remains a suitable candidate material for the supercontainer shell.

As a complement to these studies, materials such as titanium are being studied as possible alter-
natives to steel, since they avoid the complex evolution and uncertainties associated with iron/
bentonite interaction at the buffer/rock interface. A preliminary evaluation of the safety implica-
tions of using alternative materials has been made /SKB/Posiva 2008/ and the conclusion is that
titanium is expected to have a very low reactivity with bentonite andits corrosion rates is lower
than that for steel. Nevertheless, the long-term safety implications of these materials, such as their
potential impact on the safety functions of the buffer, still need to be more thoroughly addressed.

Layout to avoid potentially problematic fractures

Shear movements on rock fractures sufficient to damage the canisters in the event of a large
earthquake are only possible on fractures above a certain size. In SR-Can, the calculated prob-
ability of canister failure is significantly reduced by assuming that the Expanded Full Perimeter
Criterion (EFPC) is applied, whereby large fractures intersecting both the full perimeter of a
KBS-3V deposition tunnel and the deposition hole are assumed to be readily observable and
avoided /Munier 2006/. It is uncertain, however, whether or not a similar line of reasoning can
be applied to a KBS-3H repository, without rendering a large proportion of the drift unusable.
Thus, no criterion similar to the EFPC is applied in the calculation of the likelihood of canister
damage, although this remains an issue for further study.
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Appendix A

The DAWE design variant

A1 Design description

The DAWE design variant is intended to limit the possibility of buffer erosion by water flow
and of mechanical displacement of the supercontainers and distance blocks during the opera-
tional period, while allowing the emplacement canisters and buffer in drift sections that would
be excluded in the current reference design (referred to as Basic Design, as described in the
KBS-3H Design Description 2006, /Autio et al. 2007/). The DAWE design variant is described
in Chapter 6 of the Design Description 2006 and is summarised below.

The general approach is to drain the drift of water during operations and then to use artificial
watering to accelerate and make more uniform the swelling of the distance blocks and satura-
tion of the void spaces around the supercontainers. Hydraulic pressure differences between
neighbouring drift sections that could potentially lead to buffer erosion by water flow and to
mechanical displacement of the supercontainers and distance blocks are thus prevented during
the operational period of a drift compartment. Furthermore, although hydraulic pressure dif-
ferences may still develop between drift sections, the fact that they are water filled means that
tighter drift sections do not provide sink volumes for potential water flow from less tight drift
sections, at least for an initial period following artificial wetting and air evacuation.

As in the current reference design, fractures that could give rise to significant water inflows will
be avoided as canister and buffer emplacement locations. Nevertheless, the criteria for transmis-
sive fractures that must be avoided are expected to be less stringent for DAWE compared

with the current reference design. Criteria will need to take account of the possibility to drain
potentially large water inflows along the drift without perturbing the buffer and the possibility
of internal erosion of the buffer after drift closure.

The drainage of inflowing water along the floor of the drift during operations is achieved by
inclining the drift towards its entrance. There is a design gap of 37.5-42.5 mm between the
distance blocks and the drift walls, which is larger than in the current reference design and
should prevent any contact with the water flowing along the bottom of the drift. Drainage of
inflowing water along the drift floor is expected to continue until the drift or drift compartment
is plugged. Following sealing of a compartment, artificial watering takes place simultaneously
with evacuation of air to avoid gas pressurisation. Steel pipes along the surface of the drift are
used for watering and air evacuation. The sides of the drift are the preferred position for water-
ing pipes to avoid possible damage during operations.

Nozzles in the watering pipes are distributed along the drift in each supercontainer section to
ensure uniform inflow and minimise any axial water flow in the drift that could give rise to
bentonite erosion. Water is not directly injected in the sections where the distance blocks are
positioned, again to avoid possible erosion.

The watering time is expected to be about 10 hours at most. The flows of water and air during
the watering period are illustrated in Figure A-1. It should be noted that only about one third of
the total void space (including bentonite pores) will be filled with water in this way, the remain-
ing voids being more slowly saturated. The system remains, therefore, in a partially saturated
state even after artificial watering. All supercontainer sections will be filled simultaneously to
avoid axial water flows that could give rise to bentonite erosion and redistribution along the
drift.

For the DAWE design option to be acceptable, it must be convincingly shown that the pipes
used for artificial wetting and drainage can be successfully removed following the injection of
water and evacuation of air. It is likely to be difficult or impossible to exclude the formation of
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Figure A-1. The flows of water and air during the watering period.

preferential transport pathways if this is not the case. Bentonite mud will be pumped in the drift
if necessary to fill the open volume left by the pipes during removal. Pipe removal demonstra-
tion work at the Aspé Hard Rock Laboratory in Sweden is ongoing.

The drift design, supercontainer design and the length of the distance blocks are the same as in
the current reference design. The isolation of unsuitable drift sections by compartment plugs,
the sealing of the drift using a drift end plug, and the use of filling blocks similar to the current
reference design, although the criteria for defining unsuitable drift sections for canister and
buffer emplacement may be somewhat relaxed. Furthermore, the compartment plugs used in
the DAWE design variant will be equipped with lead-throughs, valves and collar seals for the
wetting and air evacuation pipes, and also for possible drainage.

The operational procedure for implementing the DAWE design variant is given in Box A-1.
The overall operational period for a drift is likely to be about a month.

A.2 Evolution in the operational period

During the operational period, water flowing into the drift will migrate around the drift walls
to the drift floor, along which it will drain due to the drift inclination. Swelling of the distance
blocks during the operational period is likely to be limited and controlled by vapour transport
rate in air. The initial water content of the distance blocks (21% by weight) is sufficiently high
that no cracking of the blocks is expected during this period (see Appendix K in /Autio et al.
2007/). In the case of the lower initial water content bentonite blocks inside the supercontain-
ers, experimental studies have shown humidity-induced cracking after about 3 months — see
Appendix L of /Autio et al. 2007/. Thus, the operational period could, if needed, be extended,
but to no more than about a couple of months if the danger that cracking and breaking away of
pieces of the distance blocks will interfere with drift drainage is to be avoided.

A3 Artificial wetting and air evacuation and subsequent evolution

As in the current reference design, saturation of the buffer due to the inflow of groundwater to
the drift will continue over a prolonged period following plugging of the drift or drift compart-
ment, and will be strongly affected by the heterogeneity of the surrounding rock.

Following plugging of a compartment (or the installation of the drift end plug in the case of

the final compartment in a drift) artificial filling with water (wetting) of the gaps around the
distance blocks and supercontainers will force air towards the higher, closed end of the compart-
ment, from where it will be evacuated. The piping used for artificial wetting and air evacuation
will then be removed and the compartment plugged.

The water pressure in the gaps around the supercontainers and distance blocks will increase
towards the hydrostatic pressure, being hydraulically connected to transmissive fractures inter-
secting the drift. This hydraulic connection is likely to last for a few days, until it is interrupted
by the sealing of the gaps around the distance blocks as the distance blocks absorb water and
swell.
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Box A-1 The operational procedure for implementing the DAWE design variant in
a single compartment

* Planning of drift specific implementation and definition of positions for design
components (e.g. supercontainers, distance blocks, plugs). The positions of compartment
borders and of each component are determined before operation starts.

* Preparatory rock works (e.g. installation of drip shields, excavation of grooves and
notches). Preparation of positions for steel plugs.

» Installation of attachments to systems and steel structures (mainly steel plugs).

» Installation of drainage, air evacuation and artificial watering systems for the deposition
compartment.

*  Emplacement of distance blocks, supercontainers and other design components to one
compartment. The estimated longest time for this step is 5 days.

*  When all supercontainers and other components have been installed in the drift the
necessary auxiliary systems (drainage mat etc) are removed. The estimated longest time
for this step is one shift (7 hours).

* The collar of compartment steel plug with necessary cuffs and lead-throughs is inserted.
The estimated longest time for this step is one shift.

* Necessary pipes are extended through the cuffs and lead-throughs. The estimated longest
time for this step is one shift.

e The compartment plug is installed. The estimated longest time for this and the following
step is one shift.

* The free space behind the plug is filled (see Figure 2-11).

* The air evacuation pipe and watering pipes are connected to relevant systems and the
function is checked.

* The watering and air evacuations start. The estimated longest time for this and the
previous step is two shifts.

*  When the drift is filled (water comes from air evacuation pipe) the pipes are removed
through cuffs and necessary supporting measures are taken (e.g. shutting of valves etc).

*  When the drift is plugged and sealed and all system parts are removed, the deposition
compartment operation is completed.

As long as no hydraulic gradient exists along the drift, there will be no possibility of piping and
erosion. In drift sections intersected by sufficiently transmissive fractures, the injected water
taken up by the buffer inside the supercontainers will be replaced by inflow from the rock, and
a hydraulic pressure close to the hydrostatic pressure will be maintained within the gaps around
the supercontainers. Saturation and buffer swelling will then proceed as in the case of the cur-
rent reference design in less tight drift sections. In tighter drift sections, however, the artificially
injected water taken up by the buffer may not be replaced at an equal rate by inflow from the
rock, and, in such cases, the hydraulic pressure in the gaps will fall. Because of the size of the
gap between the distance blocks and the rock surface in the DAWE design variant, it is uncer-
tain whether a swelling pressure will be exerted on the drift wall before all the injected water is
taken up by the buffer. Furthermore, even if a swelling pressure is developed, this may decrease
as water infiltrates into the buffer at a rate faster than water is supplied from the host rock. This
behaviour is suggested by preliminary unpublished results from a small-scale laboratory test
carried out in support of the Large Scale Gas Injection Test (LASGIT) project at the Aspd Hard
Rock Laboratory. The test showed that bentonite swelled initially, but after some time the swell-
ing pressure decreased and, when the test cell was opened, the bentonite had desiccated and

175



shrinkage cracking was observed. Although the test was performed on small-scale samples with
no heating, and although the observed cracking may have been affected by the stress release
caused by opening the test chamber, the observation of cracking suggests that the process may
also be of concern at a larger, repository scale, and requires investigation.

As the buffer takes up water, some air in the buffer pore spaces may be displaced, opening up
gaps at the distance block/rock interface and accumulating at the top of the gaps around the
supercontainers. The potential for transient water flows between wet and tight drift sections
sufficient to cause significant buffer erosion, or for hydraulic and swelling pressure differences
to cause significant mechanical displacement of supercontainers and distance blocks, will,
however, remain low for the reasons discussed in the context of the current reference design

in Sections 5.5.3 and 5.5.4. Saturation and buffer swelling will thus proceed as in the current
reference design in the tighter and tightest drift sections.

A.4 Rock spalling

The LASGIT results also indicate that, in spite of the observed desiccation and shrinkage
cracking, the buffer will continue to exert a swelling pressure on the drift wall. It is currently
uncertain whether or not this is sufficiently large to prevent thermally-induced rock spalling (as
noted in Section 5.4.5, pressures as low as around 150 to 200 kPa may be sufficient to suppress
spalling). If spalling were to occur in a repository based on the DAWE design, it could conceiv-
ably affect several successive supercontainer and distance block sections, creating flow and
transport pathways along the drift. In the current reference design, it is likely to affect only the
supercontainer sections, because of the small gap between the distance blocks and the drift wall
in the “tight” distance block components, which would readily be filled by humidity-induced
buffer swelling, so that continuous pathways along the drift are not expected.

A.5 The final saturated state

The final saturated state of the buffer should, in most respects, be identical for the current refer-
ence design and for DAWE. Since, however, DAWE is designed to reduce the possible adverse
effects of emplacing supercontainers and distance blocks in drift sections intersected by trans-
missive fractures that, in the current reference design, must be avoided by compartmentalising
the drift, the final saturated state may differ in that there may be more compartments separated
by plugged drift sections in the case of the current reference design compared with DAWE.
Furthermore, as noted in Section A.4, the extent of drift sections affected by thermally-induced
rock spalling may also differ between the two designs.

References for Appendix A

Autio J, Borgesson L, Sandén T, Ronnqvist P-E, Johansson E, Hagros A, Eriksson M,
Berghiill J, Kotola R, Parkkinen I, 2007. KBS-3H Design Description 2006. Posiva
Working Report 2007-105 and SKB R-08-32. Posiva Oy, Olkiluoto, Finland and

Svensk Kérnbrénslehantering AB, Sweden.
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Appendix B

Scoping calculations

B.1 Types of scoping calculations and input data

This appendix describes various scoping calculations that have been carried out (i), to provide
feedback from long-term safety considerations to design, and (ii), to develop a tentative
quantitative understanding of certain key aspects of the evolution of a KBS-3H repository at
Olkiluoto. In the first category are calculations addressing the implications for long-term safety
of the:

* hydraulic properties of fractures intersecting the drift at canister and buffer emplacement
locations (Section B.2);

since these calculations indicate which fractures would ideally be avoided at canister and buffer
emplacement locations, because of long-term safety considerations.

In the second category are calculations addressing:

* saturation of tight drift sections adjacent to more permeable sections (Section B.3);
» processes leading to loss or redistribution of buffer mass (Section B.4);

» numbers of canisters potentially affected by a post-glacial earthquake (Section B.5);
* impact of limited availability of water on steel corrosion rates (Section B.6);

» impact of uncertainties in the generation and transport of sulphide on canister lifetime
(Sections B.7 and B.8).

Many of the calculations are also presented in the Process Report /Gribi et al. 2007/.

Input parameter values, their use in the scoping calculations and their derivation or origin in
this and other reports are presented in Tables B.1-1 to B.1-5. These are data extracted from
Appendix A of the Process Report, along with specifically added data for these calculations
given in Table B.1-4 and B.1-5. Data used in this report are based on the preliminary informa-
tion available at the time of report writing (2006-2007). Input data were selected on the basis of
the KBS-3H Design Description 2006 /Autio et al. 2007/, laboratory data, field data, modelling
calculations, and, in some cases, expert judgment. A generic report on data, models, codes,

and databases that will apply both to KBS-3V and KBS-3H will be produced at a later time.

It should be noted that there are uncertainties and variabilities in some of the parameter values
(e.g. the buffer block radius inside a supercontainer). These are too small to have a significant
impact on the calculations, and only reference values are shown in the tables. Engineering
tolerances for the drift and for the supercontainer components are also given in Appendix A

of the Process Report.
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Table B.1-1. Parameters describing near-field geometry and quantities of materials.

Parameter Symbol  Value Source Usage
Number of canisters in repository N, Approximately /Saanio et al. 2004/  App. B.5
3,000
Drift diameter 2n 1.850 m /Bérgesson et al. App. B.2,B.3,B.4,B.7
2005/
Distance block length p 5475 m /Autio et al. 2007/ App.B.3,B.4,B.5
(see note 1)
Length of supercontainer Is 5.525m /Johansson et al. App. B.3,B.4,B.5,B.6
2007/
Combined length of buffer ring I 4810 m - App. B.3, B.6
blocks within a supercontainer
Combined length of buffer end leb 0.7m /Borgesson et al. App. B.3, B.6
blocks within a supercontainer 2005/
Buffer block diameter within 2rs 1.739 m /Autio et al. 2007/ App. B.3, B.6
a supercontainer
External diameter of 2rso 1.765m /Borgesson et al. App. B.4,B.6
supercontainer 2005/
Internal diameter of 2rs; 1.749 m /Borgesson et al. App. B.4,B.6
supercontainer 2005/
Thickness of end plates ts 8x10°m /Autio et al. 2007/ App. B.4
Degree of perforation of Z 62% /Borgesson et al. App. B.4
supercontainer walls 2005, Autio et al.
(end plates not perforated) 2007/
Void volume within and around Vioid 1.5md /Autio 2007/ App. B.3
supercontainers (see note 2)
Supercontainer surface area Fo ~40m? /Autio et al. 2007/ App. B.6
(see note 3)
Supercontainer shell mass Ms; 1,071 kg /Autio et al. 2007/ App. B.4
(incl. feet)
External diameter of canister 2r, 1.05m /Raiko 2005/ App.B.2,B.4,B.5
Length of canister I 4.8m /Raiko 2005/ App.B.4,B.5,B.7
(see note 4)
Thickness of copper canister shell d 0.05m /Raiko 2005/ App. B.2,B.7
Mass of iron and steel in canister  Mjyse 13.4 x 10% kg Table 4-2 App. B.4
(see note 4)
Canister internal void space V canvoid 0.95 m? Table 4-2 App. B.4
(see note 4)
Drift separation s 25m /Johansson et al. App. B.4

2007/

Notes

1. The distance block is composed of a “tight” component 1 m in length and a 4.475 m long “loose component

/Autio et al. 2007/.

”

2. Void space inside and outside supercontainer excluding unsaturated buffer pores and spaces within and

around adjacent distance blocks.

3. 35.73 m? internal + external surface area + feet; 41.52 m? internal + external surface area + hole edges.

4. Data are for BWR-type fuel and canisters (Olkiluoto 1-2).
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Table B.1-2. Parameters describing physical properties of the buffer.

