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FOREWORD

The Act on Nuclear Activities (SFS 1984:3) pre-
scribes in Section 12 that a programme shall be
prepared for the comprehensive research and devel-
opment and other measures that are required to
safely handle and finally dispose of the radioactive
waste from the nuclear power plants. The responsi-
bility lies primarily with the owners of the nuclear
power plants. These owners have commissioned
SKB to prepare the prescribed programme. Accord-
ing to Section 25 of the Ordinance on Nuclear Acti-
vities (SFS 1984:14), this programme shall be
submitted to the National Board for Spent Nuclear
Fuel in the month of September every third year.

The purpose of this third programme is to fulfil
the above obligations.

The programme is presented in one main report
and three background reports. The programme is
called RD&D-Programme 92, where RD&D stands
for Research, Development and Demonstration. The
reason for the change of name compared to previous
R&D programmes is to underscore the fact that,
starting with the work at the Aspé Hard Rock La-
boratory and the plans presented in this programme,
the emphasis of the programme has been shifted
towards demonstrating different parts of the se-
lected disposal system. The main report describes
the programme in its entirety. This background re-
port provides a more detailed account of the R&D
work during the period 1993-1998, except for the
Aspo Hard Rock Laboratory. The activities there are
described in a special background report. Another
background report deals with Siting of a deep repo-
sitory.

Stockholm, September 1992

SWEDISH NUCLEAR FUEL AND WASTE
MANAGEMENT COMPANY

e ~
Sten Bjurstrom
Managing Director

/ 2 S dikis
Per-Eric Ahlstrom
Research Director
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1.1

1.2

INTRODUCTORY OVERVIEW

This chapter is an abbreviated version of the introductory overview given in chapter
1 of the main report. The chapter concludes with a section that presents an outline of
this background report.

REQUIREMENTS AND GOALS

The goal of radioactive waste management in Sweden is to dispose of all radioactive
waste products generated at the Swedish nuclear power plants in a safe manner.
Furthermore, all other radioactive waste that arises in Sweden shall be safely disposed
of.

The Act on Nuclear Activities requires that the owners of the Swedish nuclear power
plants adopt the measures that are needed to achieve this goal. The owners of the
Swedish nuclear power plants have commissioned the Swedish Nuclear Fuel and
Waste Management Company (SKB) to implement the measures that are needed.

THE SITUATION TODAY

The Swedish system for the management of radioactive waste, see Figure 1-1, is
described in detail in the annual report on the costs of waste management — PLAN 92
/1-1/. Essential parts of the waste management system are already in operation. These
include the central interim storage facility for spent nuclear fuel, CLAB, the final
repository for radioactive operational waste, SFR, and the transportation system. The
parts that have not yet been finalized are an encapsulation plant for spent nuclear fuel
etc. and a final repository for long-lived waste, particularly spent nuclear fuel.

The existing system has been developed and built up systematically on the basis of
proposals put forth in the mid-1970s and the research and development work initiated
with the KBS Project during the latter half of the 1970s.

Proposals and alternative options have since been reviewed and studied by both
regulatory authorities and the nuclear power industry in extensive R&D projects
during the 1980s. This means that the important issues relating to encapsulation and
final disposal of spent nuclear fuel in Swedish bedrock have been thoroughly eluci-
dated.

Similar studies have been and are being carried out in most countries with significant
nuclear power programmes. Owing to the stringent requirements introduced in the
so-called Stipulation Act in 1977, the work in Sweden got under way with great
determination and ample resources. This has given the Swedish activities an interna-
tionally recognized position and led to broad international cooperation. The interest
from other countries is due not to the fact that conditions for final disposal are better
in Sweden, but to the systematic way the work has been done and reported on, and the
quality of the facilities that have already been built.

The work that has been carried out during a period of about fifteen years in Sweden,
and equivalent work in other countries, has led to broad agreement among the
international experts that methods exist for implementing final disposal of high-level
waste and spent nuclear fuel and that methods also exist for demonstrating the
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Figure 1-1. The Swedish waste management system.

long-term safety of such disposal. Clear expressions of this agreement include, for
example, the approval of the KBS 3 report /1-2/ in Sweden and of similar studies in
Finland /1-3/ and Switzerland /1-4/. The “collective opinions” expressed by interna-
tional expert groups within the OECD/NEA, the IAEA and the EC are also worth
mentioning /1-5,6/. An important conclusion in the most recent of these collective
opinions is that further efforts should be focused on gathering and evaluation of data
from proposed final repository sites.

After having examined safety, technical feasibility and other aspects for a number of
different alternatives, work in Sweden has now reached a point where it has to be
concentrated to a main line.

The principle of final disposal is that it shall be arranged so that the waste is kept
isolated in a safe manner during the time that the waste has a higher radiotoxicity than
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is otherwise found in nature. Spent nuclear fuel contains large quantities of radioac-
tive materials. Most of these will have decayed after a few hundred years. After a
thousand years, all that will remain, besides uranium and its daughter products, is a
few long-lived radionuclides, such as plutonium, with a very long decay time. After
100,000 years, the radiotoxicity of the fuel will have declined to a level equivalent to
that in uranium ores.

To bring about the desired long-term isolation, a final repository for spent nuclear fuel
is designed according to the multi-barrier principle. The spent fuel consists primarily
of uranium dioxide, a ceramic material that has low solubility in groundwater. The
most important long-lived radionuclides — which are formed in conjunction with

. irradiation in the reactor, e.g. plutonium — are embedded in the ceramic material and

are likewise low-soluble in water. The fuel is enclosed in a canister with good
mechanical strength and made of a material with a long corrosion life. The canisters
are placed in specially arranged chambers in the rock and surrounded with a buffer
material. The materials in the engineered barriers have documented long-term sta-
bility and the repository only affects the natural conditions in the rock slightly.

The safety assessments have shown that excellent conditions exist for designing the
near field in the repository so that the radioactive materials are kept isolated for more
than one million years. Moreover, the rock has a great capacity to sorb the radionu-
clides that dominate the radiotoxicity of the fuel and thereby constitutes an additional
barrier.

The SKB 91 safety assessment /1-7/, which SKB carried out during 1989-1992,
shows that the requirements on the properties of the bedrock are limited. “...SKB 91
shows that a repository constructed deep down in Swedish crystalline basement rock
with engineered barriers possessing long-term stability fulfils the safety requirements
proposed by the authorities with ample margin. The safety of such a repository is only
slightly dependent on the ability of the surrounding rock to retard and sorb leaking
radioactive materials. The primary function of the rock is to provide stable mechan-
ical and chemical conditions over a long period of time so that the long-term perfor-
mance of the engineered barriers is not jeopardized”. The studies and investigations
that have been conducted of the bedrock in Sweden during the past 15-year period
show that these properties exist at many places and that there are thus many sites
possessing the necessary geological and technical prerequisites for constructing a safe
repository.

Present-day knowledge is sufficient for selecting a preferred system design, for
designating candidate sites for siting a repository, for characterizing these sites and
for adapting the repository to local conditions.

GENERAL PLAN FOR FURTHER WORK

SKB’s previous plan for siting and building a repository for spent nuclear fuel
entailed that after pre-investigations at three sites and detailed characterization at two
during the 1990s, a decision would be taken a few years into the 21st century to build
a repository for about 8,000 tonnes of fuel at one of the sites. During the circulation
of R&D-Programme 89 for comment and review /1-8/, a proposal from SKN was
discussed to the effect that a demonstration-scale repository should first be built, for
example 5-10% of the full-scale repository. In its decision concerning R&D-Pro-
gramme 89 /1-9/, the Government asserted “...that one of the premises for further
research and development activities should be that a final repository for nuclear
waste and spent nuclear fuel shall be able to be put into operation gradually with
checkpoints and opportunities for adjustments. In the next R&D programme under
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the Act on Nuclear Activities, SKB should explore the possibilities of including a
demonstration-scale final repository as a step in the work of designing a final
repository.”

In the planning of the 1992 RD&D-programme, SKB considered this possibility of
building and commissioning the repository in stages. The result is that SKB finds that
a demonstration phase has considerable advantages. The present programme thereby
calls for completion of the research, development and demonstration work by first
building the final repository as a deep repository for demonstration deposition of
spent nuclear fuel. When the demonstration deposition has been completed, the
results will be evaluated before a decision is made whether or not to expand the
facility to accommodate all the waste. This plan also makes it possible to consider
whether the deposited waste should be retrieved for alternative treatment. The latter
option means that it must be possible to retrieve deposited fuel during the period the
facility is being operated for demonstration purposes. The siting process is only
affected to a limited extent by whether the planning applies to a deep repository for
demonstration deposition or to a complete deep repository. The requirements on
background information from SKB in the different phases (pre-investigation, detailed
characterization, construction of repository) are essentially the same.

The most important reason for SKB’s plan to build a repository for demonstration
deposition is that this makes it possible to demonstrate the following, without the
necessity of making what are sometimes described and perceived as definite deci-
sions:

— the siting process with all its technical, administrative and political decisions,

~ the process and the methods for step-by-step investigation and characterization of
the deep repository site,

- system design and construction,

- full-scale encapsulation of spent nuclear fuel,

- the handling chain of spent nuclear fuel from CLAB to deposition in the repository,
- the operation of a deep repository,

~ the licensing of handling, encapsulation and deep disposal, including the assess-
ment of long-term safety,

~ (retrievability of the waste packages).

Beyond this it is also possible to study the condition of the barriers a given shorter or
longer time after deposition. This is, however, something that preferably can and
should be investigated with non-radioactive material in the Aspd Hard Rock Labora-
tory, which is under construction at Simpevarp approximately 20 km north of Oskars-
hamn.

The long-term safety of the final repository cannot be demonstrated through field
tests. Allowability in this respect must always be based on a technical-scientific
assessment of the performance of the repository over a long period of time. However,
the background information that is gathered in conjunction with the construction of
the deep repository for demonstration deposition allows a safety assessment to be
performed based on site-specific “full-scale” data.

The reason SKB is planning a demonstration deposition is not doubt as to the
feasibility and safety of the deep disposal scheme. The plan should be viewed as an
expression of an awareness of and respect for the fact that the solution of the nuclear
waste problem arrived at by the R&D work needs to be demonstrated concretely to
concerned people in society far beyond the circle of experts for confidence-building
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purposes. It is SKB’s opinion that a demonstration deposition of spent nuclear fuel
with full freedom of choice for the future is a good way to enlist broad support for the
method of disposing of the nuclear waste.

The planned demonstration deposition also means that the present-day generation is
deciding for a span of time that roughly corresponds to its own active time, leaving it
up to the next generation to make its own decision with as much background informa-
tion as possible.

The work up until all nuclear waste in Sweden has been deposited in a closed deep
repository is therefore planned to be carried out in two main phases: Demonstration
deposition and final disposal. In all the work extends over a period of more than 60
years. The decision to take the step to final disposal will not be taken until after
demonstration deposition has been completed, the results evaluated and other alterna-
tives considered. These decisions lie beyond the year 2010. The plans that are
discussed in this programme have to do with the activities that are required to site and
build the facilities that are needed for a demonstration deposition. It is SKB’s
judgement that the deep repository will later be expanded to full scale. However, it is
not meaningful to discuss at this point in time the details of how this will be done.

Figure 1-2 shows a timeschedule for the facilities that are needed to dispose of the
long-lived radioactive waste. The following additional units will, as is shown by
Figure 1-2, be needed for a demonstration deposition of spent nuclear fuel:

- Encapsulation plant for spent nuclear fuel, including a buffer store for the encap-
sulated fuel. The buffer store shall be able to be expanded so that it can be used as
an interim storage facility if the demonstration deposition is interrupted and the
canisters are retrieved.

— Deep repository for encapsulated spent nuclear fuel.

- Transportation system between CLAB and the encapsulation plant for spent
nuclear fuel and between the latter and the site of the deep repository.

1990 29 2010 2020 030 240
L 1 I
SFR -OPERATIONAL WASTE
e | OPERATION
SFR - STAGE 2 onst
~ Const- Clost
SFR - DECOMMISSICNING WASTE el oPeraTION | Closre
| 1 Decommissioning
CLAB - INTERIM r
STORAGE FACILITY 0P ERATILON [
t.
CLAB- STAGE 2 Const
Decommissioning
ENCAPSULATION PLANT IPlanm‘ng [g;;ggggggg Dermo opreion FULL-SCALE OPEHATH}N[
Const-
ENCAPSULATION PLANT b
-STAGE?
DEEP REPCSITORY lSiting,plenning Sorst| Oamo operaton FULL-SCALE GPERATION[ Closure
DEEP REPOSITORY Const
-STAGE?2 tuction
R R e Dec_o-mmEonE ———————————
ASP0 LABORATORY Const-
{Experiments in non- ruclionl 6 PERATILION
active environment)

Figure 1-2. Approximate timeschedule — facilities for management of the waste
products of nuclear power.
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Figure 1-3. Timeschedule for encapsulation plant for spent fuel 1993—1998.

NRL = Act /1-20/ Concerning the Management of Natural Resources.

KTL = Act on Nuclear Activities
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Figure 1-4. Example of timeschedule for the deep repository up to the completion of
demonstration deposition. The schedule gives the earliest possible completion dates.
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Figure 1-3 shows a timeschedule for the encapsulation station and Figure 1-4 for the
deep repository up to the completion of demonstration deposition.

In principle, the interim storage period of 40 years can be retained for further planning
even with the timeschedule for demonstration assumed here. SKB believes that the
demonstration can be completed within about 20 years. Thus, as is evident from
Figure 1-2, it is possible to follow this up with final disposal of the remaining fuel and
waste immediately after 2020 if the decision to do so is made in about 20 years.

SITING

For the encapsulation of spent nuclear fuel, SKB plans to expand the central interim
storage facility for spent fuel (CLAB) at the Oskarshamn Nuclear Power Station. The
spent fuel is already being stored at CLAB, and SKB believes that expansion of
CLAB with an encapsulation plant for spent fuel has clear advantages in terms of
logistics, resource utilization and environmental impact. If special reasons emerge
during the course of the work in favour of encapsulating at the deep repository
instead, SKB will of course also consider the question of alternative siting of the
encapsulation plant.

Siting and construction of a deep repository is planned to take place in stages during
the 1990s and a few years into the 21st century. According to the estimates that can be
made now of the time required to take decisions, carry out necessary inquiries and
investigations and obtain necessary permits, demonstration deposition could be begun
in about 15 years at the earliest.

The selection of candidate sites for the deep repository will be based on the fun-
damental requirements that must be made on a deep repository site from safety-re-
lated, technical, societal and legal viewpoints. It must be demonstrated for the se-
lected site and selected repository system that the safety requirements imposed by the
authorities are met. It must be possible to build the repository and carry out deposition
in the intended manner. The siting process, the investigations and the construction
work shall be carried out so that all relevant legal and planning-related requirements
are met. And last, but not least, it shall be possible to carry out the project in harmony
with the municipality and the local population.

An important point of departure for the planning of the siting process is the Govern-
ment’s decision regarding R&D-Programme 89 /1-9/. It states the following: “The
Government notes that SKB’s choice of sites for a final repository will be reviewed by
different authorities in connection with SKB’s application for permission to carry out
detailed characterization of two such sites under the Act (1987:12) Concerning the
Management of Natural Resources etc., the Environment Protection Act (1969:387)
and the Planning and Building Act (1987:383).” Furthermore, the Government
underscored the fact that SKB should, during the course of the siting work, furnish
information to concerned national authorities, county administrations and munici-
palities.

Based on these guidelines, the work of siting and construction of the deep repository
is planned to proceed in the following stages, see Figure 1-4:

Stage 1: General studies. Analysis of siting factors. Possible pre-studies of presump-
tive candidate sites. Selection of candidate sites. Pre-investigations at a
couple of sites, including preliminary design. Technical and socio-economic
studies. Evaluation of the results. NRL application for detailed characteriza-
tion including an environmental impact statement with an initial safety
assessment.
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Stage 2: Detailed characterization including excavation of necessary shafts and tun-
nels to planned repository depth. Evaluation of the results. Safety report.
Environmental impact statement. Detailed design. Application for siting
permit and licence (NRL, KTL).

Stage 3: Construction and installation of equipment for handling/deposition. Final
safety report. Application for operating permit (KTL).

Stage 4: Commissioning. Demonstration deposition.

PLANNED SYSTEM FOR ENCAPSULATION AND
DEEP DISPOSAL OF SPENT NUCLEAR FUEL

During the period 19861992, SKB has studied different alternative designs of a deep
repository for final disposal of spent fuel /1-10, 1-11, 1-12/.

The conclusion of the studies is that the continued work on designing a deep reposi-
tory for demonstration deposition should be concentrated on one alternative. In this
way the desired concentration and goal orientation is achieved in the development and
planning work.

Of the canister alternatives studied, the composite canister holding 12 BWR as-
semblies is chosen as the main alternative for the continued work, see Figure 1-5. This
canister consists of a steel container, which provides mechanical protection, sur-

weld joint

Detail of lid tip

S

R

3

Q Section of canister

D

~
Canister surface  14.65  (13.90
tm?)
Remaining internal 122 {117)
void { m?3)
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Copper canister 6060 (5750
iron canister 4780 (4540)
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1 .
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Figure 1-5. Composite canister.
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1.7

rounded by a copper container, which provides long-lasting corrosion protection.
Since the canister is a vital barrier, some additional development should be conducted
for the alternative of a lead-filled copper canister as a reserve alternative to the
composite canister.

Of the studied repository designs, the KBS-3 design is kept as the main alternative for
further work. In connection with adaptation to local conditions on the selected site,
this design can be further optimized, whereby technically closely-related variants of
the design can be given further consideration.

OUTLINE OF THE RD&D-PROGRAMME

Two main activities are required in the development work in order to carry out a
demonstration deposition of spent nuclear fuel in a deep repository: encapsulation and
deep disposal. Safety assessments and supportive research and development are also
required.

The encapsulation work entails final selection and testing of methods for fabrication,
sealing and quality inspection of canisters, as well as design, construction, licensing,
installation, trial operation and operation of a facility for encapsulation. The work of
deep disposal entails siting, design, construction, licensing, installation, trial oper-
ation and operation of a facility and equipment for demonstration deposition in a deep
repository.

The supportive R&D work entails further development of methods, models and data
within the areas of spent fuel properties, geoscience, chemistry, materials and bio-
sphere aimed at

—  further refining the knowledge base and skills in modelling of processes that are
important for the performance of the repository in order to better be able to quantify
uncertainties and safety margins,

~ following up of international developments in relevant fields.

The research is planned so that a continuity is obtained in the work and an updating of
the knowledge base and analysis methods is done in good time before major assess-
ments of performance or safety. Much of the supportive RD&D work will be concen-
trated to the Aspd Hard Rock Laboratory. Another important support for further
development of the safety assessment is further studies of spent fuel properties and
natural analogues.

Besides work that comprises direct support for the main line — deep repository for
demonstration deposition — some follow-up of alternative methods and systems for
disposing of spent fuel is planned so that knowledge of these will be retained and
further refined. In this way a basis will be created for the future evaluation of such
systems in comparison with what is being demonstrated in Sweden. In addition, work
is planned on other long-lived waste as well as for SFR and for decommissioning of
nuclear power plants.

An important part of the RD&D-programme is international cooperation, which is
extensive and takes place in several different forms.

OUTLINE OF THE BACKGROUND REPORT

The present background report to RD&D-Programme 92 “Detailed R&D-Programme
1993-1988” gives a detailed description of the state-of-the-art and future plans for
safety assessments and supportive research. The technical development that is re-
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quired for the construction of the encapsulation station and the deep repository for
demonstration deposition is also described. References to specific background ma-
terial are also given in the text. In addition, an account of the situation within SKB’s
different fields of activity is given in the 1991 Annual Report /1-13/.

Chapter 2 describes the need for performance and safety assessments occasioned by
the above plans for activities. Methods and models for the assessments are discussed,
and the programme for the further development work deemed necessary during the
coming 6-year period is presented.

Against the background of the timeschedule for safety reports etc., an account is given
of the state-of-the-art, goals and planned work during the period with regard to the
engineered barriers

- spent nuclear fuel in chapter 3,
- canister material in chapter 4, and
- buffer and backfill material in chapter 5.

State-of-the-art, goals and planned work within the geosciences for

- groundwater movements,
- bedrock stability and
- geohydrological and rock mechanical calculation models

are presented in chapter 6. Since many experiments and studies in the field have been
concentrated to the Aspd Hard Rock Laboratory, frequent cross-references are pro-
vided in this chapter to a separate background report on the Asps programme /1-14/,

Chapter 7 describes the situation within the chemistry programme, with separate
sections on

- groundwater and geochemistry,
- radionuclide chemistry and
- validation of processes in transport models and radionuclide migration.

Within the chemistry programme as well, a large portion of the field activities are
being conducted in the Aspd Hard Rock Laboratory.

The study of such natural conditions as constitute analogues in certain respects to
important chemical sorption and transport processes in a deep repository is presented
in chapter 8 — Natural Analogues. The state-of-the-art and activities aimed at further
refining field instruments and measurement methodology within geology, geohydro-
logy and groundwater chemistry are presented in chapter 9.

The state of knowledge concerning radionuclide transport in the biosphere and mod-
elling of the same, as well as resulting doses to man, are described in chapter 10.
Chapter 11 describes R&D efforts associated with the development of technology that
is required for repository construction, excavation of tunnels, deposition of waste and
possibly necessary retrieval of canisters, as well as backfilling and sealing of the
repository. See also the special background report for the siting project /1-15/.

The report concludes with chapter 12, which describes the work for so-called “other
waste”, i.e. waste from the research activities in Studsvik, core components and
reactor internals and waste from operation and decommissioning of the encapsulation
plant.

The plans within the field of decommissioning of nuclear facilities and management
and disposal of this waste have been described in chapter 15 of the main report. Since
these activities will not be carried out until after 2010, they are not dealt with in this
report.
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2.1

SAFETY ASSESSMENTS

GENERAL

Nuclear activities must be carried out in an acceptable manner with respect to safety
and radiation protection. Safety is judged with the aid of performance and safety
assessments. The performance assessments comprise studies of sub-systems and their
chemical or physical interaction in their environment. External and internal environ-
mental conditions under which performance or safety is to be evaluated are elucidated
in scenario analyses. Scenario analyses and performance assessments comprise parts
of the total safety assessment. The results shall be expressed in terms that agree with
acceptance criteria established by the authorities.

For radioactive waste, the safety of the scheme must be demonstrated for both an
active handling phase — operating safety, including e.g. conditioning, storage, trans-
portation and deposition of the waste — and a passive post-closure phase after the final
repository has been sealed — long-term safety.

Methods and routines for safety assessment of systems in active operation have been
developed, and are still being refined, within the nuclear power industry. They have
previously been employed in connection with the licensing of the transportation
system, CLAB and SFR.

The link between operating safety and long-term safety consists of the quality of the
engineered barriers and of the probability and scope of possible undetected fabrica-
tion defects.

Assessments of long-term safety have different purposes during different phases of
the development of a final repository. In an initial phase, the performance of the sub
systems of the repository is evaluated in order to create understanding and to provide
a basis for design studies. The uncertainty in the knowledge base for essential
functions gives priorities for research and development. In a later phase an attempt is
made to achieve a balance between the safety barriers, i.e. the system must be
balanced with respect to function and cost at an acceptable safety level. The assess-
ments are then a tool for alternative comparisons and for evaluating the design or
execution of the repository or its barriers. Finally, in the licensing phase it must be
demonstrated in a formal manner that the system satisfies society’s demands on
safety.

An integrated safety assessment is an important tool for clarifying the composite
safety effect of the different barriers and for evaluating the need for additional
measures.

The assessments of both operating and long-term safety provide some of the back-
ground material for SKB’s decisions and choices, for the regulatory authorities’
assessment of the progress in SKB’s R&D work and for the regulatory authorities’
rulings on permit applications.

As is evident from chapter 1, SKB’s programme is currently in a phase where the
fundamental studies of feasibility and safety have been concluded. The review of
different alternatives for disposal has led to a narrowing of the focus of the work on a
preferred design of canisters and repository. Methods for site characterization and
safety assessment have been developed so that they can provide a basis for evaluating
the safety of repository sites and for deciding how the repository should be configured
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in the bedrock in order to take effective advantage of the site’s natural safety features.
The recently completed safety assessment SKB 91 /2-1/ showed that the properties
that must exist in the rock on a candidate site to ensure long-term safety do not differ
significantly from those that normally exist in the crystalline basement rock.

The need for coming safety and performance assessments is presented below, along
with the questions that need to be answered in various phases of the planned develop-
ment. On this basis, the goals of the activities within the area of safety assessment are
presented for the next 6 years. Subsequently, the state-of-the-art is examined for
scenarios, for modelling in the near field, far field and biosphere, and for acceptance
criteria. The chapter is concluded with a presentation of the programme under the
same headings.

GOALS

SKB’s timeschedule and the need for safety assessments

SKB’s timeschedule, see chapter 1, calls for the siting of a deep repository for
demonstration disposal to commence in 1993 at the earliest. The goal is to be able to
submit an application for a permit for underground detailed characterization in around
1997. An application for a siting permit (NRL) and a licence (KTL) for the deep
repository will be submitted in around 2003, and an application for an operating
permit for demonstration deposition will be submitted in around 2007.

In parallel with this, supplementary development will be carried out, along with
planning, design and construction of an encapsulation station for spent nuclear fuel
with the capacity to fabricate the canisters needed for the demonstration deposition.
An application for a siting permit and an environmental licence for this facility is
planned to be submitted in around 1997,

The different permit and licence applications will pertain to facilities with a size and
capacity that correspond to the needs of demonstration deposition. The safety assess-
ment will also give an account of safety in connection with expansion to full size and

capacity.

Pre-investigations of candidate sites

A pre-investigation of a candidate site for the deep repository aims at determining
conditions and properties in the bedrock of importance for constructability, safety,
emplacement of the repository and planning of possible continued detailed geological
characterization.

Modelling of performance and safety during this phase is planned to be carried out
step-by-step in close connection with the site characterization. The model calcula-
tions shall gradually provide a basis for

- identifying elements in the bedrock that are of special safety-related interest — for
example dominant flow paths for groundwater or discharge areas — for further
characterization,

- emplacing the repository and other facility sections within the studied area in an
optimal manner from the viewpoint of safety,

- determining how data that emerges gradually during the pre-investigations in-
fluences the picture of the area,
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- evaluating the importance of the uncertainty in the data and interpretations for
safety and constructability,
— compiling an initial safety assessment of a final repository on the site.

A general regional geohydrological modelling is foreseen in an early phase of the site
studies as a basis for a delimitation of the pre-investigation area. When the orientation
of the fracture zones has been mapped and a number of boreholes have been drilled in
the most interesting rock blocks, a modelling will be conducted to identify the
principal flow paths as a basis for a repository layout and the continued drilling
programme. In parallel with the investigations, a number of modellings will be
performed where previous data are supplemented/replaced with site-specific data.
Light will be shed on the importance of any differing interpretations of the extent of
the zones, etc. Towards the end of the period, i.e. 1996, an integrated safety assess-
ment will be performed with the relevant waste inventory, near field, suitable situ-
ation and configuration of the repository as well as relevant biosphere conditions on
the candidate sites.