Parameter Symbol Value Source Usage
Initial water content of Wiy 10% by weight /Borgesson et al. App. B.3, B.6
buffer ring blocks within a 2005/
supercontainer
Initial dry density of buffer ring o, 1,885 kg m® /Autio et al. 2007/ App. B.3, B.6
blocks within a supercontainer
Initial water content of end Wep 10% by weight /Autio et al. 2007/ App. B.3, B.6
blocks within a supercontainer
Initial dry density of bufferend . 1,753 kg m /Autio et al. 2007/ App. B.3, B.6
blocks within a supercontainer
Saturated buffer porosity £ 0.44 /Autio et al. 2007/ App. B.3
Effective diffusion coefficient of D, 10" m?2 s SR-Can App. B.2,B.7
anions in the saturated buffer (Table A-11 of

/SKB 2006b/)
Coefficient used to model D 10°to 3 x 10" m? s=' See discussion in App. B.3
buffer saturation App. B.3
Hydraulic conductivity of Ks 10 to 10 m s’ SR-Can App. B.3
saturated buffer (Figure 4-8 of

/SKB 2006a/;

see note 1)
Density of saturated buffer Po 2,000 kg m-® /Autio et al. 2007/ App. B.4
Bentonite mineral density Ps 2,750 kg m Section 4.2.8 in App. B.3, B.6

/SKB 2006a/

Notes

1. Figure gives hydraulic conductivity as a function of dry density. A saturated density of 2,000 kg m-2
corresponds to a dry density of about 1,570 kg m= (Section 4.2.8 in /SKB 2006a/).
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Table B.1-3. Parameters describing physical properties of the host rock.

Parameter Symbol Value Source Usage

Max. hydraulic conductivity of  Kepz 3x10"2 ms™’ See note 1, below App. B.3
EDz

Max. pressure differences AP 4 x 10° Pa /Lanyon and App. B.2,B.3
along drift, or between the Marschall 2006/

drift and the undisturbed rock,
during saturation

EDZ thickness tepz 2.3x102m App. D of /Johnson App. B.3
et al. 2005/; see
note 2, below

Hydraulic length (from drift to In 50 /Lanyon and App. B.2
nearest major fracture zone) Marschall 2006/,

see note 3
Undisturbed hydraulic gradient i 0.01 /L6fman 1999/ App. B.2
Max. radius of fractures that are 1., 500 m /Hedin 2005/ App. B.5
assumed to escape detection
Critical shear displacementat  dcx 0.1m Section 7.4.5 App. B.5
canister position
Constant in fracture radius/ b 0.001 /Hedin 2005/ App. B.5
displacement relationship
(Eq. B.5-3)
Notes

1. /Johnson et al. 2005/, Appendix C, gives the average intrinsic permeability of the EDZ as 3 x 10-* m2. The
permeability was measured in a full-scale experiment at the Olkiluoto Research Tunnel under fully gas-saturated
conditions. Taking this value as an upper bound for the transport of water in the EDZ, the maximal hydraulic
conductivity of the EDZ is 3 x 10-'2 m s~'. EDZ properties at repository depth are, however, highly uncertain at
present.

2. Combined thickness of crushed zone (0—4 mm from wall), microfractured zone (4—9 mm) and zone of minor
damage (9-23 mm).

3. Assumed distance to constant head hydrostatic boundary in discrete fracture network modelling.

Table B.1-4. Fracture network data used in Appendix B.5 (orientation and size distribution
parameters from /Poteri 2001/; fracture intensity adjusted to account only for open frac-
tures, following /La Pointe and Hermanson 2002/).

Set Orientation parameters Size distribution parameters Intensity
Mean pole Dispersion k Exponent k Min. radius r, Ps,
plunge 6,
(in degrees)
Horizontal 70 6.9 2.50 0.53m 0.0480 m™
N-NW 2 16 2.72 0.59m 0.0109 m~"
E-NE 17 2 2.66 0.58 m 0.0262 m~!
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Table B.1-5. Further miscellaneous parameters used in scoping calculations.

Parameter Symbol Value Source Usage
Gravitational acceleration g 9.81 ms2 - App. B.2,B.3
Density of water Pw 1,000 kg m= - App.B.2,B.3,B.6
Viscosity of water u 102 Pas - App. B.2
Diffusion coefficients of ions D, 2x10°m?s™ - App. B.2, B.7
in free water
Diffusion coefficient for eroded D, 2x10°m?s™ Conservatively App. B.2
bentonite particles in water set equal to D,
Effective vapour diffusion D, 2.6x107""m? s For partly App. B.6
constant in partly desaturated saturated rock,
rock matrix see note 1, below

10° m? s~ For unsaturated

buffer

Density of copper Pe 8,900 kg m - App. B.2,B.7
Density of iron/steel Pre 7,800 kg m - App. B.4, B.6
Molar weight of copper N, 64 g mol™' - App. B.2,B.7
Molar weight of sulphide Ns 33 g mol™’ - App. B.2,B.7
(bisulphide anions)
Molar weight of water N, 18 g mol~' - App. B.6
Molar weight of iron Nee 56 g mol™’ - App. B.6, B.7
Constant in the aperture/ c 2572 /Lanyon and App. B.2
transmissivity relationship Marschall 2006/
(Eq. B.2-2)
Maximum bentonite mass Crnax 50 kg m= /SKB 2006a/; see App.B.2,B.4
assumed to be carried as also note 2, below
particles by flowing water
Factor for uneven corrosion Clocal 50 See note 3, below App. B.2, B.7
of copper (Eq. B.2-6)
Steel corrosion rate R 10°ma’ /Smart et al. 2004/ App. B.6
Universal gas constant R, 8.3145 J K" mol~' - App. B.6

Notes
1. For fully gas saturated conditions, see /Johnson et al. 2005/, p. 149.

2. This corresponds to a total suspended solids ratio (weight ratio bentonite/suspension) of 5%. Weight
ratios have been measured experimentally for MX-80 bentonite and found to be in the range 0.1-1%
(see Section 4.5.2, /Bbrgesson et al. 2005/). 5% is thus a pessimistic value, outside the measured range.

3. A lower value of 5 was used in earlier studies in Finland (p. 94 of /Vieno et al. 1992/). A higher and more
conservative value is, however, consistent with current understanding, as described, for example, in SR-Can,
where a factor of about 35 is used.

B.2 Hydraulic properties of fractures intersecting a drift at canister and

buffer emplacement locations
Introduction

In determining where along a deposition drift canisters and buffer can be emplaced, a key
consideration is the avoidance of significant buffer loss or redistribution by piping and erosion
phenomena during saturation. The potential for transient water flows to cause piping and
erosion is described in Section 5.5.6. There, it is noted that laboratory and modelling studies
indicate that, for the current reference design, piping will not occur provided the inflow rate to a
supercontainer drift section comprising a supercontainer plus a distance block during saturation
is 0.1 litres per minute or less, and provided there is no significant deformation and displace-
ment of the distance blocks relative to the supercontainers (this is an issue addressed on ongoing
design developments).
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There are, however, considerations related to the evolution of the repository subsequent to
saturation that also have a bearing on the suitability of particular drift sections as emplacement
locations. In particular, it is at least desirable that any flow through the intersecting fractures be
such that:

* there is no significant long-term erosion of the buffer by flowing water that could affect its
barrier function;

 the rate at which species with the potential to corrode the copper shell of the canister can
migrate from the rock via the buffer to the canister surface does not lead to an unacceptable
rate of loss of copper coverage, and hence early canister failure by corrosion; and

» the rock provides an effective barrier to the transport of released radionuclides in the event
of canister failure.

It is also clearly desirable that canister positions are not intersected by fractures capable of
undergoing potentially damaging slip as a result of large earthquakes. The buffer is expected to
protect the canisters from shear displacements smaller than 0.1 m. The issue of potential larger
shear movements caused by large, post-glacial earthquakes is discussed in Section 7.4.5.

The rate of groundwater inflow to the drift during saturation is related to the transmissivity
and frequency of fractures intersecting the drift. Hence, it is also related to the long-term flow
subsequent to saturation (the relationship is, however, complicated by a number of factors
mentioned in Section 2.2.7 and also below). The purpose of the scoping calculations presented
below is to discuss how design requirements related to the saturation period and, in particular,
the requirement that inflow is 0.1 litres per minute or less, compare to desirable properties
related to the post-closure evolution and performance of the repository.

The calculations assume that the system is implemented as planned. Perturbing features and
processes, such as the presence of initial defects in the canisters, poor emplacement of the
buffer and the possibility of processes that could disturb the buffer/rock interface (rock spalling
and iron/bentonite interaction, cement-bentonite interaction) are assumed to be of negligible
importance or avoided by design. Such features and processes are, however, taken into account
in the overall description of system evolution in the main part of this report. The specific issue
of the impact of disturbances to the buffer/rock interface on canister lifetime is also addressed in
the scoping calculations presented in Appendices B.8 and B.9.

Hydrodynamic relationships and assumptions
Inflow and transmissivity

Assuming that saturation in a drift section occurs principally due to radial inflow from the rock
(rather than water migration parallel to the drift), a relationship between fracture transmissivity
and the rate at which a drift section saturates with water in the early phase of evolution may

be obtained from Darcy’s law in a radial configuration (Thiem’s equation). Assuming that n
fractures intersect the section:

(Eq. B.2-1)
iy ln(l I )Z

with:

O inflow from the n intersecting fractures [m* s']

T;  fracture transmissivity [m? s™']

AP magnitude of the maximum hydraulic pressure difference between the drift and the
undisturbed rock during saturation [Pa] (Table B.1-3)

[, hydraulic length (from drift to nearest major fracture zone) [m] (assumed to be 50 m,
Table B.1-3)

7, drift radius [m] (Table B.1-1).
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According to this equation, a single fracture with a transmissivity 3 x 10 m? s™! will deliver an
initial inflow of about 0.1 litres per minute, which is currently taken to be the maximum allow-
able value if the possibility of piping and erosion is to be avoided.

As noted in Section 2.2.7, there are other factors that may affect the initial inflow from transmis-
sive fractures such that fractures with transmissivities above 3 x 10 m?s™! could potentially
give initial inflows of less than 0.1 litres per minute. Firstly, it may be possible to reduce the
initial inflow through some larger aperture fractures by injecting grout, such that significant
piping and erosion do not occur during the operational period and subsequent buffer saturation,
but this grout is likely to become degraded and ineffective in reducing flow in the longer term
(in view of current uncertainties in the performance of any grout, an inflow of less than 0.1 litres
per minute prior to grouting is used as a criterion for a drift section to be suitable for the
emplacement of canisters and buffer in deriving a preliminary repository layout). Furthermore,
initial inflows may also be reduced by drawdown of the water table, which will give a reduction
in the hydrostatic pressure at repository depth, by the impact of other open repository tunnels
and drifts, and potentially by mineral precipitation and degassing in the fracture. These are gen-
erally transient effects which do not affect flow in the longer term, once the drifts are saturated.
Finally, inflow is determined not only by the hydraulic properties of fractures intersecting the
drift, but also by those of other connected fractures in the wider fracture network.

The impact of fracture network effects on the initial rate of inflow to a drift at canister and
buffer emplacement locations is illustrated by the results of the discrete fracture network (DFN)
modelling of /Lanyon and Marschall 2006/. Lanyon and Marschall constructed a series of model
variants in which one or more KBS-3H drifts were positioned within a network of deterministi-
cally positioned major fracture zones and stochastically generated local fracture zones and
discrete water-conducting fractures in the background rock, each with a distribution of transmis-
sivities based on field measurements at Olkiluoto. Based on the above consideration of Thiem’s
equation, fractures intersecting the drift with transmissivities above about 3 x 10 m? s™' were
considered unsuitable as supercontainer and distance block emplacement locations, but were
rather assumed to be sealed using filling blocks or compartment seals. Flow simulations were
carried out in order to evaluate, among other issues, the time to fill the supercontainer gap
volumes (assumed to be 1.38 m?). From these times, the inflow rates to drift sections contain-
ing supercontainers, which are intersected by one or more fractures with transmissivities of

3 x 10 m? s! or less can be evaluated (Table B.2-1).

In none of the simulations did the inflow rate to the gap around a supercontainer exceed about
0.05 litres per minute, implying a 0.1 litre per minute maximum inflow rate to a drift section
containing a supercontainer plus distance block. In most cases, inflow was significantly less
than this. This indicates that the initial inflow criterion of 0.1 litres per minute might be satisfied
if it were possible to exclude fractures with transmissivities above 3 x 10~ m? s™! at super-
container and distance block locations. It does not, however, necessarily show that avoiding
locations with inflows greater than 0.1 litres per minute will ensure that there are no intersecting
fractures with transmissivities greater than 3 x 10~ m? s”'. In practice, characterisation of
fractures intersecting the drift is likely to be based largely on observations made at the drift
wall, including inflow. It must further be kept in mind that the impact of repository excavation
on the hydrostatic pressure around the drift, and hence on inflow, was not been considered in
the model used to generate Table B.2-1. Nor have the possibilities of mineral precipitation and
degassing reducing initial inflow been considered. All these issues require further investigation.
Thus, the possibility that, in reality, some higher transmissivity fractures are present must be
acknowledged.

3¢ The inflow rate will, in reality, decrease with time as the gap is filled and the pressures of the fluids

(water and air) inside the gap increase. The storage model used in the calculations was, however, set
up in such as way that this decrease was small (high compressibility while the gap volumes are being
filled).
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Table B.2-1. Inflow rates to the gap around a supercontainer calculated for four single drift
models (derived from Table 5-6 in /Lanyon and Marschall 2006/).

Drift Number of Number intersected Inflow rate [litres per minute]
supercontainers by features in model  Max. Av. Min.
WO01T01 23 6 0.048 0.015 0.009
WO01T12 25 9 0.019 0.006 0.003
WO01T22 19 5 0.025 0.011 0.005
WO01T23 17 4 0.022 0.017 0.007

In the following sections and in the majority of radionuclide transport calculations in the safety
assessment /Smith et al. 2007/, the flow around a deposition drift is calculated based on the
assumption that the drift section containing the canister under consideration is intersected by

a fracture with a transmissivity of 3 x 10® m?s!. This is viewed as a moderately pessimistic
assumption, but is not necessarily the “worst case”. Intersection of the drift by a higher trans-
missivity fracture at the location of a failed canister is, however, considered in some variant
cases in radionuclide transport calculations.

Transmissivity and aperture

Fracture transmissivity and aperture are clearly related, although the form of the relationship
depends on the geometry of the fracture (the presence of constrictions, etc). For the purposes of
this appendix and in the radionuclide transport calculations in the safety assessment /Smith et al.
2007/, following /Lanyon and Marschall 2006/, it is assumed that the fracture half-aperture b,
[m] is related to transmissivity via the equation:

b, = E (Eq. B.2-2)
2¢

where ¢[s7?] is a constant (Table B.1-5).

Flow around a deposition drift

In the following sections, it is assumed that a fracture (transmissivity 3 x 10 m?s™!) intersects
the drift at a canister location with the fracture plane perpendicular to the drift and aligned with
the regional hydraulic gradient of 0.01 (Table B.1-3). In reality, more than one fracture may
intersect a drift section, which will tend to increase overall flow, whereas flow will tend to be
reduced by the dip of the fractures with respect to the regional gradient. Furthermore, fractures
that will intersect the drift at a range of angles and other connected fractures will have a perturb-
ing effect on the flow. These effects are again illustrated in the DFN modelling of /Lanyon and
Marschall 2006/, where DFN models variants with different cut-off transmissivities are used to
evaluate the flow into and out of a cylindrical volume of rock around a drift element containing
a supercontainer, with its outer surface 0.5 m from the drift wall (1.425 m from the drift centre
line). Values obtained by Lanyon and Marshall vary significantly between drift sections, but are
never more than 4 x 10" m* s (Table B.2-2). A single 3 x 10" m*s™! fracture aligned with the
regional gradient and with the fracture plane perpendicular to the drift axis would give rise to

a similar flow of ~ 4 x 10~" m? s'into and out of this cylindrical volume (3 x 10 m?s™' x 0.01
x 2 x 0.66 m) ¥'. It is therefore concluded that basing the flow around a deposition drift on a

37 The solution of Darcy’s Law for flow around an impermeable circular drift shows that the fluid

velocity in a fracture along a line passing through the drift centre and normal to the flow direction

is v = V(1+r2r?) for r > r,, where r is distance from the drift centre, 7, is drift radius and ¥ is the
undisturbed water velocity at large distances from the drift. By integrating v with respect to » between
r=r,and r =r,+ 0.5 m, it can be shown that, because of distortion of the flow by the drift, the flow
passing through the cylindrical volume is equivalent to the flow passing through a fracture of width

2 % 0.66 m in the undisturbed rock.
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Table B.2-2. Flows across supercontainers calculated from steady state DFN flow models
for two model drifts (after Table B-1 in /Lanyon and Marschall 2006/).

Drift Model transmissivity =~ Supercontainers  Flow [x 10" m? s~]
cut-off [m? s7] not intersected

Max. Av.

WO01T01 10-1° 15 4 1.5

WO01TO01 10~ 1 4 0.6

WO01T02 10-1° 14 5 0.2

single fracture with the properties described above represents a reasonable assumption in safety
assessment.

Buffer erosion

The swelling pressure of the buffer of a KBS-3H repository following saturation may be
sufficient to cause bentonite to be extruded into open fractures intersecting the drift. The
advancing clay front will be composed of a soft clay gel, which may potentially be eroded
by flowing groundwater. There are two broad ways in which this might happen:

* mechanical erosion, in which the viscous force exerted by the flowing water on the particles
of the clay gel exceeds the average particle bond strength; and

* chemical erosion, in which the concentration of cations in solution at the gel/water interface
falls below the value required to maintain the stability of the gel (e.g. as a result of the
penetration of dilute waters to repository depth in association with glaciation).

Either of these mechanisms may in principle cause the gel to break up and disperse in the form
of colloids. They are discussed in turn below.