It shall be possible to adapt the pre-investigation programme to data and modelling
results obtained. Judgements of how sensitive the performance of the site is to
uncertainties in the data may occasion supplementary investigations.

The need for a gradually more detailed geohydrological modelling from 1993 to 1995
and completed site-specific safety assessments in 1996 will define time frames for the
further refinement of analysis models and analysis methods discussed in section 2.4
below.

Detailed site characterization

A permit under NRL for detailed characterization is expected to be ready by around
1998. The detailed characterization is expected to describe the bedrock at repository
depth at a level of detail that permits a much more detailed modelling of the geologi-
cal conditions in the canisters’ near fields, and of the effect of the tunnel system and
the excavation work on the flow of water in the rock. This in turn provides the
premises for an evaluation of the need for reserve spaces for the repository and of the
need for plugging in access ramps, tunnels and shafts, and of potential positions for
the plugs.

The necessary further development of data and methods for analyzing these factors
must be initiated during the coming six-year period in order to be able to be applied in
a new integrated safety assessment just before the year 2000. This assessment will be
based on data from the characterized site, as well as on construction and deposition
procedures defined in conjunction with the planning and designing of the deep
repository for demonstration deposition.

Encapsulation station

Pre-studies for an encapsulation station will be commenced in 1993 and will be aimed
at having an application for a siting permit and an environmental licence ready in
1997. The safety studies will be conducted as an integral part of system design and
production of design documentation. An account of safety will be furnished in the
form of a preliminary safety report dealing with the operating safety of the encapsu-
lation process and the quality that can be achieved in fabrication and inspections. A
final safety report on encapsulation shall be ready for submission together with the
application for an operating permit for the facility, i.e. in about 2007.
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The quality of the encapsulation process is one of the factors considered in the
preliminary assessment of the performance of the near field in the safety assessments
for the candidate sites.

Goals for the period 1993-1998

The goals of measures within the field of performance and safety assessment are as
follows:

e during the pre-investigation phase of candidate sites, i.e. during the period 1993

1996:

- to carry out analyses and evaluations of conditions of importance for construc-
tability and the performance of the site as a protective barrier as a basis for
continued site characterization and emplacement of the repository;

~ to carry out safety assessments during 1996 for site-adapted final repository
facilities on two candidate sites, to a quality standard that is required for permit
application under NRL for the detailed geological site characterizations;

- to evaluate during the period the need for further method development in
preparation for future performance and safety assessments in accordance with
SKB’s general timeschedules, and to begin this method development.

¢ during the planning and design of the encapsulation plant, and during the siting
and design of the deep repository for demonstration deposition, i.e. up to about

1998:

- to carry out an initial safety review of the encapsulation process in connection
with the system studies;

~ to broaden and augment this to a level of detail required for an application for
a licence under KTL for the encapsulation plant by 1997;

- to carry out a safety assessment of transportation, handling and deposition of
the spent nuclear fuel and other waste (including possible retrieval and sub-
sequent storage) by 1996, coordinated with the studies for the encapsulation
plant and the pre-investigations on the candidate sites.

After the ensuing 6-year period, safety reports for the deep repository shall comprise
a basis for planned applications for a siting permit and an environmental licence in
about 2003 and a permit for operation of the encapsulation plant and the deep
repository in about 2008.

Planning and design of the repository for other long-lived waste will not begin until
after demonstration deposition has commenced, i.e. not until after 2010.

Performance and safety studies on the candidate sites are conducted as integral parts
of the site characterization. Similar studies for encapsulation are conducted as integral
parts of system design and planning/design of the encapsulation station.

PRESENT-DAY STATE OF KNOWLEDGE

Overview

General

A safe handling and disposal of the nuclear waste aims at protecting man and the
environment from harmful effects, both now and in the future, regardless of national
boundaries. Safety assessments, as well as assessments of the long-term performance
of individual safety barriers, shall shed light on the capacity of the repository to retain
radionuclides to such a degree that the safety requirements of society are met.
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Methods for performing long-term safety assessments for radioactive waste have
been developed over a period of nearly two decades and applied in a number of large
summarizing reports. The method development has been tailored to the needs of the
national and international programmes for management of wastes from nuclear en-
ergy production.

Through the years, the analysis methods have been applied, and further refined, in a
large number of integrated safety assessments in Sweden and other countries. Among
the assessments of final disposal of long-lived waste that have been done in recent
years, the following can be mentioned: KBS-3 /2-2/, Project 90 /2-3/ and SKB 91
/2-1/ in Sweden and Projekt Gewihr /2-4/ in Switzerland for repositories in crystal-
line bedrock. Other assessments were carried out in the PAGIS project within the EC
/2-5/ encompassing salt, clay, shale and granite, at the Waste Isolation Pilot Plant in
the USA for salt /2-6/ and at Yucca Mountain by the USDOE for tuff /2-7/. Further-
more, an international study has been conducted under the auspices of the
OECD/NEA of the feasibility of disposing of high-level radioactive waste into the
seabed /2-8/. A safety assessment of the Canadian design of a final repository for
spent nuclear fuel is currently in progress, as are updates of previous assessments of
disposal schemes for spent nuclear fuel in Finland and reprocessed waste in Switzer-
land.

Assessments for low- and intermediate-level waste (LLW and ILW) in rock have
been performed and approved by the regulatory authorities for SFR in Sweden /2-9/
and for VLJ in Finland /2-10/. The safety assessments for the Konrad Mine in
Germany are under review. Beyond these, a number of studies have been conducted
in different countries regarding shallow ground disposal of radioactive waste.

An overview of the field of performance and safety assessments in general, with a
special elucidation of certain essential areas in particular, is given below. The need for
model-specific further refinement is discussed in section 2.3.2 and following.

Collective opinion

In 1990 the OECD Nuclear Energy Agency reviewed available methods for assessing
the safety of systems for final disposal of radioactive waste and experience from the
application of such methods to different disposal principles and in different geologi-
cal environments /2-11/. A collective opinion was issued by the OECD/NEA’s
Radioactive Waste Management Committee and the IAEA’s International Radioac-
tive Waste Management Committee /2-12/.

To begin with, they pointed out that a correct and adequate understanding of proposed
repository systems is a prerequisite for being able to conduct meaningful assessments,
and noted that an important task for the future is to obtain and analyze site-specific
data from proposed repository sites. They further observed that significant progress
has been made in our ability to conduct safety assessments, that quantitative judge-
ments will also contain elements of qualitative judgements, and that a further refine-
ment of the assessment methods can and will take place as a consequence of ongoing
research.

With this in mind, the two committees confirmed

- that safety assessment methods are available today to evaluate adequately the
potential long-term radiological impacts of a carefully designed radioactive waste
disposal system on humans and the environment, and

— that appropriate use of safety assessment methods, coupled with sufficient infor-
mation from the proposed disposal sites, can provide the technical basis to decide
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whether specific disposal systems would offer to society a satisfactory level of
safety for both current and future generations.

This collective opinion was also supported by the CEC Experts for the Community
Plan of Action in the Field of Radioactive Waste Management.

SKB 91

In 1992, SKB published a safety assessment, SKB 91 /2-1/, for the purpose of, firstly,
clarifying the safety-related importance of the bedrock on the disposal site, and
secondly, establishing a practical methodology for the safety-related evaluation of
candidate sites. The material consists largely of an account of the present-day state of
knowledge.

Methodological innovations in this assessment, compared with previous Swedish
assessments, are the ability to systematically utilize both generic and site-specific
data, the ability to take into account the extent of the repository in space and the fact
that the modelling of the groundwater’s flow in the bedrock is done taking into
account the uncertainty entailed by the natural variability in the properties of the rock.

The SKB 91 safety assessment shows that a repository excavated deep down in the
crystalline basement and with long-term-stable engineered barriers satisfies the safety
requirements proposed by the authorities with ample margin. The safety of such a
repository is dependent only to a small extent on the capacity of the host rock to retard
and sorb leaking radionuclides. The primary function of the rock is to provide stable
mechanical and chemical conditions over a long period of time so that the long-term
function of the engineered barriers is not jeopardized.

SKB 91 has shown that the safety-related demands that must be made on a site where
a final repository is to be built are such that they are probably satisfied on most sites
SKB has investigated in Sweden. The assessments also show that there are a number
of factors that can be crucial for how well the bedrock serves as an extra safety barrier.
Examples of such factors are the presence and location of flat-lying structures and
their hydraulic conductivity.

SKB 91 offers an example of how performance and safety assessments can be used to
shed light on the importance of different geological structures in a potential repository
area and to clarify factors that are essential from a safety viewpoint. The methodology
can be utilized in a siting process to configure the repository so that the rock’s
capacity to contribute to the safety of the repository is utilized in an effective way.
This, however, requires access to site-specific data which can be updated continu-
ously as the safety assessments progress.

Uncertainties

Assessments of the safety of a final repository for spent nuclear fuel have achieved a
high degree of refinement, realism and richness of detail in their description of the
processes and in their modelling. Nevertheless, the assessments are still hampered by
uncertainties of a qualitative, conceptual nature as well as of a quantitative, numerical
nature. Internationally, attempts are being made to categorize the uncertainties into
scenario uncertainties, uncertainties in the conceptual models, parameter uncertain-
ties, etc., in order to facilitate their handling. The borderlines between the categories
are fluid, however. All uncertainties ultimately derive from the knowledge gaps that
still exist.
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In SKB 91, SKB describes a number of ways to deal with uncertainties by means of
quantitative uncertainty analysis. An important factor is judged to be the uncertainty
in the large-scale hydrology that is caused by the spatial variability of the hydraulic
conductivity in combination with the fact that the conductivity is measured only in a
limited number of points. This variability is so great that the use of mean values
cannot be considered justified. A stochastic continuum model was used for the
groundwater flow in SKB 91 in order to quantify these uncertainties. The emplace-
ment of the fraction of canisters that has been assumed to be initially defective has
also been dealt with probabilistically in order to quantify the resultant uncertainty.

The importance of uncertainties related to the properties of the site and geologically
based judgements of the locations and properties of structures was dealt with in SKB
91 by means of a comprehensive sensitivity analysis within the framework of the
variations of the properties of the site that were studied. Redox conditions in the near
field, uncertainties in transport parameters, uncertainties in future hydrological condi-
tions in conjunction with glaciation and permafrost, uncertainties in salinity condi-
tions etc. were studied with the aid of sensitivity analyses.

Quality assurance

A formal system for the organization of data and models used in the assessment was
tested in conjunction with SKB 91. The emphasis was on documentation of input data
and traceability. The test yielded experience of value for future assessments.

Acceptance criteria

Since the end of the 1980s, SKI and SSI have, together with other Nordic nuclear
safety authorities, worked to prepare a joint document on principles and acceptance
criteria for the long-term final disposal of high-level radioactive waste. The document
is intended as a recommendation that can serve as a basis for national regulations.
SKB has been given an opportunity to follow the work and comment it.

In SKB 91, these Nordic principles have been utilized to relate the results of the
assessments to acceptance criteria. SKB assumes that this work will continue so that
the safety requirements will have been adopted before the siting work enters a
formalized licensing phase.

Operating safety

For radioactive waste, the safety of the nuclear activities must be demonstrated for
both an active handling phase — operating safety, including e.g. conditioning, storage,
transportation and deposition of the waste — and a passive post-closure phase after the
final repository has been sealed — long-term safety.

The methods and routines for safety assessment of systems in active operation that
have been developed within the nuclear power industry are well refined and tested.
They have previously been employed in connection with the licensing of nuclear
power stations, the transportation system, CLAB and SFR and are deemed adequate
for the assessments for a licensing review of the handling of radioactive waste
according to the planned system design.

A body of technical experience exists from previously safety-reviewed nuclear instal-
lations. This will provide good guidance for most of the handling and the measures
that are adopted in the encapsulation plant, in the transportation system and in
connection with the demonstration deposition in the deep repository. A number of
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operations are, however, untried, and development activities have been planned as a
support for their design and planning. The development activities concern:

- Electron beam welding of the canister’s copper shell.

- Selection of material for possible post-filling of the canister.

- Fabrication inspection and non-destructive testing.

- Excavation of deposition positions, emplacement of canisters and post-emplace-
ment inspection.

- Backfilling of tunnels.

The assessment of operating safety in the deep repository will also include the
handling procedures required for a possible retrieval and interim storage of the waste
deposited during the demonstration phase.

Certain development activities for alternative handling methods will be conducted in
parallel with the planning of the preferred system design. The thrust and scope of
these activities are described in connection with the relevant subject area in this
background report.

The link between operating safety and long-term safety consists of the quality ob-
tained for the engineered barriers or the probability and extent of possible undetected
fabrication defects.

Other long-lived waste

Some waste forms are not intended to be disposed of in the repository for spent
nuclear fuel. Examples are certain parts of the reactor core such as fuel boxes, control
rods, start neutron sources etc. Other waste types may originate from industry and
hospitals.

Safety assessments for the final disposal of these wastes and facilities can be based to
some extent on models and methodology developed for the repository for spent
nuclear fuel or SFR. Depending on the waste type and conditioning, however, further
development may be needed, especially with regard to scenarios and models for
chemical speciation and nuclide transport.

A systematic review of different waste forms and how they are to be distributed
between different repositories will be carried out during the coming 3-year period.

Scenarios

To be able to judge how future changes of a repository’s external and internal
environment will affect safety, all relevant combinations of possible changes must be
examined and ranked in order of priority. Since the number of processes and events
that could affect a repository in the future is very large, a systematic methodology
must be developed to enable an overall picture to be gained and scenarios to be ranked
(screened).

A joint project between SKI and SKB started in 1988 to explore possible means to
systematically process information on the repository system’s fundamental features,
future “sudden” events and processes occurring in the system (Features, Events and
Processes, FEPs), and to develop and screen relevant scenarios /2-13/. The project,
which also made use of foreign expertise for certain tasks, resulted in the creation of
a database for a number of FEPs (about 150). The process of creating relevant
scenarios in the final phase of the project proved to be dependent on a considerable
measure of “expert judgement”.
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An important question in scenario analysis for a repository is how it can be demon-
strated that no phenomena or environmental factors of importance for the safety of the
repository have been overlooked. To obtain the best possible comprehensiveness in
the assessment, the background material for the choice of scenarios must be continu-
ously updated. Broad international collaboration within the field of scenario analysis
will be of great value in staying abreast of new approaches and ideas, and in order to
arrive at a consensus on the proposed scenarios and the methodology that has been
used in developing them.

A number of scenarios were dealt with in SKB 91:

— The importance for safety of changed data for different site-specific geological
conditions (Features) has been examined.

- A general description of a glaciation scenario has been compiled together with
TVO in Finland /2-14/ and its importance for groundwater flows and differential
rock movements has been discussed.

~  The importance of colloids and complexing agents for transport with the ground-
water has been defined.

—  The importance of different assumptions concerning future acidification for the
safety of the deep repository has been examined.

The OECD/NEA has proposed that an international database for FEPs should be set
up. SKB intends to participate in and support this work during the programme period.

Modelling of transport in the near field

The state of knowledge within near-field modelling is evident from the safety and
performance assessments presented in SKB 91 and PASS /2-1, 2-15/. A summary is
given below.

The calculations of nuclide transport in the near field in SKB 91 were carried out for
the most part with the integrated near-field code Tullgarn /2-16/. Tullgarn is a further
development of the PROPER sub-model NEAR21 /2-17/. The processes taken into
account by the model are:

- Radioactive chain decay.

—  Three canister penetration mechanisms:
e initial defect,

e build-up of internal helium pressure,
e corrosion.

- Fuel dissolution. Matrix dissolution is calculated according to the model for fuel
corrosion presented in section 3.2.3 with an effective G value expressed as the
number of transformed UOz molecules per 100 eV, calculated for the total
o-activity.

~  The transport calculations are performed with a coupled resistance network /2-18/,
where the transport resistances in the near field are described as coupled resistors,
see Figure 2-1.

Tullgarn calculates the steady-state outward transport of radionuclides from the fuel
surface through a hole in the canister, where R3 is the transport resistance offered by
the limited area of the hole and R2 is the diffusion resistance in the hole, via diffusion
through the buffer (R4) to a fracture in the rock (R6) or axial diffusion (R7) to the
disturbed zone (R8). The code can also calculate diffusion through the rock matrix if
the fracture should be sealed with bentonite (R5). The leakage of the gap and grain
boundary inventory is modelled differently depending on the type of canister defect.
If the canister has an initial defect, the gap and grain boundary inventory is dissolved
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in the canister’s void volume and then released with the calculated Qeq. In cases
where the canister’s transport resistance is neglected (corrosion or pressure damage),
the inventory is dissolved in the buffer’s volume and is then released with Qeq (in this
case the transport resistance in the hole is neglected). The transport resistance inside
the canister is neglected entirely for the present.

Tullgarn does not take into account the transient phase of the outward diffusion of
radionuclides after canister penetration, which can give pessimistic results for certain
nuclides. In order to shed light on the importance of the transient diffusion, a
simplified near-field calculation was performed in SKB 91 with TRUCHN, an inte-
grated finite difference code developed from the heat transport code TRUMP /2-19/.
The results /2-20/ show that the transient period is very important for the nuclides that
sorb strongly in the bentonite (e.g. the actinides).

To take into account the transient diffusion, development of a compartment model
/2-21/ is currently under way. This mode! divides the complex geometry of the near
field into a number of compartments. Each compartment is characterized by its
volume (capacity) and a number of transfer flows to and from other compartments.
The model has been tested with Pu-239 as an example. Work on verification of the
code is currently in progress. The plans are to use the compartment model as a
complement to Tullgarn.

Development of a computer program that can model coupled geochemistry/transport
and handle sharp reaction fronts is in progress /2-22/. The model has been tested on
the redox front in Pogos de Caldas. The development work is expected to be finished
during 1992.

Geochemical modelling

The geochemical computer program that is most general is the EQ3/6 package,
designed by Wolery /2-23/. This program is ready to be used and is irnplemented on
SKB computers. It has been used with success on a number of occasion to simulate
both field and laboratory tests. EQ3/6 has also been used to carry out the radionuclide
solubility calculations in SKB 91 /2-24/.

To strengthen confidence in the geochemical modelling, validation of selected im-
portant parts of the geochemical database has been pursued for a number of years. The
results are validated databases for uranium /2-25/, plutonium /2-26/ and technetium
(the report for the latter is not yet published).

Modelling of transport in the far field

A review of the state of knowledge for groundwater modelling is provided in section
6.2. Many aspects of radionuclide transport in fractured rock are also dealt with in the
chemistry section, chapter 7. Chemical data are presented in section 7.2 and processes
in section 7.3. It is the task of the safety assessment to tie together the models for
different essential processes into calculation models for transport in the far field.
These models shall be sufficiently detailed to take into account all important phe-
nomena that control what happens in the far field, but at the same time sufficiently
simplified so that total system analyses for the final repository can be carried out.

A detailed account of most of the calculation models used by SKB for groundwater
movements and radionuclide transport is provided in chapter 8 of the SKB 91 report
/2-1/. Different conceptual models and strategy for modelling of transport in the far
field are discussed there. The following section therefore provides only a brief
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24.1

summary of the models used, together with some supplementary information on the
models not utilized in SKB 91.

One of the demands on the calculation model to be used in SKB 91 was that it should
be possible to take into account the spatial variability in the hydraulic properties of the
rock. Modelling was therefore done with a stochastic continuum model, HYDRA-
STAR /2-27/. Using the Monte Carlo technique, realizations of the conductivity and
potential fields were generated conditional upon measured borehole data. Further-
more, a deterministic continuum model, NAMMU, was used for large-scale modell-
ing of the groundwater’s movements and for generation of boundary conditions for
HYDRASTAR /2-28/.

Furthermore, the calculation program PHOENICS was used for modelling of the
coupled problem with salt transport and groundwater flow /2-29/. PHOENICS has
also been used for a number of analyses within the Aspd project.

It was not deemed possible in SKB 91 to use a “discrete fracture” model for simula-
tions of the groundwater flow in a block on the order of 25 km" conditional upon the
local fracture patterns around each measurement section. The method as such and its
application are discussed in section 6.4.2. FRACMAN/MAFIC /2-30, 2-31/ has been
used for the modelling that has been done.

Observations in rock of the channelling of the water flow and rapid transport path-
ways have also led to the development of special channelling models for simplified
calculation of nuclide transport, e.g. in the safety assessment for SFR.

Mixing between channels can be foreseen for large-scale calculations, and for this
purpose a stochastic model consisting of a network of channels has also been de-
veloped /2-32/. Thus, it is the water-conducting channels and not the fractures in the
rock that constitute the basis for the model.

Modelling of dispersal in the biosphere

Dispersal in the biosphere is affected by a large number of processes and changeable
data. The modelling is therefore handled with very general compartment models,
coupled to multiplicative models for uptake in biota and dose calculation /2-33/.

SKB has almost exclusively used the program code BIOPATH in combination with
the program system PRISM for uncertainty analysis. These codes have been com-
pared with others in the international studies BIOMOVS /2-34/, VAMP /2-35 and
PSAC /2-36/ and found to be reliable.

A truly realistic biosphere model is difficult to achieve. The conceptual models that
have been used are encumbered with both uncertainty and variation in input data
/2-37/. The structure varies with time and can furthermore be difficult to predict. A
number of schematic biospheres have been defined in SKB 91 /2-1, 2-38/. The
uncertainties in resulting dose conversion factors that are dependent on the variability
in input data have been described for a central case.

PROGRAMME 1993-1998

Performance and safety assessments

According to the goal description, a number of performance and safety assessments
will have to be carried out in connection with planned pre-investigations and facility
planning and design.
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24.3

In the SKB 91 safety assessment, models for source term, barrier functions, ground-
water transport, nuclide dispersal and dose were coupled together into a total safety
assessment. Experience from the performance of this assessment, and the quality
control associated with the assessment, are under evaluation and will provide a basis
for the further refinement of applied procedures and methods. This further refinement
will be carried out with a view towards the need for the future modelling of perfor-
mance and safety in conjunction with the characterization of candidate sites.

The work planned for the further refinement of methods and models is described
under the headings

scenarios,

near field,

far field, and

- performance and safety assessments.

Modelling efforts within the biosphere are presented in chapter 10.

Scenarios

During the period 1993-1998, SKB will further refine the method for systematization
of scenario development that was initiated through the SKI/SKB project. The work on
augmenting and updating the database and creation of visual diagrams and links
between different processes and events has already begun. This work will continue in
cooperation with modellers and experts within different subject areas to initiate
augmentation of the models that are used in the calculations within the safety assess-
ment.

Certain possible future events falling into the category of human intrusion have
already been pointed out as being of such importance that they should be dealt with
separately. The OECD/NEA has appointed a working group that is working with
these questions from an international perspective. SKB is participating in this work-
ing group.

Certain FEPs will be heavily dependent on the quality control and fabrication metho-
dology that will be used for the different parts of the repository. These FEPs need to
be looked over at the point when the system’s layout, material selection, construction
sequence etc. are finally settled on.

Near field

Models for radionuclide inventory and residual heat

The radionuclide inventory and the residual heat can be calculated with sufficient
accuracy with the aid of currently available models and databases. No efforts are
planned during the period.

Models for nuclide transport

The models that are used for radionuclide transport in the near field in SKB 91 meet
the demands that can be made on safety assessments that are to be carried out within
the program period. Very little additional work is needed within this area.

Thermodynamic equilibrium models and data

The EQ3/6 code has the functions that are required of an equilibrium model and no
additional work is necessary within this area. Additional compilations of thermody-
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namic data are not necessary for SKB’s purposes. It is, however, important to verify
and validate data essential to the safety assessment (especially radionuclide solu-
bilities). This will be carried out for the most part during the chemistry programme,
see chapter 7.

Canister performance

In view of the fact that the composite canister constitute’s SKB’s preferred canister,
the performance and safety of this canister will be reviewed and reported on during
1993.

Furthermore, the new canister design with steel requires further studies of gas build-
up and migration as well as studies of the mechanical effects of corrosion products. A
renewed review of the criticality risks during the long-term containment will also be
performed.

In the lead-filled canister, the barrier function of the lead has been neglected. Since it
can have a very large influence, especially in the event of initial canister defect,
additional studies are planned to be conducted.

In 1996, a renewed performance assessment of the near field will be done in the safety
assessment that is prepared for the NRL application for permission to commence
detailed characterization. The choices of materials and methods for fabrication and
inspection that are defined in connection with planning and design etc. of the encap-
sulation plant and the deep repository will also be taken into account here.

Chemical processes in the near field:

Bentonite chemistry. The bentonite clay and its impurities will affect the groundwater
composition nearest the canister. This primarily affects the solubilities of the radionu-
clides. Development of a model that quantitatively calculates these effects has been
commenced.

Cement in the final repository. It may be necessary to use large quantities of cement
to seal fracture zones in the rock. This can lead to elevated pH values over relatively
long periods of time. The effect of this pH increase will be studied.

Other waste

Only limited efforts have been devoted to studies of the disposal of long-lived
Studsvik waste and core components since KBS-3. A systematic review of these
waste types will be made. The necessary adaptation/development of models for safety
assessment of facilities and long-term performance will be initiated.

Far field

The further refinement of models for transport in the far field will be oriented towards
the goal of being able to carry out performance assessments on the candidate sites and
an integrated safety assessment in 1996. Arriving at this goal will require follow-up
assessments to SKB 91, further refinement of various model concepts, and verifica-
tion and validation of the calculation models that are intended to be used in the future.
A large part of these activities will be coupled during the period to the international
task force for groundwater movements and nuclide transport in fractured rock within
the Aspd project. INTRAVAL is also an important forum for questions surrounding
validation.
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The general FEM program for groundwater flow and nuclide transport calculations,
NAMMU, should be able to be used for large-scale studies in the future as well. A
new version will be available shortly, entailing simplifications in pre- and post-pro-
cessing, faster numerical solvers, inclusion of a special borehole model, the possi-
bility of sensitivity analysis and improved documentation.

The method that has been used in SKB 91 for stochastic continuum modelling of
groundwater movements will be further refined. The calculation programs HYDRA-
STAR and INFERENS will be improved, among other things with regard to do-
cumentation, presentation of results and user-friendliness. HYDRASTAR has been
specially developed for the needs of SKB 91 and needs to be generalized. The large
quantity of data for the statistical analysis consisted in SKB 91 of data from water
injection tests in individual boreholes on different scales. At e.g. Aspd, a large
number of interference tests have been carried out which must be able to be used. 1t is
foreseen that this development will be able to be conducted during 1993,

A methodical application of HYDRASTAR to a new area will be implemented in
connection with the characterization of the candidate sites. Information in the form of
field data will be introduced via the modelling as it becomes available. The initially
generic analysis will hereby become more and more site-specific as time goes on.

New geostatistical methods will be tried as a direct follow-up of SKB 91. The
statistical model optimization of data from the Finnsjon area that was presented in
/2-39/ can be augmented during 1993 with new approaches. Furthermore, an alterna-
tive non-parametric method /2-40/ will be tested with available data during 1993. This
method does not require that the conductivity field follow a certain distribution.
Moreover, it is possible for so-called “soft data” to be introduced via the modelling.