Mechanical erosion

The shear stress (traction) exerted by a laminar flow through a fracture on the buffer, 7 [Pa], is
given by Newton’s law of viscosity:

i=pt ;’_; (Eq. B.2-3)

where v [ms'] is the groundwater velocity in the fracture, averaged across its aperture, y [m]
is normal distance from the buffer/rock interface and u [Pa.s] is the viscosity of water (about
107 Pa.s). The influence of the interface on the water velocity in the fracture extends to a
distance of a few fracture apertures from the interface /Liu and Neretnieks 2006/. The velocity
gradient perpendicular to the buffer/rock interface is therefore of the order:

av _v (Eq. B.2-4)
dy b,

Considering a single fracture intersecting the deposition drift, and neglecting the distortion in
the streamlines caused by the cylindrical shapes of the buffer, the groundwater velocity in the
fracture away from the influence of the interface is given by:

T-i,
2b

v

y= (Eq. B.2-5)

where i, is hydraulic gradient (0.01 — Table B.1-3).
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From Eq. B.2-3 to B.2-5:

uTi,
T= Eq. B.2-6
2b; (Fa )

If a fracture intersecting the drift at supercontainer and distance block emplacement locations

is assumed to have a transmissivity of 3 x 10~ m? s™!, then, according to Eq. B.2-2, the fracture
half-aperture is in the order of 10 m. For a hydraulic gradient of 0.01, Eq. B.2-6 gives a shear
stress in the order of 10~ Pa. In practice, the fracture aperture is likely to vary locally around
the buffer/rock interface, giving some corresponding variability in the shear stress, which may
be higher or lower than the 10 Pa indicated above. However, while a locally smaller aperture
will, according to Eq. B.2-6, give rise to a higher shear stress, this does not take account of the
mitigating effect of channelling — i.e. flow will tend to be channelled around any local constrict-
tions, offsetting to some extent the effect of the smaller aperture on shear stress.

The typical Bingham yield stress of the gel front is strongly dependent on the composition of
the clay and ionic strength of the water, but a review of experimentally determined values by
/Liu and Neretnieks 2006/ indicates that 1.0 Pa may be taken as a conservative estimate of the
minimum shear stress required for mechanical erosion. The expected shear maximum stress

is around four orders of magnitude smaller than this once the influence of transient pressure
gradients associated with repository saturation has passed, which implies that no mechanical
erosion will occur once the repository is saturated, in spite of the uncertainties noted above asso-
ciated with the variability of aperture, the effects of channelling and the possibility that fractures
with transmissivities greater than 3 x 10~ m? s! will intersect the drift at canister and buffer
emplacement locations. Some limited erosion associated with piping during the saturation phase
cannot, however, currently be excluded.

Chemical erosion

The next glacial retreat, and hence the next possibility for penetration of glacial meltwater to
repository depth, is assumed to be in 70,000 years time, according to the Weichselian-R climate
scenario. Penetration of glacial meltwater to repository depth could lead to some chemical
erosion of the buffer (Section 7.4.7).

Significant erosion is here defined as that required for advective conditions to occur within the
buffer. /Borgesson and Hernelind 2006a/ have calculated the buffer swelling pressure for cases
where, in KBS-3V, one, two and three entire bentonite rings surrounding the canister have been
omitted, to illustrate the effects of a local loss of large amounts of bentonite. The conclusion
was that a mass loss of 1,200 kg to a fracture intersecting the deposition hole would lead to
conditions where advective conditions in the buffer must be considered. Due to the similarity
between the deposition hole diameter in KBS-3V (1.75 m) and the deposition drift diameter

of in KBS-3H (1.85 m), this conclusion can be taken to apply to both alternatives. It should

be noted that, for KBS-3H, the loss of buffer around one canister due to exposure to glacial
meltwater may affect the corrosion rate of neighbouring canisters, since the buffer density along
the drift will tend to homogenise over time. This also means, however, that the impact on buffer
density and on the corrosion rate of the first canister will diminish with time. This is in contrast
to the case of KBS-3V, where buffer loss around one canister will not affect the state of the
buffer around the other canisters.

A model of chemical erosion has been developed by SKB for SR-Can. If the model is applied
to a KBS-3H repository at Olkiluoto, the results indicate that significant erosion could occur
in a single glacial cycle if fractures intersecting the buffer have transmissivities in excess of
about 3 x 10® m? s”!. The SKB model is, however, tentative (a new model is currently under
development by SKB/KTH) and model uncertainties are probably too great to draw any firm
conclusions regarding those fractures that should be avoided in emplacing supercontainers and
distance blocks.
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Canister corrosion

A model for the time required for canister failure by corrosion to occur for a given set of
flow conditions around the drift and a given groundwater sulphide concentration is given in
Appendices B.8 and B.9. Assuming that no processes occur that lead to detrimental perturba-
tions to the buffer or buffer/rock interface, canister lifetime (¢, [s]) is given by:

;=4 (Eq. B.2-7)

a .
clocal ] a

with:

d  thickness of the copper canister shell [m] (Table B.1-1)
Cear factor for uneven corrosion of copper [—] (Table B.1-5)
j«  copper corrosion rate [m s'].

Noting that 2 moles of copper are corroded per mole of sulphide arriving at the canister surface,
the maximum rate of uniform copper corrosion is given by:

Ja = 2 o Ne (Eq. B.2-8)
p. N

with:
p.  density of copper [kg m~] (Table B.1-5)

s

N, molar weight of copper [g mol™!] (Table B.1-5)
N, molar weight of sulphide [g mol™'] (Table B.1-5)

fwax Tate of arrival of sulphide at the canister surface at the location where this is the highest
(directly opposite the fracture/drift line of intersection) [mol s™].

frax 18 given by:

;o 7D,C, 1 0,
R —n)log{2(n —rc)JQb +0,

(Eq. B.2-9)

4

with:

D, effective diffusion coefficient of anions in the saturated buffer [m* s™'] (Table B.1-2)
r,  drift radius [m] (Table B.1-1)

r.  canister radius [m] (Table B.1-1)

b,  fracture half aperture (from Eq. B.2-2)

C, concentration of sulphide in groundwater approaching the drift [kg m™]
(see below).

Oy [m* s'] and O, [m* s7'] are transfer coefficients given by:

Ay [2D,T i

Q, =1« (Eq. B.2-10)
/4 rb,
and
D A,
0, = o frac (Eq. B.2-11)
20, - 1)
va loge T
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D, [m?s™'] is the diffusion coefficient of ions in free water (Table B.1-5) and 4, [m?*], the area
of intersection of the fracture with the drift, is given by:

A e = d7b, 1, (Eq. B.2-12)

In deriving Eq. B.2-9, it is assumed that the buffer has uniform transport properties from the
canister surface to the drift wall. In reality, there are a number of features and processes that
could perturb mass transfer in the buffer and at the buffer/rock interface (see Table 11-1). The
impacts of such features and processes are considered in Appendix B.7.

Figure B.2-1 shows the calculated canister lifetime as a function of the transmissivity of a
fracture assumed to intersect the drift adjacent to a canister position, for different values of
groundwater sulphide concentration:

* 12 mg 1" (the highest currently observed value);
e 42.5 mg 1! (the maximum value calculated for future times — see /Pastina and Helld 2006/).

The results show that the canister lifetime exceeds the minimum design lifetime of 10° years by
one to two orders of magnitude in the case of a transmissivity of 3 x 10 m? s™!. It continues to
exceed the minimum, though by a reduced margin, as fracture transmissivity is increased. This
is because, even at high transmissivities, the barrier to sulphide transport provided by the buffer
severely limits the rate at which sulphide can reach the canister surface. Consideration must,
however, be given to the possibility of chemical erosion of the buffer at high transmissivities,
as discussed in Section Buffer erosion (this and the impact of other possible perturbations to the
buffer and the buffer/rock interface are discussed in Appendix B.7).

10°

— 12 mg per litre sulphide

****** 42.5 mg per litre sulphide
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Figure B.2-1. Canister lifetime as a function of fracture transmissivity for two different groundwater
sulphide concentrations
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Geosphere transport barrier

In terms of the hydrogeological properties of the rock, the effectiveness of the geosphere and

a transport barrier to radionuclides released in the event of canister failure is a function of the
“transport resistance”, defined as WL/Q, where W [m] is the width of a representative transport
path within the fracture network, L [m] is the transport distance along this path and Q [m® a™!]
is the flow through the path. Experience from past Posiva safety assessments is that a value of
WL/Q of a few thousands or more years per metre provides an effective barrier to the transport
of many safety relevant radionuclides (the median value for all sites given in TILA-99 is

5 x 10* years m™' — see Section 11.6 in /Vieno and Nordman 1999/).

The transport resistance of a single fracture may also be expressed in terms of transmissivity:

WL L
— (Eq. B.2-13)

0 T

In a heterogeneous geosphere, the transport resistance is additive along different sections of the
overall transport path. It is, however, likely that, where the migrating radionuclides encounter
higher-transmissivity features, low transmissivity fractures between the near-field/geosphere
interface and some point within the geosphere, perhaps a few tens of metres away, dominate the
transport resistance.

Figure B.2-2 shows transport resistance plotted against transmissivity for transport path lengths
of 10 m, 50 m and 100 m, where transmissivity is to be understood as the transmissivity of
fractures intersecting the drift near a canister emplacement position, and transport path length is
the assumed distance from the drift to the most highly transmissive features along the transport
path.
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Figure B.2-2. Transport resistance plotted against transmissivity for different transport path lengths.
The figure indicates the fracture transmissivity which is assumed to give rise to a maximum 0.1 litre per
minute inflow during saturation (see, however, the caveats given in Section Hydrodynamic relationships
and assumptions).
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The figure shows that, for a pessimistic transport path length of 10 m to the nearest higher-
transmissivity fracture, a transmissivity of about 3 x 10 m? s™! provides a transport resistance
of the order of 10,000 years per metre, and thus a effective geosphere transport barrier for many
safety-relevant radionuclides (this is roughly equivalent to the transmissivity giving rise to a
maximum 0.1 litre per minute inflow during saturation).

/Lanyon and Marschall 2006/ carried out steady state flow modelling using their discrete frac-
ture representation of the Olkiluoto site, and evaluated transport resistances from various super-
container deposition locations to the outer boundary of their model, 50 m from the modelled
deposition drift. Histograms of the results for model drift WO1TO1, which were obtained using
particle tracking, are shown in Figure B.2-3. Particles are released at the intersection of fracture
sub-planes with the 1D supercontainer drift elements and are then tracked within the detailed
pressure field from the steady-state solution. The advective travel time and the F-quotient®® are
calculated for each particle. The results show that none of the particle tracks gave transport
resistances less than about 5 x 10* years m™, the highest value being obtained for supercontainer
location WO1T01:CO16. The results for other modelled drifts gave still higher minimum
transport resistances (see Figure B-3 parts b—d in /Lanyon and Marschall 2006/). Figure B.2-4
shows particle tracks from which the lowest transport resistance was calculated (supercontainer
location WO1T01:CO16, which is circled in red). In this realisation of the DFN model, super-
container location WO1T01:CO16 is separated by a distance block from a 10 m section of filling
blocks intersected by a fracture with a relatively high transmissivity of about 107 m? s™'. Even
in this location, although the smallest transport resistance is about 5 x 10* years m!, the mean is
about an order of magnitude higher.

This discussion suggests that an assumption of a transport resistance of 5 x 10* years m! is
conservative for the purposes of geosphere transport modelling, and is assumed in analysing
many of the assessment cases in the Radionuclide Transport Report /Smith et al. 2007/.

Conclusions

The scoping calculations presented above illustrate the impact of the hydraulic properties of
fractures intersecting a drift, and particularly the impact of transmissivity, on various processes
relevant to long-term safety.

Considering the possibility of failure by corrosion, the canister lifetime will remain well in
excess of the minimum design lifetime of 100,000 years, irrespective of fracture transmissivity
(the impact of perturbations to the buffer on canister lifetime is considered in Appendix B.7).
Mechanical erosion of the buffer is shown to be irrelevant even at high transmissivities. In

the case of chemical erosion due to the penetration of dilute glacial meltwater to repository
depth, model uncertainties are probably too great to draw any firm conclusions regarding those
fractures that should be avoided in emplacing supercontainers and distance blocks. It should,
however, be noted that the next possibility for penetration of glacial meltwater to repository
depth is in 70,000 years time and, even if advective conditions then become established in parts
of the buffer, it will take time for canister failure to occur — thus the minimum design lifetime
may still be achieved.

In terms of the transport barrier provided by the geosphere, a 10 m long transport path

having a transmissivity of about 3 x 10 m? s™' provides a transport resistance in the order of
10,000 years per metre, which corresponds to an effective geosphere transport barrier for many
safety-relevant radionuclides. This is also roughly the transmissivity giving rise to a maximum

3% In numerical codes where transport calculations are based on particle tracking, like e.g. ConnectFlow,
F is calculated as the sum of advective travel time, t, divided by half-aperture, b, in individual
transport segments along the path (in the most general sense an integral). This definition and concept
used by SKB is described in /Andersson et al. 1998/ and used in /Hartley et al. 2006ab/. Regarding
flow rates the F-quotient (or F-factor) for a single planar fracture can be defined as F=2WL/Q (= t/b),
where W(m) is the channel width over which Q has been determined.
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Figure B.2-3. Histograms of transport resistances (termed here F quotient in log (am™), from particles
released at different supercontainer locations in a DFN model of the Olkiluoto site (after Figure B-3 of
/Lanyon and Marschall 2006/).
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Figure B.2-4. Particle tracks from supercontainer drift elements. Supercontainer location
WO01T01:CO16, which gives the lowest calculated transport resistances, circled in red. Tracks coloured
by travel time. Features coloured by log transmissivity, only features with transmissivity greater than
10°8 m%/s are shown (after Figure B-1 of /Lanyon and Marschall 2006/).

191



0.1 litre per minute inflow during saturation — i.e. the maximum inflow if the possibility of
piping and erosion is to be avoided — see, however, the caveats given in Section Hydrodynamic
relationships and assumptions.

Overall, it is concluded that a transmissivity limit of about 3 x 10-°m? s! for fractures intersect-
ing the drift at canister and buffer emplacement locations desirable from the point of view of
long-term safety. This criterion is derived in the first place from considerations of the geosphere
transport barrier, being the most restrictive of those described in this appendix. In practice,
however, it is unlikely that a transmissivity criterion can be applied directly in selecting loca-
tions for canister and buffer emplacement. Characterisation of fractures intersecting the drift is
likely to be based largely on observations made at the drift wall, and other quantities including
inflow, that can be measured directly, rather than on transmissivities inferred from a model that
are therefore subject to greater uncertainty.

B.3 Saturation of tight drift sections adjacent to less tight sections
Overview

Scoping calculations have been performed to estimate the saturation time of a relatively tight
drift section (a supercontainer and distance block unit section) adjacent to a less tight drift
section. The relevant processes are sketched in Figure B.3-1.

The saturation time of the buffer initially inside a supercontainer is determined by the void
volume to be filled with water, V' [m?], and the inflow rate of water, Q [m* a™']:

vV
To=— (Eq. B.3-1)
Q
where
V=VwiatesVp(l=Sso) (Eq. B.3-2)
with:

V.oia the void volume within and around a supercontainer (not including unsaturated buffer
pores) [m*] (Table B.1-1)

Vs  the initial bulk volume of buffer inside a supercontainer [m?]

g  initial buffer porosity

Sz 1nitial buffer saturation.

The evaluation of Eq. B.3-2 is complicated by the fact that the initial dry density and water
content of the buffer ring blocks (p,;, [kg m™>] and w,, [% by weight]) around the canister are

different to those of the end blocks (p., [kg m~] and w,, [% by weight]) at each side of the
supercontainer.

The initial buffer porosity of the ring blocks, €, is given by:

P (Eq. B3-3)
P,

8rb =

with:
ps  mineral density of bentonite [kg m~] (Table B.1-2).
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Figure B.3-1. Processes relevant to the transport of water from a less tight drift section towards a
supercontainer located in a relatively tight section of the deposition drift.

The initial water content of the ring blocks is related to their saturation, S,;, by:

Wrb — grbSrbpw (Eq B3_4)
100 (l_grb )ps +8rbSrbpw
with:

p.  density of water [kg m] (Table B.1-5).
Similar equations apply to the end blocks.

Using these equations, Eq. B.3-2 can be written:

V=v_ +all (2 =r)|1-Lr |- L +1 2| 1= P |- Per [ Yo
e 7{ i - )[( ps) P, 100 ||l p, ) p, 100

(Eq. B.3-5)

with:

r.  canister radius (Table B.1-1)

rg  buffer block radius within a supercontainer [m] (Table B.1-1)

I, combined length of buffer ring blocks within a supercontainer (Table B.1-1)
l, combined length of buffer end blocks within a supercontainer (Table B.1-1).

Based on the parameter values given in Appendix B.1, V takes a value of about 2.7 m?® (about
1.5 m? of open space and an unsaturated bentonite pore volume of about 1.2 m?).
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In the following, the saturation time of the buffer in a tight drift section is estimated on the basis
of the alternative assumptions that it is controlled by (i), the rate of water flow from a permeable
drift section via the EDZ adjacent to the distance block (Q; in Figure B.3-1), (ii), the rate of
water flow through the distance block (Q, in Figure B.3-1 prior to distance block saturation and
0, after saturation), and (iii), the rate of water flow through (poorly transmissive) fractures in
the host rock. The possible impact of piping on saturation times is also assessed.

A summary of the results of the scoping calculations of saturation times, described one-by-one
in the following sections, is given in Figure B.3-2.

Water flow along EDZ

The transport of liquid water in the EDZ surrounding a distance block separating less tight and
tight drift sections, Q; [m*a™'], can be estimated using Darcy’s law:

AP
o = 7[(2”; + tEDZ)tEDZKEDZ —
P8P

(Eq. B.3-6)

with:

r,  drift radius [m] (Table B.1-1)

tep; EDZ thickness [m] (Table B.1-3)

Kpp, maximum hydraulic conductivity of EDZ [m s™'] (Table B.1-3)

AP magnitude of the pressure difference in the EDZ between the fully saturated (“less tight”)
drift section and the dry (“tight”) drift section [Pa] (Table B.1-3)

g  gravitational acceleration [m s2] (Table B.1-5)
p  distance block length [m] (Table B.1-1).

I Piping assumed to ooow
Na piping

Flowy Tromn Baat rock _

Ky uncertainly. hydraulie condecthity of rock sdjacent fo dnlf frange 7077 10 me)

Flaw thd ouch distance Bock _

- =
koa AcaTanly. Dolfer hydreuis condoaliity

Flow along EDZ

kay pncetaiaty. EDZ fpdrawhic conducinaly

[ T T F T TTE T T TTTrTT]

1 104 e plnru 1 GCRCE)
Saturation time [a]

Figure B.3-2. Summary of results of scoping calculations of water saturation of a tight drift section
(supercontainer and distance block unit section) adjacent to a more permeable drift section (dark grey
bars: piping assumed to occur; light grey bars: no piping).
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The less tight section is expected to be fully water saturated within about 10 years after spent
fuel emplacement and sealing of the deposition drift, due to the presence of one or more
transmissive fractures (see Figue 5-7). The tight section (including its EDZ) will remain in an
unsaturated state for some time before it is slowly filled with water. Here, it is assumed that the
interface between the saturated and unsaturated parts of the EDZ coincides approximately with
the interface between the distance block and the supercontainer in the tight section (i.e. the EDZ
adjacent to the distance block is assumed to be fully saturated). Assuming that the interface

is static, the water pressure in the EDZ at the interface is equal to the gas pressure minus the
capillary pressure in the EDZ. This can be estimated using Young’s equation. Based on the
mean aperture of fractures in the EDZ of 2 um (/Johnson et al. 2005/, Appendix C), a capillary
pressure of 0.15 MPa is calculated. This means that the downstream water pressure in the EDZ
is lower than the gas pressure by 0.15 MPa. The gas pressure itself is initially atmospheric and
gradually increases due to the slow inflow of water and generation of hydrogen gas by anaerobic
corrosion of steel.

Based on a maximal pressure difference of 4 MPa, the maximal water flow rate through the
EDZ is estimated to be 1 litre a! and the corresponding minimal saturation time of the buffer
is 2,800 years.

In reality, the distance block will remain partially saturated for a prolonged period of time

(see below) especially in the vicinity of the tight drift section. During transport along the EDZ,
some water may thus be sucked from the EDZ radially into the bentonite, leading to a sustained
unsaturated state in the EDZ. By this process, the saturation of the distance block is speeded up
and the saturation of the tight drift section is slowed down. This coupling of processes, which
has not been taken into account in the above scoping calculations, would result in an even
longer saturation time for the tight drift section.

Water flow through the distance block

Upon contact with water entering through the permeable fractures in the less tight drift section,
the face of the distance block exposed to water starts to take up water by suction and swells,
while the remaining part of the distance block is still in its initial (partially saturated) state. In
the course of time, a saturation front moves axially through the distance block. It is well estab-
lished that the dominant water movement in unsaturated bentonite takes place by transport of
vapour when the water content is low and by transport of liquid water when the water content is
high. Transport of water in unsaturated bentonite may be represented as a diffusion-like process
(see, e.g. /Borgesson 1985, Pusch 2000, JNC 2000/), described by:

2
8_S=2c9 f S(0,0)=1 fort>0;8(z,0)=S, forz>0 (Eq. B.3-7)
o € 0z

with:

D  an empirical coefficient [m? s™'] (Table B.1-2)
e  buffer porosity (Table B.1-2)
S saturation of bentonite [—]

z  axial distance into the distance block from its interface with the supercontainer in the
permeable drift section [m].

The distance block porosity will vary slightly with time as the bentonite swells into the gaps
surrounding the blocks, but this small effect is neglected here.
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Applying this 1-D equation and boundary conditions to the distance block assumes that a

free water phase exists across the entire wetted vertical face of the distance block. In reality,
contact between the supercontainer and the distance block will restrict the flow of water to the
distance block, particularly once the distance block starts to swell, and Eq. B.3-7 will thus tend
to overestimate the rate at which water migrates into the block. It also disregards the impact on
the saturation process of the boundary with the supercontainer in the permeable drift section; the
impact of this simplification has not been evaluated.

The analytical solution to Eq. B.3-7 is:

z
S(z,6)=8, +(1-S,) erfe| ———— (Eq. B.3-8)
’ ’ 2/Di/e
where S, is the initial saturation of the distance block.
J [m?], the amount of water that enters the distance block in time # is given by:
t
J= —nrija—S dt (Eq. B.3-9)
0 & z=0

From Eq. B.3-8 and Eq. B.3-9:

J =2} (1-S,), /@ (Eq. B.3-10)
T

An identical equation is obtained if the saturation process is modelled as a moving saturation
front, with flow upstream of the front described by Darcys Law, driven by a “suction pressure”
ps [Pa] given by:

i_szjlf (Eq. B.3-11)
g B

where K [m a™'] is the hydraulic conductivity of saturated bentonite.

It can be assumed that the distance block is saturated when the amount of water that enters
the distance block is equal to the initial unsaturated pore space within the distance block (or
equivalently when the saturation front reaches the downstream boundary of the distance block):

D
J =2 (1= S, M &2 = em? (1- S, )p (Eq. B3-12)
T

2

nEp
t= Eq. B.3-13
4D (Eq )

with p [m] being the distance block length (Table B.1-1).

The critical parameter for this process is the effective water diffusion constant which depends
on a number of variables (water content, temperature, etc). /Borgesson 1985/ and /Pusch
2000/ provide a value of 3 x 101 m? s, /INC 2000/ gives effective diffusion constants of
10°-10"""m? s, for a range of volumetric water contents of 0.05-0.3 and for a temperature
range of 25-60°C. Using an effective diffusion constant of 10 m* s™!, Eq. B.3-14 gives a
saturation time of about 300 years. Alternatively, the time to saturation is about 1,000 years
for an effective water diffusion constant of 3 x 107" m? s,
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Once the distance block is largely saturated, water will flow through the distance block from the
permeable drift section at a rate Q, [m? a™'] that can be estimated using Darcy’s law:

AP
B
p.gp

0, =m’K (Eq. B.3-14)

r,  drift radius [m] (Table B.1-1)

p  distance block length [m] (Table B.1-1)

Kz hydraulic conductivity of saturated buffer [m s™!] (Table B.1-2)
AP maximum pressure difference along the drift [Pa] (Table B.1-3)
pw  density of water [kg m~] (Table B.1-5)

g  gravitational acceleration [m s2] (Table B.1-5).

This yields an estimated water flow rate through a fully water saturated distance block of

0.06 to 0.6 litres per year for the range of buffer hydraulic conductivities given in Table B.1-2
and a saturation time of the 2.7 m? total void volume in a supercontainer section of 4,300 to
43,000 years, calculated from the time of distance block saturation. Adding the time of distance
block saturation, gives a total saturation time in the range of above 4,600 to 44,000 years.

Inflow from tight rock

The inflow of liquid water from the tight rock directly into the tight section can also be
estimated using Darcy’s law in a radial configuration (Thiem’s equation), as given by Eq. B.2-1,
expressed in terms of the hydraulic conductivity of the rock adjacent to the drift section contain-
ing a supercontainer (K [m s']):

AP

=2ml K—MF—F——
O = G, /)

(Eq. B.3-15)

with:
[, the length of a supercontainer [m] (Table B.1-1)
[, hydraulic length (from drift to nearest major fracture zone) [m] (Table B.1-3).

Tighter drift sections, as defined in Section 5.5.1, have hydraulic conductivities in the range
103 to 102 m s7!. This gives water flow rates in the range 11-110 litres per year and saturation
times of the buffer in the range 24 to 240 years. Where hydraulic conductivities exceed the
higher end of this range, saturation times will be controlled not by fracture transmissivity, but
rather by the ability of the bentonite to take up water. Thus, in accordance with the results
shown in Figure 5-7, saturation will take a minimum of about 10 years.

For tightest drift sections, saturation will be hindered even more by the build-up of gas pressure
due to anaerobic corrosion of steel, as described in Section 5.5.4.

Possible impact of piping on the time to saturation

The potential for transient water flows to cause piping and erosion is described in Section 5.5.6.
If piping were to occur, significant water flow (conveying some suspended bentonite) could
take place through the pipes from a less tight drift section down gradient to a tighter section. In
Section 5.5.6, it is noted that laboratory and modelling studies indicate, in the case of the current
reference design (the Basic Design), transient hydraulic pressure differences along the drifts
will not develop sufficiently rapidly to cause piping provided the inflow rate to a supercontainer
drift section comprising a supercontainer plus a distance block during saturation is 0.1 litres
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per minute or less (and provided there is no displacement of the distance blocks relative to
the supercontainers caused by hydraulic pressure differences along the drift). This is a design
criterion for supercontainer and distance block emplacement.

Even if piping were to occur, its duration and impact would be limited. Once all open voids in
the tight section (excluding unsaturated bentonite pores) became filled with the water/bentonite
suspension due to piping and erosion, the pressure gradient along the pipes would decrease, the
flow through the pipes would stop and the pipes would be closed by bentonite swelling provided
that the outer plug is tight. The time needed to fill all open voids within and around a super-
container (V,,,; — about 1.5 m?) is estimated to be several days to weeks, mainly depending on
the pressure gradient and on the rate of water inflow into the less tight drift section. Thereafter,
gradual saturation of the remaining pore volume (2.5 m® — 1.5 m?* = 1.0 m?) will occur by the
same processes as described above (Q;, Q,, Q., Qs).

» For saturation via a flow of 1 litre per year along the EDZ (Q,), the minimum time to satura-
tion is reduced from 2,900 years to 1,300 years;

» For saturation via flow of between 0.06 and 0.6 litres per year through a saturated distance
block (Q,), the time to saturation of a supercontainer section is reduced from between
4,300 and 43,000 years to between 1,900 and 19,000 years; combined with a distance block
saturation time of 300 to 1,000 years (via 0,), this gives a total saturation time in the range of
above 2,200 to 20,000 years, compared with a range without piping of 4,600 to 44,000 years;
and

» For saturation via inflow from the rock a rate of between 11 and 110 litres per year (Qs),
the time to saturation is reduced from between 24 and 240 years to between about 10 and
100 years; for lower hydraulic conductivities, the impact of gas is likely to extend the time
to saturation to several thousand years.

B.4 Processes leading to loss or redistribution of buffer mass
Overview

Scoping calculations have been performed to estimate the impact of processes that could lead
to a loss of bentonite mass from, or redistribution of bentonite mass in, a drift compartment
especially in the early phase of repository evolution including the operational phase.

The processes addressed include:

+ axial displacements of distance blocks and supercontainers caused by differential saturation
and swelling along the deposition drift;

» water flows between less tight and tight supercontainer sections due to piping along the
bentonite/rock interface units and causing erosion and redistribution of bentonite;

» Dbentonite erosion into fractures, which may be of concern during the operational phase,
namely if a sealed compartment is hydraulically connected to some nearby open rock
excavation (in contrast, long-term erosion of bentonite into fractures has been investigated in
previous studies and found to be of less concern;

 vertical displacement (lifting) of the supercontainer by off-centred swelling; and

* bentonite compaction due to volume changes arising from the formation of iron corrosion
products (initially mainly magnetite, but also some iron sulphide and siderite).

In this last case, both the corrosion of the supercontainer, and the corrosion of the canister insert
in the case of a failed canister are considered.

These processes, which are considered one-by-one in the following sections, may give rise to
changes in mass, Am [kg], and/or changes in the available volume, AV [m?], in a given system
component (a supercontainer section and/or distance block).
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In the case of processes assumed principally to affect a distance block, the resulting change in
saturated buffer density, 4p [kg m~], is given by:

_pSotAm (Eq. B4-1)
V,+AV
with:
po  the density of the saturated buffer [kg m~] (Table B.1-2)
and
Vo=mnrip (Eq. B.4-2)
with:

r,  the drift diameter [m] (Table B.1-1)
p the distance block length [m] (Table B.1-1).

In the case of processes assumed to affect principally the buffer originally inside a supercon-
tainer:

B PV +Am

A Eq. B.4-3

p Vo +AV Pa (Eq )
VB,O = 7[(7}215 - rczlc - (1 - %)Qﬂjo - rsz,l)(l\ - 2ts )_ zrs%ots ) (Eq B4_4)
with:

[, the length of a supercontainer [m] (Table B.1-1)

[.  the length of a canister [m] (Table B.1-1)

r.  the canister radius [m] (Table B.1-1)

Z  the degree of perforation of the supercontainer walls [%] (Table B.1-1)
r., the outer radius of the supercontainer [m] (Table B.1-1)

r,; the inner radius of the supercontainer [m] (Table B.1-1)

t,  the thickness of the supercontainer end plates [m] (Table B.1-1).

Displacement of distance blocks and supercontainers

Differential saturation and swelling along the deposition drift due to the heterogeneous rate of
water inflow from the host rock could potentially give rise to either (1), gradual or (2), more
abrupt displacement of distance blocks and supercontainers.

Case 1: Gradual displacement could occur as a result of the development of differential swell-
ing pressures along the drift. Upon contact with water entering through permeable fractures in a
less tight drift section, the exposed face of the distance block starts to take up water by suction
and swells, while the remaining part of the distance block is still in its initial (partially saturated)
state. In the course of time, the saturation front moves axially through the distance block. This
may result in an axial volume expansion of the swelling distance block, while the part closest
to the less tight drift section is kept in place by the high swelling pressure exerted on the rock
surface. As a consequence, the bentonite density of the distance block would be decreased and
the buffer density in the adjacent tight section(s) would be increased due to axial compaction

of vertical open slots. The slots affected may be both outside and inside the supercontainer,
because the steel shell may be deformed or ruptured due to the stresses exerted by the swelling
distance block. The density of the buffer in the less tight drift section remains unchanged in this
situation.
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Case 2: More abrupt displacement could occur due to a large hydraulic pressure difference
between less tight and tight drift sections. This is particularly of concern if there is a slot
between the distance block and the supercontainer in a less tight drift section, increasing the
surface of the distance block exposed to the hydraulic pressure and thus resulting in a higher
total force on the distance block (and on any supporting rings, if used). As a consequence of the
displacement, the buffer density in the less tight unit is decreased and the buffer density in the
adjacent tight section(s) is increased due to the compaction of voids, while the density of the
distance block remains unchanged.

These two possibilities of mass redistribution by displacement are similar in their effects on the
final saturated bentonite density, but differ in their evolutionary pathway from emplacement
until full saturation. In both cases, the saturated bentonite density variation of the distance block
adjacent to the less tight drift section (Case 1) and of the buffer in the less tight drift section
(Case 2) can be estimated based from Eq. B.4-1 with®’:

AV=mrtfn, Am=0 (Eq. B.4-5)

and with:

AV total change of bentonite volume in distance block (Case 1) and in buffer (Case 2) [m’]
f  total linear compaction by reduction of void space (per dry supercontainer unit) [m]

n  number of dry supercontainer units compacted by the displacement process [—].

Similarly, the bentonite density variation in the buffer of each compacted supercontainer unit
can be calculated from:

AV=mrrf;, Am=0 (Eq. B.4-6)

For Case 1, assuming /= 2 (with 10 as a variant) cm per supercontainer unit*, the change of
volume of the swelling distance block is 0.054 (0.27) m® if only one supercontainer unit is
compacted (n = 1). For each additional supercontainer (z > 1) the bentonite volume gained by
compaction increases accordingly. The corresponding saturated densities of the distance block
next to the less tight drift section are:

* 1,993 (1,964) kg m=, if only 1 supercontainer unit is compacted

* 1,985 (1,930) kg m, if 2 supercontainer units are compacted

* 1,971 (1,864) kg m>, if 4 supercontainer units are compacted

e 1,957 (1,802) kg m3, if 6 supercontainer units are compacted.

Similarly, for case 2, again assuming = 2 (10) cm per supercontainer unit, the corresponding
saturated buffer densities in the less tight drift section are:

* 1,990 (1,950) kg m=, if only 1 supercontainer unit is compacted

* 1,980 (1,903) kg m, if 2 supercontainer units are compacted

* 1,960 (1,815) kg m*, if 4 supercontainer units are compacted

e 1,941 (1,735) kg m3, if 6 supercontainer units are compacted.

Thus, the scoping calculations indicate that the displacement of distance blocks and super-
containers in a KBS-3H deposition drift has no significant effect on the density of bentonite

3 Tt can be shown by a force balance consideration, that the friction forces are not sufficient to counter-
act the axial forces exerted by the swelling pressure of the wetted distance block (Section 4.6.1 of
/Gribi et al. 2007/). Friction is, therefore, not taken into account in the calculations of bentonite
density variation.