Within the framework of conditional simulation with HYDRASTAR, two different
ways can be identified for generating basic data in the form of hydraulic conductivity
in boreholes on different scales:

~ values based on water injection tests in single boreholes analyzed assuming a
continuum,;

- block conductivities derived from fracture statistics and pumping tests with the
aid of a discrete fracture model.

The first method has been utilized in SKB 91, while the second will be tried during
the next few years. The coupling between the model approaches is described in /2-41/.

Note thus that HYDRASTAR is regarded as a tool for stochastic continnum modell-
ing of groundwater movements and that different statistical base models can be tried
within this framework.

In parallel with the above-described programme for modelling of the far field, the
so-called “channel network model” will be developed. The postulate can be viewed as
a further refinement of the more extreme channel model for calculation of radionu-
clide transport, where the rock is considered to consist of a few water-conducting
channels without any intermixing. The new model is intended for calculations on a
regional scale where mixing between channels can be expected. Application with
borehole data is foreseen during the coming years.

Performance and safety assessments

The schedule for siting of a deep repository for demonstration deposition entails the
following analysis work during the period 1993-1998:
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Efforts associated with geological pre-investigations on a first candidate site:

- A general regional hydrogeological modelling in support of the regional char-
acterization of the repository area.

- Modelling, within the framework of the siting investigation phase, of, among
other things, pathlines for groundwater as a basis for emplacement of a hypo-
thetical repository on the candidate site.

— During the pre-investigation’s phases for fundamental and supplementary
investigations, continuous evaluation will be made of the candidate site’s
hydrogeological conditions with the aid of the analysis models.

- A safety assessment for a hypothetical repository on the candidate site will be
prepared as part of the basis for the evaluation of the candidate site.

A parallel effort with the same modelling tools will be undertaken for a second

candidate site with a delay of about six months.

Processing of the above material to a performance and safety assessment during

1996, which will be submitted in support of an application for a permit for detailed

geological investigations on one of the sites. The safety assessment also comprises

part of the background material for the updating of the environmental impact
statement which is due by the same time.

Safety evaluation and compilation of safety reports for encapsulation, transpor-

tation and deposition of the waste will be done in connection with the planning

and design of the encapsulation plant and the deep repository. The quality of the
engineered barriers and the consequences of possible accidents constitute links to
the assessment of long-term radiological safety.
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3.1

3.1.1

SPENT NUCLEAR FUEL

PRESENT-DAY STATE OF KNOWLEDGE

Direct disposal of spent nuclear fuel became an issue during the 1970s, and research
and development work aiming at direct disposal is being conducted in several coun-
tries. Sweden, Canada and the USA have been leaders for more than a decade when it
comes to studies of the stability of spent nuclear fuel in a repository environment. A
summary of the research results up to 1988 has been made by Johnson and Shoesmith
/3-1/, and this overview article is still the most up-to-date on the subject.

The first Swedish study of the durability of spent fuel in water was done in 1977, as a
part of the KBS-2 project, but the programme took on its present-day scope in 1982.
An overview of the results and data that have emerged within SKB’s programme in
recent years is provided in /3-2/, where they are compared with the database that has
been collected during the past ten years. This chapter provides a brief situation
description regarding the investigations of the influence of irradiation history,
groundwater chemistry and redox potential on the durability of the fuel. Experiments
with fuel exposed to groundwater under realistic repository conditions have also been
initiated.

Beyond investigations of spent fuel and unirradiated UO2, a programme for studies of
natural weathering products of uraninite has also been under way for several years.

Corrosion of high-level spent nuclear fuel
Oxidizing conditions

Actinides

Data on the concentrations of uranium and plutonium exposed in groundwater (bicar-
bonate content: 2 -10 mol/l) are available for cumulative contact times of over seven
years. For uranium, it can be seen that during the first few weeks of contact the
uranium concentrations in the water rise to an average of 4 - 10°® mol/1 and remain at
this level for 500 days, see Figure 3-1. Subsequently, the concentration rises slowly,
and after 2000 days the mean value is 2 - 107 mol/l, but with a larger spread between
the measured values than for shorter exposure times. For the sake of comparison, data
for unirradiated UOy are also shown in Figure 3-1. Unirradiated fuel reaches the
higher concentration faster than irradiated fuel. On the basis of data available now, it
is not possible to determine whether the uranium concentrations will stabilize at the
slightly higher level, or if the increase will continue.

The plutonium concentration in groundwater quickly reaches a constant value. After
short exposure times the concentrations are relatively high, with a spread of between
10 and 108 mol/1. At longer contact times the concentrations in solution decline and
appear to stabilize at a level just under 10° mol/l, see Figure 3-2. The high-burnup
fuel contains approximately 1% plutonium. With a congruent release, the plutonium
concentration in solution should be 100 times higher than has been measured. Com-
parisons with experiments with other fuel types show that the concentration of
plutonium in solution is independent of the fraction of plutonium in the fuel. Both
extremely low-burnup fuel and breeder reactor fuel have comparable plutonium
concentrations in groundwater, despite the fact that the low-burnup fuel only has
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Figure 3-1. Uranium concentrations in synthetic groundwater as a function of cumu-
lative contact time (oxidizing conditions).
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Figure 3-2. Plutonium concenirations in synthetic groundwater as a function of
cumulative contact time (oxidizing conditions).
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about 1% of the plutonium content in light water reactor fuel and the breeder reactor
fuel consists of 20% PuOsz.

In deionized water, the uranium concentration is very low and often below the
analytical detection limit. This corresponds to concentrations under 10" mol/l. The
situation for plutonium is reversed. The concentrations rise to slightly more than 10
mol/l. This is more than ten times the quantity of plutonium that corresponds to the
quantity of dissolved uranium. Thus, under oxidizing conditions the leaching of
radionuclides is not limited by the dissolution of uranium.

Solubility control

The results indicate some form of solubility control for the release of actinides. If
calculations are performed with thermodynamic equilibrium codes, however, a not
quite acceptable agreement is obtained between experiments and calculations if it is
assumed that the system is in equilibrium with the ambient air. The plutonium
solubilities are not redox-sensitive to variations in redox potential within the range
that may be relevant for the experiments, but the calculations predict a uranium
concentration 10 times the measured one. One possible explanation for the discrep-
ancy may be the fact that the redox conditions during the experiments are not
controlled by the oxygen concentration in the system, but by a U(IV)/U(VI) buffering.

The discrepancy between experiments and calculations is even more striking if
neptunium is included in the comparison /3-3, 3-4/. If the neptunium concentration is
solubility-limited, the solid phase must be an Np(IV) phase. If Np(V) controlled the
solubility, the neptunium concentration would be several orders of magnitude greater
than has been measured in the experiments. Very few data are available for Np, and
the possibility that the neptunium concentration is controlled by the fuel dissolution
and is not solubility-limited cannot be ruled out at this point.

Fission products

Experimental data indicate that the release of the actinides is solubility-limited.
Measurements of their concentrations in the leaching solution can therefore not
provide any direct information on the processes that control the fuel dissolution. It
would be valuable to be able to measure the release of one or more fission products,
as a measure of the rate of fuel corrosion. For this to be possible, these fission
products must be homogeneously distributed in the fuel and their solubility in ground-
water must be sufficiently high. An obvious choice would have been one of the rare
earth metals, which are formed in the fuel with a high yield and which form a solid
solution with the uranium dioxide matrix. Unfortunately, the release of these fission
products is solubility-limited in the same way as the actinides. There are still uncer-
tainties concerning which fission product reflects the fuel alteration. For the time
being, the leaching of strontium is regarded as a measure of fuel alteration, despite
certain objections that can be raised to this.

Examples of different leaching behaviours can be found for the fission products
caesium, strontium and technetium. Caesium and even iodine migrate to some extent
(typically about 1%) to the surface of the fuel and the gap between the fuel and the
fuel cladding tube during reactor operation. This fraction is released quickly when the
fuel comes into contact with water, see Figure 3-3, giving high initial leach rates.
Subsequently the leach rate declines with time and appears to remain constant after
several hundred days at 100dL,

Equivalent data for strontium are shown in Figure 3-4. Here the leach rate is constant
during the first weeks and then declines with time, in a manner similar to caesium.
The strontium values are, however, always lower than the equivalent caesium values.
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After five years the leach rate has declined to 107 d"! and data indicate that the rate is
still declining with time. It has not yet been completely clarified whether the stron-
tium leaching after longer contact times represents local corrosion in areas that are
enriched in strontium or whether it is a measure of the UOz2 dissolution. If the latter
should prove to be the case, the higher caesium leaching may come from corrosion in
grain boundaries, where caesium has been enriched. Such enrichments have been
observed by microprobe analyses /3-5/. Corresponding enrichments of strontium have
not been demonstrated, but cannot be entirely ruled out due to uncertainties in the
strontium analyses.

Technetium data for oxidizing conditions are shown in Figure 3-5. The spread in the
data is greater than for caesium and strontium, but it is quite clear that the technetium
leaching follows a different pattern. The leach rate for technetium is independent of
the contact times and lies between 10 and 10 d”!. After a few years, technetium is
leached faster than both caesium and strontium. Compared with these elements, it is
well known that technetium occurs in fission gas bubbles in the grain boundaries and
as metallic inclusions together with Mo, Ru, Rh and Pd. The release of technetium is
probably controlled solely through oxidation and dissolution of these inclusions.

Reducing conditions

Deep groundwaters are reducing. While it is difficult to create and maintain reducing
conditions in a hot-cell environment, a number of experiments have been conducted
under both reducing and anoxic conditions. In these experiments the concentrations of
actinides have been close to or below the detection limits. For uranium the concentra-
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tions have been below 10‘7 mol/l, while other actinides have not been able to be
detected.

The change in redox conditions is of crucial importance for the technetium concentra-
tions in solution, while it only affects the leaching of caesium and strontium to a lesser
extent. The mean concentration of technetium under reducing conditions is 6 ST
mol/l, which is comparable to the solubility of TcO2 (3 - 1078 mol/l).

The first pulse of released caesium is independent of the redox conditions, since it
consists of easily soluble species. For strontium there is a more pronounced difference
between oxidizing and anoxic conditions during the first contacts, with a faster
decrease of the leach rate under anoxic conditions. After about a year, however, the
differences in strontium leaching under oxidizing and anoxic conditions are very
small /3-2/. When low redox potentials are reached with hydrogen in the presence of
a palladium catalyst, the strontium leach rate is roughly one-tenth of the rate under
oxidizing conditions.

Corrosion zones

Under the expected conditions in the repository, with low redox potentials, UO2 will
be stable and uranium solubility very low. The release of most radionuclides from the
fuel would then depend solely on the solubility of the uranium. This situation could be
disturbed by the oxidants that are produced by radiolysis of the water. For while
radiolysis produces equivalent amounts of reducing and oxidizing species, the low
reactivity of the reducing species could lead to local oxidizing conditions near the
surface of the fuel. In order to correctly interpret the results obtained from analyses of
aqueous solutions that have been in contact with the fuel, it is also necessary to know
from where in the fuel the radionuclides have been released.

Studies with this purpose have been conducted since 1985, when long-term exposures
of BWR fuel in four different bicarbonate solutions were started. Evaluation of these
samples has begun, and in parallel with the analyses of the exposed samples reference
samples have also been examined. Figure 3-6 shows the variation in a fuel pellet, in
the radial direction, of porosity, alpha-activity and burnup measured as Nd/U ratios in
the fuel. Porosity and alpha-activity increase steeply towards the periphery of the fuel
pellet. Due to this combination of increased porosity and local alpha dose, the pellet
periphery constitutes a zone where increased corrosion attack can be expected.

Figure 3-7 shows electron micrographs of the periphery of a non-corroded fuel
fragment and of two fuel fragments from the same zone that have been in contact with
groundwater for 1 427 days and with deionized water for 1 521 days, respectively.
The pictures clearly show a corrosion attack in the peripheral zone which has resulted
in a clear increase in porosity. The fuel that has been in contact with deionized water
also exhibits crystals of a UO3 hydrate on the fuel surface. The same type of corrosion
could not be documented on fuel surfaces further away from the peripheral zone, but
these areas exhibited indications of intergranular corrosion in conjunction with
sample preparation. Further investigations of this kind are needed to achieve a better
understanding of the mechanisms behind fuel corrosion and the release of radionu-
clides.

Effects of burnup and linear heat load

There are still a number of questions surrounding fuel corrosion that have not been
completely explored: (a) is the 905 release a measure of fuel corrosion? (b) 1s the
decrease by only a factor of 10 or so of the 93 release under reducing conditions
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Figure 3-6. Radial variation of fuel porosity, burnup and alpha-activity in the
reference fuel (BWR) from Oskarshamn-1.

caused by radiolysis or by redox-independent processes? (c) if the radiolysis effects
are of importance, what is the relationship between dose and corrosion? (d) are the
corrosion attacks proportional to the fuel’s exposed area or do other factors dominate?

It is inevitable that the experimental observations may be dominated by transient
phenomena which are of no importance in the long-term perspective. It is therefore
important to obtain a good understanding of these phenomena so that the models that
will be used for safety analyses describe relevant scenarios. A part of this effort is an
ongoing series of experiments aimed at defining and quantifying the importance of
burnup and power density (Kw per metre of rod length) for the migration of the
radionuclides in the fuel and, later, for the release of radionuclides when the fuel

comes into contact with water.