4 The total linear compaction f'is a measure of the extent to which a supercontainer unit may be axially

compacted. It sums contributions from inside the supercontainer (gaps between individual bentonite
blocks as well as gaps between blocks and steel wall) and from outside the supercontainer (gaps
between steel wall and distance block).

200



(i.e. buffer density remains within the range 1,890 to 2,050 kg m= discussed in Section 5.3.2),
only if:

* the total linear compaction per supercontainer unit is not too large; and/or
» the number of supercontainer units affected is also not too large.

Note, however, that, under the assumption that /=2 cm, the saturated buffer densities of the
compacted supercontainer units fulfil the criterion that density < 2,050 kg m™, irrespective of
the case considered and of the number of compacted sections. If /= 10 cm, the buffer density of
the compacted supercontainer units marginally exceeds the criterion (2,052 kg m).

The number of units affected by the displacement process depends on various factors, including
the resistance of the supercontainer against compaction, the distance to the next less tight drift
section (where full counterforces are developed), the distance to the next steel ring/steel plug
and friction forces opposing any displacements. It can be shown by the force balance considera-
tions — Section 4.6.1 of /Gribi et al. 2007/ — that the friction force of tight drift sections is not
sufficient to counteract the force exerted by the swelling pressure of the wetted distance block).
Furthermore, the axial stiffness of the supercontainer in a tight drift section is not expected to be
able to withstand the swelling pressure of a nearby distance block. It will thus be deformed or
ruptured and any voids within it will be compacted. There is the possibility that the broken parts
of the supercontainer are pressed against the drift walls and block any further displacement. It
is, however, difficult to demonstrate that this mechanism actually occurs (for this reason, no
credit is taken for this process in the scoping calculations). These considerations suggest that
the displacement can only be stopped by the counterforce of a nearby wetted/fully swollen
supercontainer unit.

If the total linear compaction per supercontainer is assumed to take the more conservative
value of 10 cm, then the maximal distance to the next fully water saturated unit or reinforced
unit must be shown not to exceed about 2—3 supercontainer units, to keep the bentonite density
above a lower bound of 1,890 kg m™.

Piping and erosion

If piping were to occur along the bentonite/rock interface then, as long as the pipes persisted,
significant water flow (conveying some suspended bentonite) could take place through the pipes
from a less tight drift section to a tight drift section. The redistribution of bentonite mass in

this way would persist until all open voids in the tight section (excluding unsaturated bentonite
pores) are filled with the water/bentonite suspension. At that point, the pressure gradient along
the pipes will vanish, the flow through the pipes will stop and the pipes will close due to ben-
tonite swelling. As also noted in Appendix B.3, the time needed to fill all open voids within and
around a supercontainer (about 1.5 m®) is estimated to be several days to weeks.

The average bentonite density decrease in the distance block adjacent to the less tight drift
section is calculated based on Eq. B.4-1 with:

AV=0; Am=—VyCuu (Eq. B.4-7)

and with:
Am total change of bentonite mass in distance block [kg]
V,eia void volume around a supercontainer [m*] (Table B.1-1)

Crax maximum bentonite mass assumed to be carried as particles by flowing water [kg m~]
(Table B.1-5)

n  number of supercontainer units filled with water/bentonite suspension [—].

Similarly, the average bentonite density increase due to accumulation of bentonite in each
affected supercontainer unit can be calculated from:

AV=0; Am="V,uCou (Eq. B.4-8)

201



Local density changes in the distance blocks are initially likely to be greater in parts of the
distance blocks where erosion has occurred compared with the average. Due to the plasticity of
bentonite, it is considered possible that large local density reductions would homogenise over
long periods of time, although the timescale is uncertain. Two cases are thus considered:

Case 1: the situation after full homogenisation has taken place; and

Case 2: the situation of an extremely localised density reduction, in which the loss of bentonite
affects only 10% of the designed volume and mass of the distance block.

Using the values given in Appendix B.1, 4m = 75 kg. For each additional supercontainer (n > 1)
the bentonite mass lost by piping/erosion increases accordingly. The average saturated densities
of the distance block next to the less tight drift section (i.e. Case 1) are thus:

* 1,995 kg m?, if only 1 supercontainer unit is filled with a water/bentonite suspension
* 1,990 kg m, if 2 supercontainer units are filled

* 1,985 kg m?, if 3 supercontainer units are filled

* 1,898 kg m?, if 20 supercontainer units are filled.

In the supercontainer units that become filled with the water/bentonite suspension, the
average saturated densities of the buffer originally inside the supercontainers are changed to
2,007 kg m3, irrespective of the number of filled units.

In Case 2, the local density changes of the distance block next to the less tight drift section are:

* 1,949 kg m?, if only 1 supercontainer unit is filled with a water/bentonite suspension
* 1,896 kg m*, if 2 supercontainer units are filled
* 1,847 kg m?, if 3 supercontainer units are filled
* 981 kg m?, if 20 supercontainer units are filled.

The above considerations seem to indicate that the redistribution of bentonite by piping/erosion
in a KBS-3H deposition drift has no significant effect on the density of bentonite (i.e. buffer
density remains within the range 1,890 to 2,050 kg m discussed in Section 5.3.2), provided
that (i), the total suspended solids ratio is not too large (in the order of a few weight% — note
that the 5% weight ratio of bentonite/suspension assumed in these calculations is a pessimistic,
high value, see Appendix B.1), (ii) the volume available to be filled with suspension is not too
high —i.e. only a few supercontainer units are filled, and (iii), local density changes are quickly
homogenised by the plasticity of bentonite. Moreover, the increase in bentonite density in each
of the filled supercontainer units is marginal, i.e. 2,007 kg m™, irrespective of the number of
filled units.

Erosion into fractures during the operational phase

Plugs and compartments will be positioned in such a way that no highly transmissive fracture
pathways exist from a sealed drift section into any open rock excavations. There may, however,
be some less transmissive fractures that provide a hydraulic connection between a sealed drift
compartment and:

* an open central tunnel via a fracture bypassing the plug at the end of the drift;
» an open neighbouring drift via a fracture through the near-field rock; or
* an open compartment in the same drift, by-passing the compartment plug.

These fractures could convey significant amounts of water and suspended bentonite if the
sealed compartment is quickly saturated and pressurised so that large hydraulic gradients are
established between the sealed compartment and any nearby open rock excavations. Thus

the relevant process during the operational phase is mechanical erosion of bentonite (particle
entrainment by flowing water). Although it seems likely that such fractures would be self-sealed
by accumulation and swelling of the intruded bentonite, there is a risk of ongoing bentonite
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erosion if the fracture aperture is too large. In the following calculations no credit is taken for
the possible sealing of fractures.

If the breakthrough of any significant flows of water, possibly conveying some suspended
bentonite, were observed in the open rock excavations, measures would be taken to stop the
flow (grouting, etc). In the following calculations, it is therefore assumed (though in practice it
cannot be taken for granted) that the flow of water could be stopped in due time, e.g. within less
than a year.

As in the case of erosion by piping, local density changes in the distance blocks are initially
likely to be greater in parts of the distance blocks where erosion has occurred compared with
the average; two limiting cases are considered:

Case 1: the situation after full bentonite homogenisation has taken place; and

Case 2: the situation of an extremely localised density reduction, in which the loss of bentonite
affects only 10% of the designed volume and mass of the distance block.

The average bentonite density variation in the buffer adjacent to a transmissive fracture convey-
ing water/bentonite suspension is calculated based on Eq. B.4-1 with:

AV=0; Am=—-01Cu (Eq. B.4-9)
where:

Am total change of bentonite mass in buffer next to the fracture [kg]

O flow rate through fracture from sealed drift into open excavation [m* a™!]

Crnax maximum bentonite mass assumed to be carried as particles by flowing water [kg m3]
7 time needed to stop the flow of water through the fracture [a].

In Eq. B.4-9 it is pessimistically assumed that any bentonite lost into the fracture stems from

the buffer originally contained within a single supercontainer. In reality, neighbouring supercon-
tainer buffer sections and distance blocks may also be affected, which would mitigate the effects
of erosion on the saturated bentonite density.

If a fracture intersecting an open drift also intersects a sealed compartment in a parallel drift,
and this sealed compartment contains water-filled void space with a high hydraulic conductivity,
then the proportion of the total inflow to the open drift that passes through this void space may
be approximated as:

r,C
s

=0.024 (Eq. B.4-10)

with:
s drift separation [m] (Table B.1-1).

C is a flow concentration factor accounting for the convergence of the streamlines towards the
sealed compartment, set to 2.

Assuming a high inflow rate via the fracture to the drift of 0.1 litres per minute, the cor-
responding flowrate conveying suspended buffer material from the sealed compartment is
2.4 x 107 litres per minute*!. The average saturated densities of the buffer next to the perme-
able fracture connecting the sealed section with any open excavation (i.e. Case 1) are:

 virtually unchanged, if the flow of water is stopped within 1 month
* 1,996 kg m?, if the flow of water is stopped within 1 year.

41 Lower rates are calculated on the basis of the DFN modelling reported in /Lanyon and Marschall

2006/. In particular, using the model of two adjacent drifts WO1T22 and W01T23, net steady-state
fluxes through a supercontainer section are calculated as having a mean value of 3 x 10 litres per
minute and a maximum of 1073 litres per minute.
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In Case 2, the local density changes are:

* 1,997 kg m?, if the flow of water is stopped within 1 month
* 1,958 kg m*, if the flow of water is stopped within 1 year.

These results indicate that the redistribution of bentonite by erosion into a permeable fracture
connecting a sealed KBS-3H deposition drift with any open rock excavation is unlikely to have
a detrimental effect on the capacity of the eroded buffer to perform its safety functions (i.e.
buffer density remains within the range 1,890 to 2,050 kg m= discussed in Section 5.3.2).

Vertical displacement (lifting) of supercontainer by off-centred swelling pressure

Water accumulating in the lower part of the drift can lead to bentonite extruding through the
holes in the lower part of the supercontainer, whereas bentonite extrusion in the upper part
would occur more slowly due to a somewhat later contact with liquid water (Section 5.4.4).
Also, the wetted bentonite in the lower part of the buffer has a higher thermal conductivity than
the drier bentonite in the upper part, which further accentuates the off-centred saturation of the
buffer. As a result, the supercontainer may be subject to off-centred swelling pressure, causing
lifting of the supercontainer to the top of the deposition drift and a corresponding lowering of
bentonite density in the lower part of the drift (Figure B.4-1).

The average bentonite density decrease in the lower half of the buffer is calculated based on
Eq. B.4-1 with:

AV=2r(r,— 1)l ; Am=0 (Eq. B4-11)

and with:

r,  radius of drift [m] (Table B.1-1)

r,, external radius of supercontainer [m] (Table B.1-1)
[, length of supercontainer [m] (Table B.1-1).

before saturation at full saturation

A S
~o hot+wet/ ~

_———

s

—»  Water movement
== Saturation front in buffer

—  Lifting of supercontainer

Figure B.4-1. Vertical displacement (lifting) of a supercontainer due to off-centred bentonite swelling.
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The calculated average saturated buffer density in the lower half of the drift* is 1,921 kg m.
The corresponding increase in average saturated buffer density in the upper half of the drift is
2,086 kg m~. The higher density is outside the bound specified by the safety function indicator
criteria in Table 2-3. However, as the remaining buffer saturates, the initially higher density and
swelling pressure in the upper part of the drift will tend to homogenise and return the canister to
a more central position in the drift, although some small eccentricity may remain.

Formation of corrosion products

Corrosion of steel components affects the final density of the buffer due to the greater volume
of the corrosion products compared with uncorroded steel. The dominant corrosion product

is initially expected to be magnetite, although, depending on solution conditions, some iron
sulphide and siderite may also form.

In the case of the corrosion of the supercontainer, the change in average bentonite density in the
buffer is calculated based on Eq. B.4-1 with:

M
AV =—<(1-8); Am=0 (Eq. B.4-12)

Fe

and with:

AV total change of bentonite volume in buffer due to formation of corrosion products [m?]
M,. mass of supercontainer iron (including feet) [kg] (Table B.1-1)

pr. density of iron/steel [kg m~] (Table B.1-5)

0  volume increase factor relative to iron [—] (Table B.4-2).

The resulting saturated bentonite densities for the buffer are given in Table B.4-1, based on the
volume increase factors also given in the table.

These results indicate that the volume increase due to corrosion of the supercontainer will not
have a detrimental effect on the capacity of the eroded buffer to perform its safety functions (i.e.
buffer density remains within the range 1,890 to 2,050 kg m~ discussed in Section 5.3.2), except
if it assumed that the corrosion product is siderite. The production of siderite is, however limited
by the availability of carbonate from bentonite (in the form of calcite) or from the host rock.

The buffer contains only very limited amounts of calcite, which may release some carbonate
upon dissolution (0.1% for siderite and calcite combined — /SKB 2006a/). Moreover, the molar
volumes of calcite and siderite are similar. This means that even if some carbonate could be
provided by the bentonite enabling siderite formation, no significant volume increase would

be involved with this process. At Olkiluoto, the present carbonate content of groundwaters at a
depth of 400-500 m is below 1 mmol per litre /Andersson et al. 2007/. During the operational
phase, carbonate rich groundwaters from above may flow towards the drift. In the brackish
groundwaters at depths down to 300 m, the carbonate content is up to 4-5 mmoles per litre.

Table B.4-1. Summary of steel corrosion processes and corresponding changes in satu-
rated density of the buffer.

Corrosion Process Volume increase factor Saturated density of
product (relative to iron) [-] buffer [kg m]
Magnetite 3Fe + 4H,0 © Fe;0,4 + 4H, 2 2,026

Iron sulphide Fe + HS- + H* > FeS + H, 25 2,040

Siderite Fe + HCO;  + H* > FeCO; + H, 4.7 2,101

2 Including the buffer in the gap between the supercontainer and the drift wall in the lower and upper

halves of the drift.
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As noted in Appendix B.3, during saturation, about 2.7 m? of groundwater (containing maxi-
mally about 10—15 moles of carbonate) are needed to fill all voids and pores within and around
supercontainer. After saturation and pressure equilibration, some 0.0035 m® a™! of groundwater
may flow through a supercontainer unit, assuming that there is a permeable fracture intersecting
the drift (transmissivity 3 x 10~ m? s”!, hydraulic gradient 0.01 m m™!, flow convergence factor
of 2), conveying some 0.02 moles of carbonate per year. An additional 0.5 moles of carbonate
per year may be provided by diffusion through the intact host rock (effective diffusion constant
101 m? s!, carbonate concentration gradient 5 mol m™). At such transport rates, the complete
conversion of the supercontainer (1,071 kg — see Table B.1-1 — or 19,000 moles of iron) to
siderite would take some tens of thousands of years, compared with an expected corrosion time
of a few thousand years. This is a clear indication, that the transformation of iron to siderite is
limited by the availability of carbonate. The value given in Table B.4-2 for siderite is therefore
likely to overestimate the buffer density increase under the expected repository conditions.

In the case of corrosion of the insert following canister failure the change in average bentonite
density in the buffer around a supercontainer is calculated based on Eq. B.4-1 with:

M,
AV =t (1 _§) 4+

canvoid
Fe

Am =0 (Eq. B.4-13)

and with:
M, mass of iron and steel inside the canister [kg] (Table B.1-1)
Veamoia  vOid space inside the canister [m®] (Table B.1-1).

Here, it is assumed that the corrosion products will preferentially fill the void space inside the
canister; only once this is filled is the buffer compacted.

The resulting change in volume (AV) to be taken up by the buffer is 0.77 m? and the resulting
density is 2,160 kg m~, assuming the corrosion product to be magnetite. This does not satisfy
the criteria for the safety function indicators for the buffer, which give a maximum buffer
density of 2,050 kg m. The calculation is, however, conservative. In particular, it is assumed
that the only part of the buffer to be compacted is that originally inside the supercontainer. In
reality, there is likely to be some relaxation of the increased density by buffer creep along the
drift, although internal friction will mean that some locally increased density around the failed
canister is likely to remain.

B.5 Numbers of canisters potentially affected by
a post-glacial earthquake

Introduction

Shear movements along fractures intersecting a KBS-3H deposition drift have the potential to
damage the canisters if these movements are sufficiently large. Although Finland is located in a
region that is currently tectonically quiet, significant movement on fractures could occur in the
future in conjunction with the retreat of a major glacier. According to the methodology proposed
in the context of a KBS-3V repository in Sweden in /SKB 2006a/ and in more detail in /Munier
and Hokmark 2004/, canisters should not therefore be placed in the vicinity of major deforma-
tion zones that may undergo post-glacial earthquakes. Additionally, canister deposition positions
should, if possible, not be placed at positions where the drift is intersected by fractures above a
certain size to avoid the possibility of secondary shear movements larger than typically 0.1 m,
which has been demonstrated to provide a reasonable margin for canister failure /Bérgesson

et al. 2004/. There is, however, uncertainty in the degree to which large fractures with the
potential to slip by more than 0.1 m can be identified and avoided when emplacing canisters
along the drift, and so the potential consequences of shear movements greater than 0.1 m at
canister emplacement locations need to be assessed.
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A methodology for calculating the probability of a KBS-3V canister location being intersected
by a fracture exceeding a prescribed size, assuming that such fractures are not detected and
avoided when the canisters are deposited, is given in /Hedin 2005/. Hedin applied the method
using data from the Forsmark site in Sweden. This appendix describes how the method can also
be applied to KBS-3H canister locations at Olkiluoto, and can be easily extended to evaluate
the special case of two or more adjacent KBS-3H canisters in a drift being affected by the same
fracture.

The model for KBS-3V

The model presented in /Hedin 2005/ is based on the notion that, if the distributions of fracture
sizes and orientations in a host rock are known, and if a canister is emplaced randomly in that
host rock, then it is possible to calculate the probability that the canister is intersected by a
fracture of specified properties, and in particular by a fracture that exceeds a certain size. The
fracture population is described as several fracture sets, each with specified distributions of
sizes and orientations. The distributions of sizes and orientations within a set are assumed to be
uncorrelated. Furthermore, all fractures are assumed to be infinitesimally thin, circular discs.

The model assumes a power-law probability density function of fracture sizes, f{r):

k

kr,
f(r)=rk%, ry Sr<eo (Eq. B.5-1)

with:

r  fracture radius [m]

ro  the smallest fracture radius considered in the model [m] (Table B.1-4)

k  adimensionless model parameter (Table B.1-4).

The fracture intensity and fracture size distribution gives rise to an average fracture area per
unit volume of host rock, a P32-value, expressed in units of m? per m®. Part of the P32-value

is associated with fractures that exceed a certain size and this critical part, a [m™'] is given by
Eq. 11 in /Hedin 2005/:

k=2 1 2 | k-2 ! !
a="Py,k-2)| -2 | D | 2] S0 [_+_} (Eq. B.5-2)
P Max 2k \ryn | K Frtin 2—k k

with:

rvax the size above which a fracture is assumed to be readily observable, and thus avoided [m]
(Table B.1-3)

"win the minimum fracture size that could give rise to potentially damaging displacement [m].

It is assumed that:

d ..
vt =% (Eq. B.5-3)

with:
dc.; the minimum displacement that may cause damage to a canister [m] (Table B.1-3)
b  adimensionless model parameter (Table B.1-3).

For a given rock volume, ¥ [m?], the total critical fracture area — i.e. the area of fractures
exceeding the critical size — is equal to a¥ [m?]. In KBS-3V, the cylindrical canisters are to be
deposited with their axes oriented vertically. If a fracture of critical size is horizontal, then a
canister centre-point positioned within half the canister height on either side of the fracture will
result in the fracture intersecting the canister position, giving a total canister intersection zone
width around a horizontal fracture equal to the canister length /. [m]. The corresponding width
for a vertical fracture equals the canister diameter 27, [m]. The intersection zone half-width /2
[m] for a single fracture the pole of which has a plunge angle 8 is illustrated in Figure B.5-1.
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Figure B.5-1. The intersection zone half-width L for a single fracture the pole of which has a plunge
angle 0 (after Figure 2-2 in /Hedin 2005/).

More generally, for distribution of fracture orientations, a mean intersection zone width </> [m]
can be calculated using Eq. 15 in Hedin 2005:

n 2 1 % ’
(L) ZLEOLOL(G)K;l;lg(;ipe(:pc(isf))ﬁ dod6’ (Eq. B.5-4)
where:
L©)=heysinb| + d,,1-sin” (Eq. B.5-5)
and
sinf =—cosf,sin0’ cosp —sinf,cos ¢’ (Eq. B.5-6)

In deriving Eq. B.5-4, it is assumed that each fracture set is characterised by a principal orienta-
tion, around which the orientation of fractures is described by a Fisher distribution for which the
probability density function g(¢) is given by:

©)= K sinB'exp(ic cos0”) (Eq. B.5-7)
exp(k)- exp(-x)

where « is a dimensionless measure of the degree of concentration around the principal orienta-
tion. The pole of a fracture with the principal orientation has a plunge angle 6,. Eq. B.5-4 is
solved by a numerical integration scheme.

Given the mean total critical fracture area, a, and the mean intersection zone width, <L>, a
mean value of the volume of rock within which canisters would intersect fractures of critical
size is calculated as a-V-<L>. ¢, the expectation value of the portion of canister positions that are
intersected by fractures that may cause damage is thus given by:

e=a(L) (Eq. B.5-8)
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N, the expectation value of the number of canisters positions that are intersected by fractures
that may cause damage, is given by:

N=N.a(L) (Eq. B.5-9)

where N, is the number of canisters in the repository.

Adaptation of the model to KBS-3H

For single canister positions, it is trivial to adapt this model to deal with canisters emplaced
horizontally by redefining § as m/2 — the plunge angle of a fracture pole — i.e. the fracture dip
(Figure B.5-2).

For KBS-3H, it is also of interest to evaluate the likelihood that the same potentially damaging
fracture (or fractures) will affect two or more adjacent canisters in a deposition drift. The situa-
tion of concern is sketched in Figure B.5-3.

To adapt the model described in the previous section to evaluate this situation, the intersection
zone width L(8) must be modified, as illustrated in Figure B.5-4.

2

Y .

plunge angle of fracture pole = 1/2 - &

Figure B.5-2. Redefinition of 0 for the horizontal (KBS-3H) canister case.
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Figure B.5-3. A single fracture affecting two adjacent canisters.

e, [

%h

&
Ly
I

-| - hH"“H-. 4 =
cc § el
H‘“‘-..,_

Figure B.5-4. The intersection zone half~width L/2 for a single fracture affecting two adjacent canisters
(a similar zone exists at an equal distance on the other side of the fracture).

In Figure B.5-4, C denotes the centre of the right-hand canister. If the canister centre were
further to the right, the right-hand canister would no longer be intersected by the fracture shown
as a diagonal solid line. On the other hand, if the canister centre were further to the left than C’,
the fracture would no longer intersect the left-hand canister. The distance CC’ is given by:

ccl=— _g (Eq. B.5-10)
|tan9|

with:
7. canister radius [m] (Table B.1-1)

S the distance between canisters (i.e. the supercontainer length, /; + the distance block length,
P — the canister length, /.) [m].

If CC’ is positive, then:
sinf| = 2(21/8\/1—sin2 0 —S|sin9|) (Eq. B.5-11)

If CC’ is negative, then the fracture is too steeply dipping to intersect both canisters simultane-
ously (i.e. its dip is greater than arctan(d/S)) and L(0) is set to zero.

L(®)=2CC’

210



L(60) defined in this way is substituted into Eq. B.5-4 and the resulting </> into Eq. B.5-8 to
evaluate the expectation value of the portion of adjacent canister pairs that are both affected by
the same potentially damaging fracture (or fractures). By redefining s as the distance separating
the first and last canister in a set of three adjacent canisters, the expectation value of the portion
of sets of three adjacent canisters that are all affected by the same potentially damaging fracture
(or fractures) can be evaluated.

It should be noted that the method only takes into account one deposition drift at a time. As
the distance between drifts is only 25 m, there is also the possibility that the same fracture will
cause canister damage in adjacent drifts. This possibility has not been evaluated quantitatively
in the present study.

Fracture network data

Fracture network data used in the present preliminary application of the model are given in
Table B.1-4. The data are the same as those of the discrete fracture network model of /La Pointe
and Hermanson 2002/, which was used in an earlier study to make estimates of rock movements
at Olkiluoto and other sites in Finland due to future earthquakes by numerical simulation.
Orientation and size distribution parameters are originally from a study by /Poteri 2001/. Data
are based on a size scaling analysis of observations of lineaments with a trace length scale in the
order of 1 km and greater, and, at a smaller scale, of outcrops and boreholes, which are on the
scale of meters to tens of meters. Fractures have been classified as open, filled or tight. Filled
and tight fractures are assumed not to be subject to slip during earthquakes, since sensitivity
analyses carried out by /La Pointe et al. 2000/ suggest that fractures with even moderate
amounts of cohesion and friction will not slip as a result of earthquakes unless these earthquakes
are extremely large and within a few hundred meters of a fracture. Thus, in /La Pointe and
Hermanson 2002/, the intensity of the open fractures was used for calibrating the fracture
intensity of the discrete fracture network model (P32).

Results

The expectation values of the portion of canister positions and of the total number of canister
positions that are intersected by potentially damaging fractures are presented in Table B.5-1

for vertical emplacement (KBS-3V) and in Table B.5-2 for horizontal emplacement (KBS-3H).
Intermediate results are also shown.

Table B.5-1. The expectation values of the portion of canister positions and of the total
number of canister positions that are intersected by potentially damaging fractures in the
case of vertical emplacement (KBS-3V), along with intermediate results.

Fracture sets Total
Horizontal N-NW E-NE
a[m™] 0.0012 0.00012 0.00036
<L>[m] 4.41 1.96 3.04
£ 0.0055 0.00023 0.0011 0.0068
N 16.5 0.7 3.3 20
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Table B.5-2. The expectation values of the portion of canister positions and of the total
number of canister positions that are intersected by potentially damaging fractures in the
case of horizontal emplacement (KBS-3H), along with intermediate results.

Fracture sets Total
Horizontal N-NW E-NE
a[m™] 0.0012 0.00012 0.00036
<L>[m] 2.72 4.82 3.64
€ 0.0034 0.00055 0.0013 0.0053
N 10.2 1.7 3.9 16

Figure B.5-5 shows the sensitivity of &V, the expectation value of the total number of canister
positions that are intersected by potentially damaging fractures, to:

7mar — the maximum radius of fractures that are assumed to escape detection; and

d.;; — the critical shear displacement at a canister position, above which damage is assumed
to occur.

The figure shows how the expectation value increases with the threshold size for fracture detec-
tion, and decreases with the threshold shear displacement (note that, for d.,;; — 0.1 m, fractures of
radii less than 100 m are assumed not to have the potential to cause damage).

The expectation value of the portion of adjacent canister pairs in KBS-3H that are affected by
the same potentially damaging fracture (or fractures) is presented in Table B.5-3, again along
with intermediate results. Table B.5-4 presents results for sets of three adjacent canisters.

16 =
—d_ = 0.1 m (base case value) -

P d,=015m —

d =02m

=

(base case value)

f

i
1060 200 300 400 SO0

M Iml

Figure B.5-5. The sensitivity of N, the expectation value of the total number of canister positions that
are intersected by potentially damaging fractures, to 1., the maximum radius of fractures that are
assumed to escape detection, and d.;, the critical shear displacement at a canister position, above
which damage is assumed to occur. Base case values refer to values given in Appendix B.1.
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Table B.5-3. The expectation value of the portion of adjacent canister pairs in KBS-3H
that are both affected by the same potentially damaging fracture (or fractures), along with
intermediate results.

Fracture sets Total
Horizontal N-NW E-NE

a[m™] 0.0012 0.00012 0.00036

<L>[m] 0.26 1.20 x 10 0.11

£ 0.00032 1.38 x 1010 0.000038 0.00036

Table B.5-4. The expectation value of the portion of sets of 3 adjacent canisters in KBS-3H
that are all affected by the same potentially damaging fracture (or fractures), along with
intermediate results.

Fracture sets Total
Horizontal N-NW E-NE

a[m] 0.0012 0.00012 0.00036

<L>[m] 0.080 2.69 x 107 0.038

£ 0.00010 3.09 x 10" 0.000014 0.00011

Discussion and conclusions

According to the results of the model calculations, about one in every 150 vertically emplaced
canisters will be affected by a potentially damaging fracture (20 canisters out of 3,000), assum-
ing that fractures with radii below 500 m are not detected and avoided as deposition positions.
The number is slightly lower for horizontally emplaced canisters — about 1 in every 190 or

16 canisters out of 3,000. This is largely due to the lesser effect of subhorizontal fractures in the
case of horizontal emplacement — the mean intersection zone width for subhorizontal fractures
is 4.41 m for vertical deposition and only 2.72 m in the horizontal case.

The possibility of two adjacent horizontally deposited canisters being affected by displacement
on the same fracture or fractures is indicated to be very low — about 1 in 3,000 canister pairs.
Fractures that intersect canister pairs predominantly belong to the sub-horizontal fracture set.
Almost no fractures in the relatively steeply dipping N-NW fracture set intersect two adjacent
canisters. This number drops to about 1 in 9,000 for sets of 3 adjacent canisters.

As discussed in the conclusions of /Hedin 2005/, there are several uncertainties that are not
treated in this approach, or are treated conservatively. For example, all fractures are pessimisti-
cally assumed to slip by an amount determined only by the secondary fracture size, irrespective
of their distance from, and orientation with respect to, the major deformation zone on which the
earthquake occurs.

It should also be noted that the criterion that the canister may fail if slips are greater than

0.1 m is conservative, particularly if slip occurs in a plane approximately parallel to, rather
than normal to, the canister axis, as in the case of a single fracture affecting two horizontally
emplaced canisters /Borgesson and Hernelind 2006/ investigated the impact of shear direction
showed that a shear inclination of 45° is more harmful to the copper shell of the canister than
shear either parallel or perpendicular to the canister axis). Sensitivity analysis shows how the
number of canister positions intersected by potentially damaging fractures decreases if this
criterion is relaxed.

213



B.6 Impact of limited availability of water on steel corrosion rates
Rate of water consumption by steel corrosion

Based on the corrosion process involving magnetite as the dominant corrosion product, the rate
of water consumption by corrosion of steel with an unlimited supply of water to the corroding
surfaces, R. [m3 a™'], is given by:

n =2 pp NuPr (Eq. B.6-1)
’ 3 NFe pw

with:

R steel corrosion rate [m a'] (Table B.1-5)

Fy total steel surface (supercontainer and feet) [m?] (Table B.1-2)

Prepw, densities of iron and water [kg m~] (Table B.1-5)
Nr., N,, molar weights of iron and water [kg mol™'] (Table B.1-5).

The reference steel corrosion rate (also based on the assumption of an unlimited supply of
water) is 1 um a!. From Eq. B.6-1, to sustain the reference corrosion rate over the total steel
surface of Fy ~ 40 m? per supercontainer, about 0.1 litres a! of water are needed. This appendix
considers the possibility that the rate of corrosion of steel components external to the canisters is
limited by the availability or water in the drift.

Availability of liquid water

In many drift sections, as long as a significant hydraulic gradient towards the drift persists,
inflow rates of liquid water from the rock will be sufficient to maintain the reference steel cor-
rosion rate of 1 pum a'. For example, even in tighter drift sections, with hydraulic conductivities
in the range 1073 to 1072 m s!, initial inflow rates will be 11 to 110 litres a' (Appendix B.3),
i.e. 2 to 3 orders of magnitude higher than the 0.1 litres a™! of water are needed to maintain the
reference steel corrosion rate. Over time, however, gas overpressures may develop in these
tighter drift sections, reducing water inflow rates and possibly leading to a partial desaturation
of the rock. Water may still, however, migrate to the corroding surfaces in the form of vapour,
both from the rock and from the buffer, as described in the following sections.

Even where there is no inflow from the rock, there is a substantial amount of water present in
the partly saturated buffer. The buffer initially inside the supercontainer consists of ring blocks
fitted around the canister, and end blocks on either side. The volume of liquid water initially
within the ring blocks, 7, [m?], is given by:

v, =x(2 -, (ﬂ IQJ (Eq. B.6-2)

100 } p,,

with:

pw  initial dry density of the ring blocks [kg m=] (Table B.1-2)

p.  density of water [kg m~] (Table B.1-5)

w,;, 1nitial water content of the ring blocks [% by weight] (Table B.1-2)

7.  canister radius (Table B.1-1)

rg  buffer block radius within a supercontainer [m] (Table B.1-1)

l,  combined length of buffer ring blocks within a supercontainer (Table B.1-1).
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This gives a water volume of 1,350 litres initially contained within the ring blocks. A similar
expression, also with data given in Tables B.1-1 and B.1-2, gives about 300 litres of water ini-
tially contained within the end blocks. The conversion of the total mass of steel (about 1,071 kg
per supercontainer including feet) to magnetite would require 382 litres of water. Thus, there

is sufficient water initially inside the buffer to corrode the steel. The question arises, however,
whether water can be withdrawn from the buffer and from the near-field rock by evaporation/
vapour diffusion at a sufficient rate to maintain corrosion.

Supply of water by vapour diffusion from the near-field rock and from bentonite

The dominant driving force for vapour transport between corroding steel surfaces and liquid
water present in both the near-field rock and the buffer is the vapour pressure gradient that is
established by a gradient in the relative humidity (which in turn is a function of the total suction
potential) and by a temperature gradient. Other gradients, such as the osmotic gradient, density
gradient and gravity, are less important. Note that vapour transport by a temperature gradient
(thermal diffusion) can be viewed as being part of vapour transport driven by a gradient in the
relative humidity. This is because a temperature difference causes a vapour pressure difference,
which drives vapour from the warmer part to the cooler part.

Steel corrosion and suction/condensation in the buffer will take up moisture from the gas
phase and tend thus to maintain a vapour pressure gradient from the rock towards the drift
(Figue B.6-1). This is opposed by the temperature gradient that, by thermal diffusion, tends to
evaporate water near the heat source (canister) and to drive water vapour outwards to cooler
areas where condensation takes place. The importance of thermal diffusion, however, decreases
with time due to the gradual decrease of temperature at the canister surface. After a transient
phase, a steady-state vapour flux is likely to be established, where the consumption of water at
the steel surface (the sink) is balanced by transport of vapour towards the sink. It is important
to note that the conversion of water to corrosion products is an irreversible process and is thus
a true sink, whereas the uptake/condensation of moisture in bentonite may be reversed by
evaporation/removal (drying of bentonite). As a matter of fact, drying of bentonite is common
in the fabrication of bentonite blocks or pellets.

= = no steel

== with steel corrosion

r r r r r Radius

Note that the figure represents a situation where a thermal gradient exists from the canister towards the
rock. In this situation, water in bentonite pores is driven outwards by vapour diffusion.