A number of experiments with this purpose are being conducted, such as leaching of
fuel that has been exposed to high power densities in a test reactor after discharge
from the power reactor and investigations of isotope exchange processes between
solid phase and uranium-saturated solutions. Only preliminary results are as yet
available from these investigations. Results are, however, available from the first
year’s corrosion tests of a segment rod with varyin% burnup along the length of the rod
(21 to 49 MWd/kg U). The cumulative release of 37Cs and *%Sr is shown in Figures
3-8 and 3-9, respectively. Both caesium and strontium exhibit a correlation between
release and burnup with increasing leaching up to about 40 MWd/kg U, after which
leaching declines at higher burnups. At low burnups the release of caesium is less, as
expected, but also slower. This indicates that the availability of water is of import-
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Figure 3-7. Photomosaic from the fuel periphery of (a) non-corroded fuel, (b) fuel that has
been in contact with synthetic groundwater for 1 427 days and (c) fuel that has been in contact
with deionized water for 1 521 days.
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Figure 3-8. Cumulative released fraction of 37¢s as a function of burnup (ground-
water: oxidizing conditions).

ance. The unexpected decline at higher burnups, where both fuel porosity and radio-
lysis effects are greatest, must, however, be due to other burnup-related effects.
Hopefully, the continued investigations will provide a basis for a more satisfactory
evaluation.

Other components in the near field

The results of a preliminary investigation of the influence of bentonite on fuel
corrosion were reported in 1988 /3-6/. This study was conducted in a dilute bentonite
slurry for the primary purpose of investigating whether sorption on the bentonite
particles could lead to an increase in fuel corrosion. No such effects could be observed
under oxidizing conditions. A series of experiments that simulate the conditions in a
final repository in a more realistic manner was also started during the latter half of the
1980s. In these experiments, spent fuel was leached in contact with compacted
bentonite under anaerobic conditions. Steel and copper were also present in some of
the experiments. A preliminary evaluation of contact times of up to one year has been
done /3-7/ and the final analysis of exposures of up to five years is in progress, but no
data can yet be reported. The results after one year show an expected high mobility for
caesium. Approximately 1% of the caesium inventory has been released after only
100 days. This is in complete agreement with what has been observed in previous

leach tests. The apparent diffusivity in the bentonite was found tobe 5 - 10"% m?%s.

The release of technetium proved to be low. Only about 0.006% of the inventory had
been released after 100 days. This is comparable to what had been observed under
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Figure 3-9. Cumulative released fraction of DSy as a Sfunction of burnup (ground-
water: oxidizing conditions).

anaerobic conditions. Under oxidizing conditions in leach experiments, the fraction is
higher by a factor of one thousand. The measured diffusivity also indicates that
technetium is present as Tc(IV).

The actinides proved to have very low mobility. After one year plutonium had
diffused less than a half a millimetre from the fuel surface. This low mobility
indicates that plutonium is present as Pu(IV). Evaluations of the five-year samples
will be performed during 1992/93.

Models

Deep groundwaters are reducing. Under such conditions uranium dioxide is stable
and has a very low solubility. The release of radionuclides from the fuel matrix would
be limited by the solubility of uranium in groundwater. As a result of radiolytic
decomposition of the water, however, oxidizing and reducing species are created.
Oxidants are the more reactive and could cause an oxidation of the fuel surface.

In SKB 91, a model for fuel corrosion was used which assumed oxidative dissolution
caused by oxidants produced by alpha-radiolysis of water. The oxidation rate was
assumed to be proportional to the alpha dose rate. The strontium release under
oxidizing conditions after several years’ exposure was used as a very conservative
upper limit for the oxidation rate /3-8/.

Even if the model sets an upper limit for fuel alteration and the release of radionu-
clides, however, several uncertainties remain. It has not been conclusively shown that
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the strontium leach rate is a measure of the fuel oxidation rate. If strontium that has
segregated in the fuel contributes towards the leach rate, the oxidation rate may be
much lower than has been assumed. Nor has it been established what effect the
radiolytically produced oxidants have on the UO2 matrix. It may be much lower than
has been assumed in SKB 91. Certain data indicate that it is so low that a model for
oxidative dissolution is not applicable /3-9/.

Natural analogues

Studies of alteration processes in natural uraninite deposits have been conducted since
1988 /see e.g. 3-10, 3-11, 3-12/. Experimental studies can provide good information
on corrosion processes and mechanisms, but can naturally not show how the uranium
dioxide-groundwater system evolves over long periods of time. These long-term
effects can be elucidated by studies of alteration processes in natural uraninite de-
posits under mildly oxidizing and reducing conditions.

It is, however, important to observe that there is a difference between natural UO2,4x
(uraninite) and irradiated fuel. Natural uraninites, for example, often contain
radiogenic lead, which can be of importance for the alteration processes. Moreover,
solubility calculations with geochemical models assume thermodynamic equilibrium.
This does not have to be the case. In laboratory investigations in particular, meta-
stable corrosion products are formed. Similar meta-stable phases also occur in nature
and they play an important role for the formation of the phases which, in a longer time
perspective, control uranium solubility.

Under oxidizing conditions, such as at Shinkolobwe in Zaire, uraninite has been
converted to a large number of secondary minerals. The formation of uranyl oxide
hydrates is kinetically favoured, but in silicon-containing water these compounds are
transformed into more stable urany! silicates. The composition of uranyl oxide hy-
drates primarily reflects the composition of the original uraninite, while the uranyl
silicates normally reflect the composition of the groundwater they were formed in
contact with /3-12/.

In order to be able to use natural uranium deposits as natural analogues for spent
nuclear fuel, it is therefore important that the original uraninite is characterized well
and that the importance of the solid phases that are formed in different geochemical
environments is understood.

GOALS FOR THE PERIOD 1993-1998

Present-day knowledge and data can be utilized to determine an upper limit for the
release of the radionuclides from spent nuclear fuel. The fuel studies are continuing
with the following goals:

- progressive refinement of our understanding of the release of radionuclides from
spent fuel and progressive refinement of the models for the safety assessment in

1996,

— development of a realistic model for radionuclide release from the fuel by the
beginning of the next century in time for the application for a siting permit and an
environmental licence for the deep repository.

PROGRAMME 1993-1998

The main factors that influence the corrosion of spent nuclear fuel and the release of
radionuclides in the groundwater are:
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1) The fuel’s irradiation history, which affects the microstructure of the fuel and is of
great importance for the segregation of radionuclides to cracks in the fuel pellet
and to grain boundaries.

2) The redox potential and the influence of alpha-radiolysis on the redox conditions
in the near field.

3) The water chemistry, especially in the presence of other components in the near
field.

4) The solubility of the actinides and the fission products.

Knowledge gaps still exist within these areas. The most significant ones exist within
the following areas:

e The distribution of fission products and actinides at the grain boundaries and in
the matrix in the fuel. A grain boundary inventory can be released faster and with
somewhat different mechanisms than matrix-bound radionuclides.

e The influence of radiolysis, mainly alpha-radiolysis, on the redox conditions
nearest the fuel in an otherwise oxygen-free environment.

e Thermodynamic data for certain elements, such as Pu and Np. This applies to both
species in solution and any solubility-limited solid phases.

During the preceding three-year period, the emphasis in the work has been shifted
from relatively large series of leach experiments on BWR and PWR fuel to experi-
ments where more specific questions are being studied. At present only a few of the
experiments from the previous test series with BWR and PWR fuel are continuing
with long-term exposures.

The large ongoing experiment series are aimed at examining the effect of burnup and
linear heat load on fuel corrosion.

Characterization of spent nuclear fuel

The release of fission products and actinides from the fuel takes place from three
different sources. During operation, Cs and I have been released from the fuel matrix
and are readily accessible for leaching in the fuel-clad gap and in cracks in the fuel.
Other fission products, such as Pd, Tc, Ru, Rh and Mo, may have formed separate
phases in the fuel. Material segregated in this way can be released faster and via other
mechanisms than the radionuclides that are trapped in the UO2 matrix. It is therefore
important that the spent fuel be characterized with respect to the distribution of fission
products and actinides. This information is of great importance for the work on
development of predictive models.

A standard method for characterization of spent fuel has been developed during the
most recent period. It is being used to systematically explore the specific characteris-
tics of the fuel that can be expected to be of importance for fuel corrosion. These can
then be compared with the results from similar characterization of fuel that has been
in contact with water in order to identify zones with corrosion attack. This work is
complicated and time-consuming, but necessary, in order to obtain the knowledge on
the kinetics and mechanisms of corrosion that is required to model the process.

This area has high priority, and research efforts are planned to be pursued on the same
level as during the preceding period. The chief techniques will be optical microscopy,
electron microscopy and microprobe analysis. The intention is to determine the local
concentrations of the fission products strontium, molybdenum, caesium and xenon in
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order to provide a picture of their migration in the fuel during operation, and of
neodymium in order to obtain a measure of local burnup.

Radiolysis

The naturally reducing conditions in deep groundwaters can be disturbed by the
radiation field around the fuel. The experimental data that are available show that
radicals that are formed during gamma-radiolysis of water can cause oxidation of
UOa. After about 1000 years, however, the gamma and beta fields will have decayed
to a nearly negligible level compared with the alpha field, which decays only slowly
with time. Oxidants produced by radiolysis could cause an oxidative alteration of the
fuel, followed by a release of radionuclides. In other words, it may be reasonable to
assume that the conditions on and near the fuel surface are oxidizing, but the magni-
tude of the radiolytic effect is not known.

Investigations of radiolytic oxidation of fuel in oxygen-free systems will be carried
out during the period. Some of these experiments will be conducted within the
framework of an ongoing cooperative project with AECL, Canada. In order to be able
to carry this out, the capacity for chemical analysis of leaching solutions has been
substantially improved during the preceding period.

Corrosion of high-level fuel

The corrosion studies with PWR and BWR fuel will continue during the next few
years, but with fewer and more specific experiments. Analysis efforts will also be
broadened with each experiment, as a result of the improved analysis potential. The
emphasis in the experimental programme will be on exposures in anaerobic and
reducing groundwaters. Furthermore, experiments will be conducted at elevated
temperature. The purpose of the investigations is to determine the rate of fuel corro-
sion after uranium saturation has set in as a function of redox conditions, groundwater
chemistry, fuel burnup and linear heat load. Together with the results from the
specific radiolysis studies, this is expected to provide the information on radiolytic
oxidation that is needed for the continued model development.

Model development

The purpose of model development is to obtain a predictive mode! for the corrosion
of spent nuclear fuel over long periods of time. Such a prediction is only meaningful
if the dissolution mechanisms in the short and in the long time perspective are known
and quantified.

In SKB 91, a mode! for fuel corrosion was used which assumed oxidative dissolution
caused by oxidants produced by alpha-radiolysis of water. The strontium release
under oxidizing conditions was used as a very conservative upper limit for the
oxidation rate. However, it has not been conclusively shown that the strontium leach
rate is a measure of the fuel oxidation rate. If strontium segregates in the fuel, the
oxidation rate may be much lower than has been assumed, Nor has it been established
what effect the radiolytically produced oxidants have on the UO2 matrix. Certain data
indicate that it is so low that a model for oxidative dissolution, which has been used
in SKB 91, is not applicable other than in an initial phase.

For the time being, the work will be predicated on the assumption that fuel dissolution
can be oxidative and controlled by radiolysis. This means that a kinetic model must be
used, at least during an earlier phase of fuel dissolution. In a longer perspective, when
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the alpha activity has decayed, fuel dissolution can be described with the aid of a
solubility limitation model.

Natural analogues

The work during the period will be focused on increasing our understanding of the
structure and crystal chemistry of the uranium oxides and of the alteration sequence
of the U(VI) compounds. This includes obtaining some of the base data required to
identify corrosion products and to model the corrosion of spent fuel.

Data will become available from several natural analogue projects. Comparisons
between identified secondary uranium phases and the alteration sequence of the
uranium compounds from the different localities can provide information on what
general conclusions can be drawn. It is also important to be able to relate any
differences to variations in the original uraninite and to variations in the geochemical
environment.
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CANISTER

PRESENT-DAY STATE OF KNOWLEDGE

Alternative canister materials

Copper has been the reference alternative for the canister material since the KBS-2
project at the end of the 1970s. The choice of copper was primarily based on copper’s
immunity to corrosion in oxygen-free water. An initial assessment of the corrosion
resistance of copper was made in 1978 /4-1/. This was later augmented in 1983 prior
to publication of the KBS-3 report /4-2/. The conclusions of both these studies was
that a copper canister will have a very long life under repository conditions.

Certain uncertainties remained for local corrosion, however, mainly pitting and stress
corrosion cracking (SCC). Of these two corrosion types, pitting on copper under both
oxidizing and reducing conditions has received the greatest attention, and the state of
knowledge as of 1992 is presented in /4-3/.

Since the KBS-3 report, alternative canister materials have also been studied, both
through SKB’s own efforts and through follow-up of research and development work
conducted by other organizations. Several of these canister materials have been found
to have very good corrosion resistance, such as Al203 and titanium.

For the ceramic materials, delayed failure was early identified as a possible and
difficult-to-foresee failure mechanism. Delayed failure is caused by slow crack
growth from initial defects.

Several attempts to estimate the rate of crack growth in a ceramic canister have been
made, above all in Sweden and Switzerland. Tested Al203 materials proved to have
estimated lives that vary by many orders of magnitude (see e.g. /4-4, 4-5/). The
differences are probably due to differences in grain size, impurities, sintering proce-
dures etc. The measurements were made on small test specimens, but it is well known
that bodies with larger volumes and surface areas have shorter lives. Moreover, in
order to be able to judge the service life of a full-sized canister, it is necessary to know
the distribution of stresses in the canister walls, which requires full-scale tests. In
view of the very great uncertainties in obtained experimental results, determining a
minimum service life for a ceramic canister with certainty would appear to be tricky.