Figure B.6-1. Schematic radial profile of water content (0,) and vapour concentration (C,) in bentonite

and at the interface supercontainer/near-field rock, with and without the effect of steel corrosion (vapour
sink).
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The steady-state transport rate of vapour from a source of water, located at some radial distance
79, to the sink (supercontainer shell), located at the radius 7, may be estimated as follows:

Cv(ro)_cv(rs,i)

,=2nD,S I (Eq. B.6-3)
Q 0 In(ry /)
with:
0O, vapour transport rate [kg a™']
D, effective vapour diffusion constant of porous medium [m? a!'] (Table B.1-5)
S, average gas saturation of the porous medium [—]
C, vapour concentration in gas phase [kg m™]
[, length of supercontainer [m] (Table B.1-1)
r.. radius of supercontainer, taken to be (r,; + r,,)/2 [m] (Table B.1-1)
7,  radial location of water source [m].
The concentration of vapour in the gas phase is given by:
Nva sat rH
= s (Eq. B.6-4)
R,T

with:

P... saturated vapour pressure [Pa]

ry  relative humidity []

N, molar weight of water [kg mol™'] (Table B.1-5)
R, universal gas constant [J K! mol!] (Table B.1-5)
T  temperature [K].

In the case of vapour diffusion from the near-field rock into the drift, the vapour pressure
gradient is spanned by a relative humidity of 1 within the rock, assumed to be saturated at a
radial distance of 0.1 m from the rock surface, and by a relative humidity of 0.6 near to the steel
surface of the supercontainer. Note that corrosion is strongly reduced for relative humidities
below 0.6. In the presence of hygroscopic salts on the steel surface, the threshold value for the
relative humidity above which significant corrosion can occur may be even lower (in the order
of 0.4). The saturated vapour pressure at an assumed temperature of 60°C at the steel surface is
about 2 x 10* Pa. Based on these values and on an average gas saturation in the pores of the rock
matrix of 0.1, one obtains:

0.010 kga™ =0.6
0, = ga (y =06) (Eq. B.6-5)
0.015 kga (ry =0.4)

This is about an order of magnitude lower than the minimal rate of water supply (0.1 litres per
year, or 0.1 kg per year) that is required to maintain corrosion at a rate of 1 um per year.

In the case vapour diffusion within the pores of the buffer an additional equation is needed
to relate the relative humidity within the buffer pores to the total suction potential,  [Pa].
Neglecting osmotic effects, this relationship reduces to Kelvin’s equation:

R,T
V= pw—oln(rH) (Eq. B.6-6)
N,
For an initial water content of 10% by weight, a total suction potential of =70 MPa /SKB 2006b/
to —100 MPa (/JNC 2000/, Figure B5-13) is reported. The total suction potential does not show

a strong dependence on temperature (/JNC 2000/, Figure B5-11). From Eq. B.6-6, the relative
humidity within bentonite pores can be calculated (Table B.6-1).
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Table B.6-1. Relative humidity within bentonite pores as a function of the water content and
of the temperature.

Water content Total suction potential Temperature Relative humidity
[% w] [MPa] [°C] -1
10 =70 10° 0.58
-100 10 0.46
20 -20 10 0.86
10 -70 602 0.63
-100 60 0.52
20 -20 60 0.87
10 -70 803 0.65
-100 80 0.54
20 -20 80 0.88

' Ambient rock temperature at 400 m depth.
2 Average temperature of supercontainer during early thermal phase.
3 Average temperature of inner bentonite during early thermal phase.

From the values in Table B.6-1, and using Egs. B.6-3, B.6-4 and B.6-6, the rate of vapour trans-
port from the inner part of the buffer to the steel surface of the supercontainer (where a constant
relative humidity of 0.6 or 0.4 is assumed) can be calculated. The resulting vapour transport
rates are presented in Figure B.6-2 as a function of the average water content and of the relative
humidity at the steel surface. Two sets of curves are shown:

* Thermal phase (upper curves): Temperature of 80°C and a saturated vapour pressure of about
5 x 10* Pa in the inner part of the bentonite buffer (halfway between the canister and the
supercontainer); temperature of 60°C and a saturated vapour pressure of about 2 x 10* Pa
near the supercontainer shell.

* Isothermal conditions (lower curves): Uniform temperature of 10°C throughout the near
field, saturated vapour pressure of about 1.2 x 10° Pa.

KBS-3H: Vapour transport from
inner bentonite to supercontainer

rH = 0.4 (thermal
phase)
rH = 0.6 (thermal

0.1 < \ phase)

- = =rH=04(10°C,

Vapour transport rate [kg/a]

isothermal)
= = =rH=0.6 (10°C,

0.01 A isothermal)

PRI N —o— Water consumption
. " S rate (1E-06 m/a)
Pl ’ DS
L4
0.001 ‘ —= ‘
0.05 0.1 0.15 0.2 0.25

Water content [-]
Note that the initial water content inside the supercontainer is 10-18% by weight.
Figure B.6-2. Vapour transport from the inner part of the buffer to the supercontainer shell as a

function of the water content in buffer (by weight) for the transient thermal phase (upper curves) and
for isothermal conditions after the transient thermal phase.
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The vapour transport rate during the transient thermal phase is a factor of 1-3 higher than

the minimal rate of water supply (0.1 kg a™') that is required to maintain corrosion at a rate of

1 um a™'. After roughly 100 years of cooling, the heat flux from the canister is reduced to about
half its initial value. By then, the supply of water vapour has dropped to values below 0.1 kg a™'.
In the course of further cooling, the temperature gradient gradually decreases until — after a few
thousand years — the temperature returns to ambient conditions (about 10°C). For these condi-
tions, the vapour transport rate is below 0.01 kg a™!. Some additional water vapour is provided
by the rock (see above) and from the two adjacent distance blocks towards the supercontainer.
The latter contribution has not been quantified, but is considered to be smaller than the water
vapour supply from the buffer due to geometrical reasons.

Table B.6-2 summarises the estimated water supply rates from the near-field rock and from the
inner part of buffer to the supercontainer shell for various conditions and transport processes.

B.7 Impact of uncertainties in the generation and transport of sulphide
on canister lifetime

Introduction

The interaction of the copper canister with sulphide from the groundwater is considered to be
the most important canister corrosion process in the long term (i.e. after oxygen-free conditions
are established). Critically, the barrier to sulphide transport provided by the buffer severely
limits the rate at which sulphide can reach the canister surface. Scoping calculations reported
in Appendix B.2 that indicate canister lifetimes exceeding the minimum design lifetime of

105 years by more than an order of magnitude, even in the case that the drift is intersected near
the canister location by a fracture with a transmissivity at the higher end of the expected range
—1i.e. about 3 x 10?m? s’! (although, as noted in Appendix B.2, the possibility of some higher
transmissivity fractures intersecting the drift near a supercontainer location cannot be excluded
on the basis of the current 0.1 litres per minute inflow criterion). In this appendix, the impact
on canister lifetime of features and processes that could perturb sulphide concentration at the
buffer/rock interface, and transport of sulphide across the interface and through the buffer, are
evaluated.

Methane and hydrogen are present naturally in the groundwater and hydrogen will also be
generated by the corrosion of the steel repository components, principally the supercontainer
shell. These gases could participate in the reduction of groundwater sulphate to sulphide in the
presence of sulphate reducing bacteria, increasing the sulphide concentration (Section 5.3.1).

Table B.6-2. Water supply rates from the near-field rock and from the inner part of buffer to
the supercontainer shell.

Situation Critical parameter Water supply Time period
Drift sections in permeable  Hydraulic conductivity unlimited' 0 to 4,000 years (steel corrosion
and moderately tight rock above about 10" m s’ rate 1 yma™)

Drift sections in tighter rock

advective inflow Hydraulic gradient unlimited" 0 to a few 100 years (up to
gas/water pressure equilibration)
vapour transport Vapour pressure limited? from a few 100 years until the
gradient end of steel corrosion (several

1,000 to several 10,000 years,
depending on the effective
corrosion rate)

' Water supply is sufficient to maintain corrosion at a rate of 1 ym a".
2 Water supply is, however, likely sufficient to maintain corrosion at a rate of 0.1 ym a".
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Features and processes with the potential to perturb the transport of sulphide across the buffer/
rock interface, and through a limited layer of buffer or rock adjacent to the interface, include:

» thermally-induced rock spalling (Section 5.4.5);

 the presence of potentially porous or fractured corrosion products in contact with the drift
wall relatively tight drift sections (see Section 5.5.2);

* chemical interaction of the buffer with these corrosion products (Sections 5.6.4 and 6.5.3);
and

* chemical interaction of the buffer with high-pH leachates from cementitious components
(Section 5.6.5).

In addition, limited piping and erosion during the operational phase of the repository and during
saturation of the drift (Section 5.5.6) could lead to a loss of buffer density and an increase in the
rate of solute diffusion across the buffer. Finally, chemical erosion of the buffer by glacial melt-
water (Section 7.4.3) has the potential to perturb a greater thickness of the buffer, and to give
rise to advective transport conditions between the canister and the drift wall. It may, however,
still require considerable time for a canister to fail after advective conditions are established,
particularly if the erosion rate is limited by the supply of sulphide from the rock.

The impact of these features and processes on canister lifetime is assessed in the present
appendix. The impact on radionuclide transport subsequent to canister failure is addressed by
the radionuclide release and transport calculations described in the Radionuclide Transport
Report /Smith et al. 2007/.

Cases considered

The cases addressed in the scoping calculations described in this appendix are shown schemati-
cally in Figure B.7-1. In all cases, it is assumed that a drift section containing a canister is
intersected perpendicularly by a single transmissive fracture.

In Case (a), the above-mentioned features and processes are assumed to cause no significant
perturbation to the flow in the fracture around the perimeter of the drift. C; [kg m~] is defined
as the concentration of sulphide in groundwater approaching the drift. Some of this sulphide
diffuses into the buffer and is consumed by reaction with the copper, and some passes into the
downstream part of the fracture. Diffusive mass transfer between the fracture and the buffer
takes place in a thin “boundary layer” in the fracture along its interface with the buffer. The
concentration in the boundary layer is modelled as being constant (C, [kg m~]) around the
perimeter of the drift. Groundwater exiting the boundary layer and passing into the downstream
part of the fracture also has a sulphide concentration C;. All sulphide reaching the canister sur-
face is assumed to be consumed by reaction with copper, so that a zero sulphide concentration
boundary condition is applied at the surface. Two variants are considered: (i), in which diffusion
in the buffer is unperturbed by processes such as piping and erosion during early evolution, and
(i1), in which the rate of diffusion in the buffer is assumed to be increased by such processes.

In Case (b), the above-mentioned features and processes give rise to a highly conductive annular
zone at the buffer/rock interface. This zone is treated as a mixing tank, within which sulphide
has a constant concentration C,, [kg m~], and from which sulphide can diffuse into the buffer or
pass into the downstream part of the fracture. The length of this mixing tank along the drift is
set equal to the canister length. Groundwater exiting the mixing tank and passing into the down-
stream part of the fracture also has a sulphide concentration C,,. Again, reaction with copper is
assumed to reduce the sulphide concentration to zero at the canister surface. Two variants are
considered: (i), in which the mixing tank has negligible thickness, and (ii), in which it occupies
10% of the buffer thickness.
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Case Description
(a)
1 L. = {:
No perturbation to buffer/rock interface
g
fﬂl T (i) diffusion in buffer unperturbed
C=4 (ii) rate of diffusion in buffer increased, e.g. by piping
and erosion during early evolution
l C=C
il
(b}
l (T
T
P a1 s Perturbed interface zone, treated as mixing tank:
R
C=0 (i) thickness of zone treated as negligible
(i) zone assumed to occupy 10% of buffer thickness
f o 4
“rmiaing k"
l C=C
Ly
(c)

l E'—{"

RLITERTFR Py S =i

=il

The entire buffer is treated as mixing tank

Figure B.7-1. Cases considered in the current scoping calculations. Symbols are defined in the main

text.
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In Case (c), the mixing tank is assumed to extend throughout the buffer (e.g. due to loss of
buffer mass by chemical erosion). Reaction with copper is pessimistically assumed to consume
all sulphide entering the mixing tank. As in Cases (a) and (b), the rate at which sulphide enters
the mixing tank is controlled by its supply from the host rock via the fracture, in which sulphide
has a concentration C;.

In Cases (a), (b) and (c), corrosion is evaluated as a function of sulphide concentration in

the groundwater. The possible impact of sulphate-reducing bacteria on the concentration of
sulphide in groundwater approaching the drift in the presence of hydrogen from the corrosion
of steel components is also considered. The possible impact of dissolved hydrogen and methane
naturally present in the groundwater remains an issue for further investigation (Chapter 12).

Mathematical models
Case (a)

In Case (a), the mass of sulphide reaching the boundary layer by advection along the fracture
must balance the mass lost from the boundary layer by advection in out-flowing water, and the
mass lost by diffusion into the buffer and reaction with copper.

The rate at which sulphide enters the boundary layer from the approaching flowing water is
C,0, [kg a™'], and the rate at which sulphide in the boundary layer is advected downstream of
the drift is C,Q, [kg a™'], where O, [m® a''] an equivalent flowrate given:

A, [2D,T-i
0, =—1 w” 70 (Eq. B.7-1)
/4 rb,

(see e.g. Eq. 3-10 in /Vieno and Nordman 2000/), with:

T the fracture transmissivity [m? s '] (set an assumed moderately pessimistic value of
3 x 107 m? s, see Appendix B.2)

b,  the fracture half aperture [m] (related to transmissivity using Eq. B.2-2)
r,  the drift radius [m] (Table B.1-1)
iy the hydraulic gradient [-] (Table B.1-3).

Apq [m?] is the area of intersection of the fracture with the drift and is given by:
A foe = 4mh, 1, (Eq. B.7-2)

If O, [m* a™'] is the transfer coefficient between the boundary layer and the canister surface
through the buffer (i.e. the rate of mass loss by diffusion into the buffer and reaction with copper
is C,0)), then mass balance requires that:

C0y= G0, + GOy (Eq. B.7-3)

It is shown in Appendix B.8 that the transfer coefficient O, may be approximated by:

D, ; A
0, ~ eff “frac (Eq. B.7-4)

2b, 1o g{Z(r,b— e )J

v

where 7, [m] is the canister radius (Table B.1-1) and D,;[m? s™'] is the effective diffusion coef-
ficient of sulphide ions in the buffer, which is set, in variant (i), to:

o D, [m?s],i.e. the effective diffusion coefficient of anions in the unperturbed buffer
(Table B.1-2);
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and, in variant (ii), which represents an increased rate of buffer diffusion due to loss and redistri-
bution of buffer mass by piping and erosion during early evolution, to:

* &D, [m?s'], where ¢ is the buffer porosity (Table B.1-2), and D, is the diffusion coefficient
of ions in free water (Table B.1.-5).

Eq. B.7-4 is slightly different to the equation for O, given by Eq. 3-9 in /Vieno and Nordman
2000/, and different again to that given in /Neretnieks 1985/ due to minor differences in the
way the problem is formulated. For the parameter ranges used here, the three expressions give
similar results (see e.g. Appendix B.8, Figure B.8-2).

It is also shown in Appendix B.8 that the rate of arrival of sulphide at the canister surface at the
location where this is the highest (directly opposite the fracture/drift line of intersection) is:

fo= oy Cs (Eq. B.7-5)

20; -, )log{w ]

b

v

From Egs. B.7-3 and B.7-5:

_ ,C, 1 o,

_ (Eq. B.7-6)
e 0 [ 0]0

v

Noting that 2 moles of copper are corroded per mole of sulphide arriving at the canister surface,
the maximum rate of copper corrosion (j, [m a™']) is:

Ja = 2o N (Eq. B.7-7)
p N,

where p [kg m™] is the density of copper, and N. and N, are, respectively, the molar weight of
copper and sulphide (Table B.1-5).

Finally, the canister lifetime (¢, [a]) is given by:

P (Eq. B.7-8)

Clocal J a

where d [m] is the canister wall thickness (Table B.1-1) and ¢, is a factor for uneven corrosion
(Table B.1-5).

Case (b)

In Case (b), the mass of sulphide reaching the mixing tank by advection along the fracture
must balance the mass lost from the boundary layer by advection in out-flowing water, and the
mass lost by diffusion into the buffer and reaction with copper. If the rate of groundwater flow
through the mixing tank is Q,, [m® a™'], and O, [m? a'] is the transfer coefficient between the
canister surface and the mixing tank through the buffer (i.e. the rate of mass loss by diffusion
into the buffer and reaction with copper is Q0 ;,C,,), then:

0,, depends on the hydraulic conductivity and thickness of the mixing tank. If the product of
these parameters is sufficiently large, however, O, tends towards a limiting value:

0, = 4Tiyr, (Eq. B.7-10)

222



i.e. the mixing tank “captures” the flow from a portion of the fracture that is twice the drift
diameter (note: this factor of 2 is due to a convergence of flow lines towards the drift).

If the inner radius of the mixing tank is r, [m], the concentration in the buffer inside this bound-
ary, C, is given by the solution to Laplace’s equation (i.e. the steady-state diffusion equation) in
cylindrical geometry:

’

log, r

c=C £ (Eq. B.7-11)

log{r’”)
o

where r’[m] is the radial distance from the drift axis. The rate of transport of sulphide across the
bufter is:

0,C, = =27r'l.D, % =2rl.D,C, _ (Eq. B.7-12)
' r

log{r’”]
rC

where /. [m] is the canister length (Table B.1-1).