The risk of delayed failure exists for titanium as well due to hydrogen embrittlement,
but crevice corrosion is also possible in chloride-containing water. Titanium com-
prises the main alternative in Canada, where a great deal of effort has been devoted to
determining the risks of delayed failure. The probability has been shown to be very
low, even though it cannot be neglected entirely /4-6/. Compared to copper, however,
titanium does not appear to offer any clear advantages as a canister material in
Sweden.

Steel as a canister material has been studied by SKB since 1986. Steel, being a
well-known engineering material, has many advantages from a fabrication point of
view, but will inevitably lead to a short-lived canister. Moreover, steel in a repository
environment will lead to hydrogen gas production.
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Copper is a material that lends the canister a very long life from the corrosion
viewpoint. Copper has therefore been chosen as the canister material for all research
and development work from now on.

4.1.2  Corrosion - copper

Sulphide corrosion

Under reducing conditions, copper is immune to corrosion in pure water, as is evident
from the Pourbaix diagram in Figure 4-1. The stability range of copper is influenced
strongly by the chemical composition of the system and it is therefore necessary to
identify the components that could influence the thermodynamic stability of copper.
It is well-known that the presence of sulphur markedly reduces the stability range of
copper, see Figure 4-2.
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Figure 4-1. Potential pH diagram for the copper/water system (from /4-7/).
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Figure 4-2. Potential pH diagram for the copper/sulphur/carbon/water system (from
/4-7/).

Copper can be oxidized by water in the presence of chemical substances which
stabilize Cu(I) and Cu(Il). As is evident from Figure 4-2, sulphide is such a substance
according to the reaction:

2 Cu(s) + HS + H" <> Cu2S(s) + Hz (g)

Copper can also be oxidized by water in the presence of high concentrations of
sulphate. Direct oxidation according to the reaction:

8 Cu(s) + SO42- + 2HY & CuS(s) + 3Cu20(s) + H20

is not possible in natural waters, but in the presence of additional electron donors,
oxidation of copper is theoretically possible:

2 Cufs) + 6 Fe** + S042- < CuzS(s) + 3 Fe203(s) + 10 H*
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The research that has been conducted since KBS-3 has not revealed any reason to
revise previous conclusions in any essential respect. The renewed analysis shows that
it has not been possible to identify any pure copper processes that could lead to
canister penetration /4-3/. A renewed investigation of the possibilities of inorganic
reduction of sulphate to sulphide has confirmed the earlier conclusions that this
process can be ruled out in the repository environment /4-8/. More recent investiga-
tions have also shown that organic reduction, which is limited by the availability of
organic matter in the buffer and groundwater, does not constitute a threat to the
integrity of the canister even if untreated natural bentonite is used as the buffer
material /4-3/.

Pitting in connection with sulphide corrosion under reducing conditions is a highly
unlikely process. The mechanisms which control the corrosion process are more
liable to lead to an evening-out of the corrosion attack than the formation of pits. A
non-homogeneous distribution of corrodants in the buffer or a non-homogeneous
supply of corrodants from the groundwater could, however, lead to uneven general
corrosion of the copper surface. However, due to the limited availability of corro-
dants, corrosion of this type would not appreciably reduce the life of the canister.

Oxygen corrosion

The amount of oxygen that could be trapped in the repository in connection with
sealing does not lead to corrosion of any significance. During the period of time when
oxygen remains in the repository, however, the necessary conditions for pitting exist.
However, due to reactions between oxygen and pyrite in the bentonite, the mildly
oxidizing conditions that can sustain pitting are limited to a duration of a few hundred
years. Model development for pitting under mildly oxidizing conditions has been
initiated and the results obtained show that for these periods of time, pitting does not
pose a threat to the integrity of the canister /4-9/. Further development of the model
will be pursued during the next few years.

Stress corrosion cracking

The KBS-3 inquiry showed that stress corrosion cracking (SCC) is a highly unlikely
process in the repository environment. This judgement remains valid, but SCC will be
further investigated when the canister design is more precisely defined and when the
stress conditions in the canister under different scenarios become better known.

Mechanical aspects

During the last two years, questions pertaining to the mechanical integrity of the
canister have been studied more closely by a group of five Swedish experts from
industry and the academic world /4-10/. The questions investigated have mainly had
to do with the creep ductility of different copper grades, residual stresses in canisters
after sealing and the effects on a copper canister of a rock displacement. Three
different canister alternatives have been studied:

- Composite canister with outer copper shell over an inner supporting steel cylinder.
- Lead-filled copper canister.
-~ Hot isostatically pressed (HIP) copper canister.

These canister alternatives are illustrated in Figure 4-3.
Creep ductility

During the past few years a major programme for studies of the creep properties of
copper has been carried out. During the course of the work it has been found that pure
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Figure 4-4. Elongation at rupture as a function of rupture time for two types of pure
oxygen-free copper (Cu-1 and Cu-2) and for an oxygen-free copper micro-alloyed (50
ppm) with phosphorus (Cu-P) (from /4-11/).

oxygen-free copper has unacceptably low creep ductility at elevated temperatures. As
is evident from Figure 4-4, the creep ductility of pure oxygen-free copper decreases to
below 1% in the temperature range 180 to 245°C, while for phosphorus-containing
oxygen-free copper it remains at a satisfactory level. In view of these results, the
expert group judges pure oxygen-free copper to be an unsuitable material grade, at the
same time as it recommends continued creep tests and creep relaxation tests to further
verify the material properties of the copper grades that do not exhibit reduced creep
ductility.

Residual stresses after fabrication

Residual stresses after sealing of the canisters have been calculated for both welded
copper/steel canisters and for HIP canisters. When the canisters are sealed by weld-
ing, the maximum stress will lie in the range 70 MPa to 100 MPa, depending on the
gap between the outer copper shell and the inner steel cylinder. The stresses are
concentrated in the weld zone. For HIP canisters, the corresponding maximum value
is about 90 MPa, but with a residual stress of about 50 MPa along the entire canister
surface. In both of these cases, a considerable portion of the stresses will quickly relax
due to creep deformation. The residual stresses for lead-filled canisters are deemed to
be on comparable magnitude.

The stress levels for all canister alternatives studied are so low that there is no risk of
creep fracture if the phosphorus-containing copper grade is used.

Rock movements

Model calculations show that rock movements of up to 10 cm will not constitute any
threat to the integrity of the canisters.
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Recommendations

The collective judgement of the expert group was that the copper/steel canister was
the most advantageous alternative from a mechanical viewpoint. The group also
identified questions which require further elucidation through research and develop-
ment during the next few years. These questions are dealt with below.

SKB’s conclusions

The work that has been carried out up to 1992 has shown that copper is a well-suited
canister material not only from a corrosion viewpoint but also with regard to other
material properties. A composite canister with an outer copper shell over a supporting
steel canister has been judged to be the most advantageous alternative from the
mechanical viewpoint. Furthermore, the results of the PASS project have shown that
this alternative is preferable from other viewpoints as well /4-12/. The composite
canister has therefore been chosen for encapsulation of spent nuclear fuel. The lead
filling technique will be further investigated as a second-choice alternative.

GOAL OF THE ACTIVITIES

The goal of the canister material studies during the period 1993-1998 will be to
determine which copper grade is to be used and to develop welding technology,
fabrication technology and methods for non-destructive testing so that full-scale
canister fabrication is possible around the year 2000.

PROGRAMME 1993-1998

Research and development efforts will be focused on:

e completing the studies within the field of corrosion concerning:
— the premises for stress corrosion cracking of copper,
— corrosion and radiolytically induced stress corrosion cracking on the inside of

the steel canister,

- local corrosion in an oxygen environment.

e selecting a suitable copper grade with respect to creep deformation and creep
failure as well as weldability by 1996,

e development of fabrication technology, welding technology and methods for
non-destructive testing.

Corrosion

The corrosion properties of copper have been relatively well investigated and will
require only minor research efforts during the coming years. Some questions sur-
rounding local corrosion on the copper canister under mildly oxidizing conditions
may need to be explored further, but since oxidizing conditions are only expected to
prevail in the repository for a short time after deposition and sealing, these studies will
not be given high priority. In addition to these activities, the premises for stress
corrosion cracking on copper will require further elucidation.

There is also a certain risk of corrosion on the inside of the steel canister. With the
limited quantity of corrodants that could conceivably be enclosed inside the canister,
this does not constitute a problem if the risk of stress corrosion cracking can be
neglected. Species that can induce stress corrosion cracking could, however, be
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formed by radiolysis of humid air inside the canister. This risk is eliminated in a dry
inert atmosphere.

The consequences of corrosion on the internal steel parts after penetration of the outer
copper shell have not yet been completely explored. This applies above all to pressure
build-up caused by the growth of corrosion products and the consequences of hy-
drogen gas production in the repository. Furthermore, the risks of radiolytically
induced stress corrosion cracking on the inside of the steel canister must be further
studied.

Alternative designs - lead filling

As mentioned above, a lead-filled copper canister is a second-choice alternative to the
composite canister. From the viewpoint of corrosion, this canister is naturally equi-
valent to the composite canister up until penetration of the copper shell.

Remaining uncertainties mainly have to do with the fabrication technology. The most
important questions concern the technology of filling a full-sized canister with lead
and control of the solidification process for the lead. This will be studied by modelling
the lead casting process and by means of practical tests on a model scale.

Beyond this, the problems surrounding sealing by electron beam welding must also be
explored. Of particular importance are the temperature conditions around the weld
zone and in the upper part of the lead fill, where there is a risk of remelting of the lead.

Welding of copper

At present, electron beam welding is the most interesting alternative, with friction
welding as a second-choice alternative. The development work on electron beam
welding over the past few years has mainly been focused on developing systems for
welding without a vacuum. This work has been conducted by SKB within an interna-
tional cooperative project. The technology is now available, and the method will be
tried out for welding of thick copper sections during the coming year.

The application of both methods for electron beam welding — in a vacuum chamber
and under atmospheric pressure — is currently being explored. The latter method
provides much greater flexibility, but cannot handle the same metal thicknesses as
conventional electron beam welding. The results of the development work during the
next two years will be crucial for the final choice of method, which should be able to
be made by not later than 1995.

The development of welding technology for a full-sized copper canister will be given
high priority during the period. The development work will then be concentrated on
welding of full-sized prototype canisters.

Fill material

After filling with fuel, the composite canister has a void volume of about 1 m3. The
risk of criticality for certain canisters, if they should be filled with water after canister
failure, cannot be ruled out at the present time. For this and other reasons it may prove
desirable to reduce the void volume by post-filling with a particulate material. The
material may either be relatively inert, such as quartz sand or glass beads, or it may be
chemically or nucleophysically active.

Further studies are planned before it is determined whether a solid fill material is to
be used and, if so, which material is preferable.
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Post-fabrication inspection - NDT

All steps in fabrication, forming and sealing of the canister must be checked and
documented. For the steps prior to packing of the spent fuel and sealing, this can be
done using conventional methods, although specific refinements may be required. A
methodology and technology for inspection of the sealing weld will have to be
developed, however. This may also entail inspection of the microstructure of the
copper material and the design of the weld.

This development work is being given high priority and must be carried out in close
collaboration with development of the weld technology. Previous studies have shown
that ultrasonic testing is a feasible method, but the technology must be optimized for
copper and for detection of weld defects that are typical for electron beam welding.
An alternative, or complementary, method may be X-ray tomography. Development
work will also be aimed at evaluating the potential of this method for inspection of the
sealing weld on the canister.
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BUFFER AND BACKFILL

BACKGROUND

The primary function of the engineered barrier constituted by the bentonite buffer
around the canister is to limit groundwater transport in the near field and to provide
chemical and mechanical protection for the canisters.

Mixtures of bentonite and sand are intended to be used for backfilling of excavated
tunnels, rock caverns for service, etc. as well as channels of access from the surface,
whereby its primary function is to limit the possibility of radionuclides to migrating
along these channels.

GOALS OF RD&D ACTIVITIES 1993-1998

The choice of quality and composition of the buffer and backfill materials should be
able to be made around 1995. The choice will serve as a basis for the 1996 safety
assessments of the two candidate sites and for design and planning of the deep
repository. During the period 1993-1995, summaries shall be made of

- knowledge of the properties of bentonite,

— methods for determining these properties, and

- calculation models for describing the homogenization of the buffer and long-term
buffer performance.

The research on material parameters will then be scaled down and focused primarily
on studies of natural analogues for validation of the models. When it comes to the
physical models — rheology etc. — validation will be done both on a laboratory scale
and through field tests in the Aspd Hard Rock Laboratory. The latter will dominate
and the results obtained will be used for continuous updating of the material models.
In parallel with this, a development/adaptation of technology needed for excavation
of canister positions, deposition of canisters, backfilling etc. will be carried out, see
chapter 11.

PRESENT-DAY STATE OF KNOWLEDGE

General

It was stated in R&D-Programme 89 that special efforts would be made during the
period 1990-1995 to develop a general rheological/thermomechanical model and to
develop material models that relate the microstructure of bentonite buffer and
clay/sand mixtures to water flow, diffusion and thermal conductivity. It was further
stated that the programme was aimed at deepening knowledge concerning the interac-
tion of the buffer or backfill with the host rock. The efforts were particularly aimed at
the character of the “disturbed zone” and at the possibility of creating stagnant
groundwater regimes or diverting groundwater flows.

The need to be able to effectively compact backfills of clay/sand materials was also
noted in the programme.