From Eq. B.7-9:
c —c—n (Eq. B.7-13)
The rate of arrival of sulphide at the canister surface is given by:
Qi

wCn =C ————— (Eq. B.7-14)
O 140,10,
The maximum rate of copper corrosion (j, [m a™']) is:
Jb C, N._ (Eq. B.7-15)

B n-rclcp Ns 1+Qfm /Qm

O 1s evaluated using Eq. B.7-12. In variant (i), r,, is set equal to 7. In variant (ii), it is set equal
tor,—0.1(r,—r.).

The canister lifetime in this case (¢, [a]) is:

= d ; (Eq. B.7-16)
Clocal]b
Case (¢)

In Case (c), all of the sulphide that is collected by the mixing tank is assumed to contact the
canister surface and to react with it. Any limitation by the kinetics of the corrosion reaction is
thus pessimistically neglected. The rate of arrival of sulphide at the canister surface (F,; [kg a™'])
is given by:

Fy=CQ, (Eq. B.7-17)
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The maximum rate of copper corrosion (j. [m a™']) is:

. _ N, (Eq. B.7-18)
¢ oardp N,
and the canister lifetime in this case (. [a]) is:
(=4 (Eq. B.7-19)
g.

Calculated canister failure time as a function of sulphide concentration in the water

Figure B.7-2 shows canister failure time as a function of groundwater sulphide concentration for
each of the cases described in Figure B.7-1. With no perturbation of the buffer/rock interface, a
very long canister lifetime in the order of millions of years is calculated (see also Figure B.2-2),
which is only slightly reduced if an increased sulphide diffusion coefficient in the buffer is
assumed (e.g. due to early piping and erosion). If iron/bentonite interaction results in a highly
conductive “mixing tank” around the buffer/rock interface, the resulting higher flux of sulphide
to the canister surface results in a significantly reduced canister lifetime. Canister lifetime is
further reduced, though only slightly, if the mixing tank extends to a finite depth into the buffer
(10% of the buffer thickness). The impact of treating the entire buffer thickness as a mixing
tank is also quite limited, indicating that the transport resistance provided by the buffer does
not dominate the transport of sulphide to the canister surface. The canister lifetime falls below
one million years only if sulphide concentrations significantly above the currently observed
maximum level at Olkiluoto are assumed.

10 R B A A R B B B O S

Canister failure time [a]
Observed jhiax. levél at Olkiluoto (12 mg I')
L

1|:|5I B I L L IR | = """'I-L ‘ IIIII;'I
10 a[ns 0"

Sulphide concentration in groundwater [mg ')

Cnsa (&) varnand () - o parbarbalion 1o buBar roo erince, relerencs bulfer d#usion oooblicken
® Case (a) variant (i) - no pedurbation to bufferiock inderface. increased beer diffusion cosliicient

Casa (B vanki (1) - pamuibed Barlacs irealad &8 6 thin mixing lank

Case (b) varken (§) « petubed inferiace treafed as & mixing fask of finke thickness

Case {c) - Bt cases of enfire Buller Ireabed s minisg lank

Figure B.7-2. Canister failure time as a function of groundwater sulphide concentration for the cases
defined in Figure B.7-1. Note that the results for case (b), variants (i) and (ii), approximately coincide.
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Impact of hydrogen from steel corrosion

The possible impact of sulphate-reducing bacteria on the concentration of sulphide in ground-
water approaching the drift in the presence of hydrogen from the corrosion of steel components
is considered below, assuming a steel corrosion rate of 1 um per year (Table B.1-5) and a variant
rate of 0.1 um per year (Appendix A of /Gribi et al. 2007/).

The conversion of steel to magnetite (the expected initial corrosion product) proceeds according
to the reaction:

3Fe + 4H20 — Fe304 + 4H2 (Eq B7'20)

and results in the production of hydrogen gas. Corrosion at a rate of R [m a'] produces
hydrogen at a rate of 9.5 moles per year for a corrosion rate of 1 um per year, and 0.95 moles
per year for a corrosion rate of 0.1 pm per year (see Table 5-9 of /Gribi et al. 2007/). The largest
contribution to hydrogen gas generation comes from the supercontainer shell (there are smaller
contributions from other steel components external to the canisters, i.e. the fixing rings and
spray and drip shields). The thickness of the supercontainer shell is 8 mm. Assuming this to be
corroded from both sides, the hydrogen generation period is 4,000 years for a corrosion rate of
1 um per year, and 40,000 years for a corrosion rate of 0.1 um per year.

In Case (a), sulphate enters the boundary layer at the buffer/rock interface at a rate Cyuppae O
moles per year, where Ci, [mol m™] is the sulphate concentration in groundwater. According
to /Andersson et al. 2007/, the current sulphate concentration below around 300 m depth at
Olkiluoto does not exceed about 100 mg per litre (Figure 11-8 of /Andersson et al. 2007/).

Ionic strengths are expected to remain below this value throughout the period considered, as
illustrated, for example, in Figure 4-1. Q,, evaluated using Eq. B.7-1, is about 1.6 x 10~* m® a™,
and so the rate at which sulphate enters the boundary layer is not expected to exceed

100 gm= x 1.6 x 10* m?® a'/(96 g per mole) = 1.7 x 10* moles per year, which will require

6.7 x 10*moles per year of hydrogen to reduce it to sulphide according to the reaction:

4H, +SO2 — S* +4H,0 (Eq. B.7-21)

Thus, in Case (a), as long as hydrogen production persists, there is more than enough hydrogen
present to reduce this sulphate to sulphide, even for a low corrosion rate of 0.1 pm per year.
Even in Case (c), which represents an extreme case of buffer perturbation where the entire
buffer is treated as a mixing tank, sulphate enters the mixing tank at a rate Cppae O, moles

per year. Q,,, evaluated using Eq. B.7-10, is about 3.5 x 103 m?® a’!, and so the maximum rate
at which sulphate enters the mixing tank is 100 g m= x 3.5 x 102 m* a'/(96 g per mole) =

3.6 x 107 moles per year, which will require 0.014 moles per year of hydrogen to reduce it

to sulphide. Thus again, as long as hydrogen production persists, there is more than enough
hydrogen present to reduce this sulphate to sulphide. The impact of this sulphide is, however,
confined to the duration of hydrogen generation.

In Case (a), if sulphate migrating through a fracture is converted to sulphide and this sulphide
then enters the boundary layer at a rate of 2.1 x 10~ moles per year, the resultant canister
lifetime, according to Eq. B.7-8, will be about 900,000 years for variant (i) (reference diffusion
coefficient in buffer) and 700,000 years for variant (ii) (increased diffusion coefficient due,
e.g., to piping and erosion). If hydrogen generation ceases at 4,000 years (1 um per year steel
corrosion rate), the canister will only be between 0.4% and 0.6% corroded at this time. The cor-
responding range for a 0.1 um per year corrosion rate is 4% to 6%. The same equations apply,
and the same results are obtained, if sulphate is converted to sulphide at or near the surfaces of
the corroding steel surfaces, rather than in a host-rock fracture. Thus, copper thickness is only
slightly reduced by corrosion during the period of hydrogen generation.

In Case (c), with the entire buffer is treated as a mixing tank and with sulphate converted to
sulphide and entering the mixing tank at a rate of 4.5 x 10~* moles per year, the resultant canister
lifetime, according to Eq. B.7-19, will be about 100,000 years. If hydrogen generation ceases

at 4,000 years (1 wm per year steel corrosion rate), the canister will only be about 4% corroded
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at this time. The corresponding value for a 0.1 um per year corrosion rate is 40%. Assuming
the sulphide concentration then falls currently observed maximum value of about 12 mg per
litre, based on the results shown in Figure B.7-2, the remaining 60% will require about another
600,000 years to corrode before the canister fails. Thus, even in this highly pessimistic case,
an overall canister lifetime of several hundred thousand years is expected. Only in the case of
a high sulphide concentration of 100 mg per litre being maintained, e.g. by microbial activity,
for some tens of thousands of years is canister lifetime reduced below about 100,000 years.
This is not expected to occur as a result of hydrogen from the corrosion of steel, since all steel
components external to the canister will corrode away within a shorter time frame. Methane
and hydrogen naturally present in the groundwater could, in principle, play a role in sustaining
microbial activity over a longer period. As noted in Chapter 12, the impact of these dissolved
gasses on sulphate reduction by microbes is an issue for both KBS-3H and KBS-3V and
requires further investigation.

Limitations of the scoping calculations

In the scoping calculations presented in this appendix, it is assumed that the groundwater is the
only source of sulphate or sulphide. In reality, pyrite in the buffer may also provide a source of
sulphide (although part of this may be oxidised before and after emplacement in the drift, and
act as a source of sulphate which might later be reduced to sulphide). In the case of a KBS-3V
deposition hole, sulphide originating from pyrite dissolution has been estimated to lead to, at
most, 0.1 mm of corrosion at the sides of the canister, and 0.5 mm at the top /Hedin 2004/.
This estimate is based on a simple diffusive transport model in which sulphide concentration in
the buffer is solubility limited, with 0.07+/-0.05 weight % pyrite assumed to be present in the
buffer. Thus, corrosion caused by the pyrite initially present in the buffer has negligible impact
on the copper thickness in KBS-3V, and the same conclusion is expected to apply to KBS-3H.

The scoping calculations also assume that groundwater is the only source of sulphate available
for reduction to sulphide in the presence of hydrogen and sulphate-reducing bacteria. In reality,
dissolution of gypsum in the buffer could also provide a source of sulphate internally within the
buffer. This could migrate by diffusion to the buffer/rock interface, where it could be reduced

to sulphide by sulphate reducing bacteria, increasing the overall sulphide concentration. While
neglecting this source of sulphide is non-conservative, it is further (and conservatively) assumed
that sulphide from whatever source passing the buffer/rock interface and migrating through

the buffer remains in solution (is not solubility limited) and does not react with any porewater
constituents or repository components other that the copper canister. In reality, the large amount
of iron present in KBS-3H at the buffer/rock interface is likely to react with sulphide, forming
iron sulphides that have low solubility and reducing the flux of sulphide to the canister surface.
Furthermore, reaction with sulphide may increase the corrosion rate of the steel components,
and reduce the period of hydrogen generation during which sulphate may be reduced to sulphide
in the presence of hydrogen and sulphate-reducing bacteria.

Finally, it is assumed that hydrogen from corrosion of steel components participates directly in
the reduction of sulphate to sulphide. In reality, the hydrogen generated may also oxidise any
carbon dioxide present in the system and form methane (4H, + CO, — CH, + 2H,0), which
may later play a role in the microbial reduction of sulphate. The overall impact of hydrogen
production on canister corrosion is, however, likely to be similar.

Overall, there are several simplifying assumptions in these scoping calculations presented in this
appendix that could result in somewhat higher or lower canister lifetimes than those calculated.
The provisional finding, however, is that corrosion is unlikely to result in a canister lifetime of
less than several hundred thousand years, even in cases where mass transport in the buffer is
severely perturbed.
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B.8 Maximum mass transfer rate to the canister surface from an
intersecting fracture

The steady-state concentration distribution between a canister surface and an intersecting frac-
ture has been derived by /Neretnieks 1985/ and, for slightly different boundary conditions, by
/Liu and Neretnieks 2004/. The general solution involves a sum over infinite terms and equation
roots that must be obtained numerically.

In the present context, the entire concentration distribution is not of interest. Rather, it is the
maximum sulphide concentration gradient at the canister surface (i.e. the gradient along a line
on the canister surface directly opposite the fracture/drift line of intersection) and the transfer
coefficient through the buffer between the canister surface and the buffer/rock interface that are
required, and much simpler approximate expressions for these quantities may be obtained.

The steady-state concentration within the buffer is governed by Laplace’s equation (i.e. the
steady-state form of the diffusion equation):

According to the uniqueness theorem, real solutions of Laplace’s equation within a bounded
region where either concentration (Dirichlet) or flux (Neumann) boundary conditions apply are
unique. It follows from the uniqueness theorem that if a solution to Laplace’s equation can be
found that satisfies the required boundary conditions by any means whatever, then that solution
is the correct one since only one solution exists. This observation is the basis of the method of
images, which is the approach used to solve the present problem. In the method of images, a
system of sources and sinks in a hypothetical unbounded medium is considered such that the
boundary conditions required around the more spatially limited physical problem domain are
satisfied.

In order to simplify the solution, the curvature of the canister and drift wall surfaces is neglected
(as in /Neretnieks 1985/) and the fracture aperture is assumed to be much smaller than the buffer
thickness, such that the fracture can be treated as a line source of small but finite radius r, [m],
shown as a shaded circle in Figure B.8-1. External to this source, and in the absence of other
sources or sinks, the concentration gradient is given by the solution to the 1-D from of Laplace’s
equation:

ac_d ., (Eq. B.8-2)
ar r

where 4 [kg m™] is a constant and r [m] is the distance from the centre of the source in the
direction of the canister surface.

In order to maintain a zero concentration at the canister surface, an equal an opposite line sink
(represented by an open circle) is placed a distance A below the canister surface, i.e. a distance
2A below the line source representing the fracture, where:

A=(r,—r.) (Eq. B.8-3)

This sink, however, leads to a non-zero concentration gradient in the » direction at the drift wall,
which requires a further sink to be considered at a distance 2A above the line source represent-
ing the fracture. This, in turn, requires a further source to be considered below the canister sur-
face in order to maintain a zero concentration at this surface. The resulting 1-D array of sources
and sinks is illustrated in Figure B.8-1. The system of sources and sinks extends infinitely above
and below the buffer, but the sources and sinks have a diminishing effect on the concentration
distribution within the buffer as distance from the buffer increases.
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Figure B.8-1. Array of image sources (shaded circles) and sinks (open circles) extending infinitely
along the r-axis and representing the concentration field in the buffer.

Considering the entire array of sources and sinks, the concentration gradient at a point inside the
buffer at a distance » from the fracture is thus given by:

LS | (S I DD S . P (Eq. B.8-4)
dr r 2A-r 2A+r  4A-—r

Integrating Eq. B.8-4 from the source, where the concentration is C,, along the shortest line to
the surface of the canister, where the concentration is zero:

C, = —Arﬁ [(og, r —1og, @A —r))- (log, RA +r)—log, (@A —r))+...] (Eq.B.8-5)

rp [m], the diameter of a source or sink, is set such that the half-surface area is equal to the
fracture area intersecting the drift wall:

_ 2b,
T

(Eq. B.8-6)

Tp

Since rp << A:

c, - Al(loge(%]— log, 2}—(10&@)—10&(%)}...] (Eq. B&.7)
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This sum can also be written:

r > 2n 2(n+1)
C, =Alog |2 |-log. 2+ —1)]log —— |-log | ———=
) [ ge(AJ g. Z,( Y( geznﬂ) g{ i D
7 = 1 r T
=Allog | 2 |-1lo 2| Il— = Al log | 2 |+log, — (Eq. B.8-8)
( ge(AJ ge ] 4n2] ( ge(AJ g. 4J

The release rate of sulphide from the source (i.e. the rate of mass loss by diffusion into the
buffer) is:

dcC 74
C,=-D,A, —| =- — Eq. B.8-9
Qf b e“ frac d]" v e“” frac 2bv ( q )
From Egs. B.8-8 and B.8-9:
A
0 o et (Eq. B.8-10)

f
2A
2b log | —
v g{bvj

The rate of arrival of sulphide at the canister surface at the location where this is the highest
(directly opposite the fracture/drift line of intersection) is:

Sonax = —Ded—c (Eq. B.8-11)
dr r=A

From Eq. B.8-4:

dac 24 1 A

ac) _ Ay L ™ Eq. B.8-12

arl,_. A ;( Vi (Eq )

From Egs. B.8-8, B.§8-11 and B.8-12:

foo= MG (Eq. B.8-13)
ZAloge[;tA)

As a test of this solution, the release rate of sulphide from the source calculated using

Eq. B.8-10 can be compared with the solutions given in /Neretnieks 1985/ and in /Liu and
Neretnieks 2004/. There are some differences in the problem addressed by the two solutions.
Most significantly, the solution given by Eq. B.8-10 is for the case where diffusion parallel to
the drift is unbounded. The solution given in /Neretnieks 1985/ considers the case of a KBS-3V
deposition hole, in which there is mass transfer from the deposition hole to the tunnel backfill,
which is located a vertical distance a [m] above the centre plane of the (horizontal) rock
fracture. The solutions should, however, give similar results from the case in which a is much
greater than either b or A.
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For the case if zero mass transfer from the deposition hole to the tunnel backfill (which is
also the case considered in /Liu and Neretnieks 2004/), and for b << a, the solution given in
/Neretnieks 1985/ reduces to:

DeAﬁac
Qf = T (Eq. B.8—14)

where:

(nn’A) . (mrb)
_ tanh| — [sin| ——
F=2a a a

The ratio of the two solutions is plotted in Figure B.8-2 as a function of a across a wide range
of values. b is set to 10* m and A to 0.4 m. Good agreement (within a few percent) between the
solutions is found for all values of @ more than a few metres, such that the condition that ¢ much
greater than either b or A is satisfied.

(Eq. B.8-15)
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Figure B.8-2. Ratio of solutions for the release rate of sulphide from the source, calculated using the
solution given in /Neretnieks 1985/ and /Liu and Neretnieks 2004/ and the solution given by Eq. B.8-10.

a [m]
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