In summary, the following main areas were specified in R&D-Programme 89. They
are dealt with in this account.
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e Temperature-induced degradation processes in bentonite, alteration of smectite
minerals and cementation.

e Development of a general material model that describes the mechanical, rheologi-
cal, thermal and water-transporting properties of bentonite materials and clay/sand
mixtures,

¢ Clarification of the importance of the microstructure for transport processes such
as water flow, ion diffusion and thermal conductivity.

e Description of near-field rock, especially the “disturbed zone”, and investigation
of possible ways to influence its conductivity.

¢ Modelling of interaction between near-field rock and buffers or backfill.

e Material and technology for backfilling of shafts and tunnels.

Degradation processes in bentonite

During the years 1989-1991, when the chemical resistance of the bentonite materials
were investigated in a comprehensive study in the Stripa Project, attention was
focused on two degradation processes that were known previously but could now be
quantified /5-1/.

One is the cyclical “evaporation/condensation” process connected with water satura-
tion of bentonite exposed to a temperature gradient that was identified in the Buffer
Mass Test at Stripa. In the case of groundwater with a high salinity, this could lead to
salt enrichment near the canisters.

The other is the process of silica release connected with temperature-induced dissol-
ution of smectite mineral that was examined in laboratory tests. This silica, which
precipitates in connection with cooling, condenses in such a manner that it can give
rise to significant cementation and thereby affect the plasticity and swellability of the
clay in a practically meaningful manner. Extensive investigations of montmorillonite
(the most common smectite mineral) under hydrothermal conditions and with differ-
ent kinds of pore water have shown that the changes mainly concern the microstruc-
tural particle arrangement. The waters used have been distilled water, strongly brack-
ish water of the Forsmark type, i.e. with Ca as the dominant cation, and seawater
diluted 1:3. The temperature has been up to 200°C and the treatment time up to nearly
one year.

Two opposing processes take place: a) a partial dehydration that entails a reduction of
the number of interlamellar hydrate layers, accompanied by an increase of the interla-
mellar space between the quasicrystals of “lamellar stacks”, and b) a thermally
induced disintegration of these stacks resulting in a microstructural homogenization.
The results show that the physical properties are largely retained by both Na and Ca
bentonite at densities in excess of about 1.8 g/cm™.

A structural transformation to non-expansive minerals (called 10 A minerals) can take
place either through a permanent collapse as a consequence of complete dehydration
of the lamellar stacks, or through transformation of the lamellar stacks to mixed-layer
montmorillonite flakes and flakes of hydrous mica (illite) and neoformation of hy-
drous mica in the voids between the lamellar stacks.

The first-named phenomenon, dehydration of the lamellar stacks, is only of practical
importance at temperatures above around 130°C. The investigations also verify the
previously adopted model for the alteration of montmorillonite, which means that it is
access to potassium in free form that is the determinant, at least at temperatures above
60-70°C. At temperatures higher than about 130°C there is a more powerful impact,
particularly on Na montmorillonite, probably as a consequence of a transformation
from montmorillonite to beidellite (an aluminium-rich smectite mineral), which spon-
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taneously — independently of temperature — is converted to hydrous mica in the
presence of free potassium.

The implications of the research of the past few years can be summarized as follows:

e At temperatures in the range 70-130°C, the primary degradation mechanism is a
dissolution of the montmorillonite component with the release of Si and Al,
resulting in the neoformation of hydrous mica at a pace determined by the
in-transport of potassium. Released silicon and aluminium that are not bound up
by such neoformation are precipitated at cooling and give rise to cementation.

e At temperatures above 130°C, the quantity of dissolved silica and aluminium
increases. An excess of silica is obtained as a consequence of the transition to
beidellite. This excess leads to precipitation of cementing silica, primarily in
amorphous form.

o The kinetics of the dissolution of the smectite is primarily determined by the
concentration of silica in the pore water in the clay and in the fracture water in the
surrounding rock, as well as by the rate at which neoformation of hydrous mica
takes place, in other words the process that binds silica. Ultimately, when the
temperature has fallen to its original level, a smaller quantity of smectite is
dissolved and the quantity of released silica per unit time can be the controlling
factor for the rate of neoformation, even with rapid in-transport of potassium. The
temperature gradient in the bentonite surrounding the canisters becomes the
controlling factor for the scope of the cementation due to precipitation of silica.

General material model

The purpose of the development of a general material model that describes mechan-
ical, rheological, thermal and water transporting properties is to make it possible to
describe the entire physical course of events in the highly compacted bentonite that
surrounds the canisters /5-2/. The purpose is to be able to predict with reasonable
accuracy, with the aid of calculation programs (type ABAQUS), all processes from
the original state with the saturated or unsaturated bentonite subjected to a transient
temperature gradient which can lead to redistribution of the original water content, via
the phase with water uptake, swelling and homogenization, to the end stage with a
possible cementation and gradual transformation of the smectite mass to hydrous
mica. The model shall also make it possible to describe the stress situation in the
bentonite and the canisters as a consequence of tectonically or thermally induced
displacements along flat-lying fracture planes in the rock. At the present time, the
mechanical processes can be described to some extent, while those that have to do
with the maturation process remain to be modelled.

Microstructure and transport processes

A general microstructural model (GMM) for smectite clays was developed during
1989-1992 for qualitative and quantitative determination of hydraulic conductivity as
a function of density, electrolyte content and type of electrolyte /5-3/. The model,
which also provides information on temperature impact and a semi-quantitative
picture of the dependence of swelling pressure on density, provides an explanation for
the differing properties of Na and Ca bentonite.

Interaction between near-field rock and buffer after backfilling

The experimental determination of the character and permeability of the near-field
rock in the last phase of the Stripa Project confirms a previously outlined general
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model for how the hydraulic conductivity of the near-field rock is affected by blasting
and stress redistribution. Field tests at Stripa have provided an indication of how and
to what extent sealing can be accomplished by grouting with bentonite- or cement-
based materials. In an earlier phase, a practical case involving sealing of a slot around
a shaft was carried out successfully, and a combination of these methods is judged to
offer the best means for effectively shutting off the water flow in the axial direction.

Backfilling of shafts and tunnels

Shafts and tunnels should not leave behind highly conductive connections between
the biosphere and the canisters. Backfilling must be done regardless of the detailed
design of the repository system.

The backfilling requirement is determined by local conditions as regards the per-
meability of the rock, fracture orientation, hydraulic gradient and adjacent water-con-
ducting conduits, as well as the need for and chances of achieving effective local
plugging. Large parts of the backfill can consist of highly compacted moraine clay,
relatively bentonite-poor mixtures of materials of glacial origin, or crushed rock.

Material characterization

Special attention has been devoted to quality assurance for buffers and backfills ever
since the mid-1980s, when the choice of bentonite material led to the definition of
necessary properties in about 7 000 tonnes of bentonite material of Sardinian origin
for isolation of the concrete silo in SFR /5-4/.

In order to obtain a basis for comparison between different bentonite materials and a
standard against which to test whether offered or delivered material is acceptable, a
method for characterization has been developed and tested. It comprises the following
testing steps:

- Chemical analysis

-~ Mineralogical analysis (XRD)
- Swellability (XRD, EG)

- Cation exchange capacity

—  Microstructural study

—  Grain size distribution

- Hydraulic conductivity

~  Swelling pressure and swelling capacity
- Liquid limit

- Creep properties

—  Thermal conductivity

Summary of research results

Transport properties

The transport properties of the highly compacted bentonite in terms of hydraulic and
thermal conductivity are known today to be a function of mineral content, density,
temperature and chemical pore water composition. They can be described by a
general microstructural model that will be further refined to describe ion diffusion
transport and the influence of mineral alteration as well. A model for chemically
induced alteration to non-expanding minerals (hydrous mica), taking into account
related cementation processes, has been formulated and will be used in both future
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laboratory tests with artificial conversion of montmorillonite-rich bentonite and on
some well-defined geological examples.

Mechanical properties of the engineered barrier

The rheological properties of highly compacted bentonite as a function of mineral
content, density, temperature and chemical pore water composition are partially
understood today, and functioning preliminary material models and calculation tech-
niques exist. Deeper knowledge will provide the basis for formulating a more com-
plete material model which will make it possible to predict the entire sequence of
changes undergone by canister-embedding bentonite under the influence of tempera-
ture, pore water chemistry and tectonics.

PROGRAMME 1993-1998

General

During the years 1993-1995, the work will be concentrated on characterization of
bentonite-based materials and development of models for prediction of the behaviour
and performance of such materials in a final repository. During 1993-1998, large-
scale tests in the Aspé Hard Rock Laboratory will be planned and commenced to
demonstrate essential functions that have not been able to be fully tested at Stripa.
Examples of tests to be conducted in the Asps Hard Rock Laboratory are: electrolyte
enrichment during the course of water saturation, spontaneous penetration in frac-
tures, gas percolation and canister deformation. An important task is to study more
thoroughly the physical and physical/chemical interaction between buffers and near-
field rock.

Transport processes

Ton transport and changes of microstructure and mineral composition caused thereby
are described phenomenologically and quantitatively with the aid of a refined version
of the microstructural model. It yields information on how the mineral phase and the
microstructural porosity are distributed in the clay matrix and also provides means for
quantitative modelling of cation and anion diffusion as a function of density.

Mechanical processes

Material models and calculation technique for describing mechanical processes etc.
will be developed during the period. A description of more complete and functioning
models for material selection and calculation procedure will be included in a final'
document that will update the state of knowledge in 1995.

Material characterization

The characterization method that was employed during 1990 and 1991 to describe
three commercial bentonite materials will be utilized for characterization of addi-
tional materials, including bentonite/sand mixtures, in order to broaden the base for
establishing a standardized procedure for material selection and calculation proce-
dure.
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6.1

6.1.1

GEOSCIENCE

INTRODUCTION

The role of the rock in the deep repository

Geologically speaking, Sweden is situated within the Baltic Shield, which mainly
consists of rock types which are more than 900 million years old. The dominant
crystalline bedrock consists of granites and gneisses. The rock is an important precon-
dition for the disposal of the spent nuclear fuel according to the principle that has been
developed in Sweden. The purpose of the repository is, as mentioned previously, that
the system of technical and natural geological barriers shall isolate the waste for a
long enough period of time that the radioactive materials decay to natural background
radiation levels. Direct radiation from the waste can be prevented by an intact
crystalline rock block several metres thick. The only way in which waste deposited
deep down in the rock can affect humans, animals and plants is therefore a transport
of radionuclides from the repository with the groundwater in the rock to the bio-
sphere. This transport can take place in the bedrock’s fracture system. In general, the
groundwater flux in fractured crystalline bedrock in Sweden is very low at deeper
levels, and for this reason the repository is planned to be built about 500 m below the
surface of the ground.

The geoscientific research at SKB is related to the crystalline bedrock and to the
projected repository design. The research work is guided primarily by the need for
input data for the long-term safety assessments that are being done. Furthermore, the
geoscientific R&D work is supposed to be of benefit in solving the civil engineering
problems that are associated with the construction of a deep repository.

The rock has a number of fundamental properties that are being exploited for the
long-term performance and safety of the repository. These are:

- Mechanical protection.
—  Chemically stable environment.
- Slow and stable groundwater flux.

These properties can be more or less coupled to each other through physical or
chemical processes.

The rock provides long-lasting mechanical protection against external forces. A final
repository in rock also provides good protection against changes in climate. Climatic
changes can result in a changed biosphere with a considerably higher sea level, or
alternatively can give rise to permafrost and formation of glaciers, with a lowering of
the sea level as a result. The impact of such changes is minimized if a repository is
placed in deep geological formations.

It is of fundamental importance for the safety of the repository that the chemical
environment is stable. The reducing chemistry of the groundwater is of great import-
ance for the life of the canister and for the slow dissolution of the fuel matrix.
Groundwater chemistry is determined for the most part by the mineral composition of
the rock, which is stable over long spans of time. The chemical environment of the
rock is also important for how radionuclides can be transported. Here the interaction
between nuclides and rock is of importance.
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The low groundwater flux in the rock is of importance both for the durability of the
barriers and for the slow transport of nuclides in the rock. The water flux is generally
determined by the topography of the ground surface and by the permeability of the
rock, which is in turn dependent on its fracture content. These factors are all very
stable by their nature. For this reason, the groundwater flux around a repository will
not change significantly with time.

For an assessment of the performance of the final repository, the components of the
repository and their interaction must be described. Since it is difficult to clarify how
this interaction takes place in a long perspective on a specific site by means of
experiments, theoretical models are used. The extent to which the models can be
verified is of fundamental importance for safety assessments. Large volumes of a
heterogeneous medium have to be described. This description is often based on a
large number of point data from boreholes, which are then generalized to different
scales according to the specific problem to be analyzed. Data on the groundwater’s
local flux and its chemistry are needed to calculate canister life. More information is
required to describe how nuclides are fixed and transported in the rock. It is an urgent
task for the ongoing research on the bedrock to test the validity and limitations of
different models.

The principle for investigations in crystalline rock

Historically, geoscience has been a descriptive science in which most interest has
been devoted to the genesis and general properties of the geological formations. The
emphasis on applied geoscience within the field of nuclear waste management im-
poses higher demands on quantification of processes and predictions of the future.
The great heterogeneity of the rock means that generalizations cannot be made
without the variability of different rock properties also being described. When it
comes to the hydraulic conductivity of crystalline rocks, for example, the difference
in mean values between different rock types is smaller than the variation within each
rock type. Furthermore, the properties and their variation can depend on the scale on
which a given problem is regarded.

In other words, it is important that investigations in rock be conducted incrementally
(on different, increasing scales) and iteratively, resulting in a gradual knowledge
build-up with increasingly detailed information. A statistical approach is required to
a greater extent than before in order to describe the bedrock, see Figure 6-1.

The following scales are usually discussed for the function of a deep repository:

- Regional scale (1-10 km)

Site scale (100-1000 m)

Block scale (10-100 m)

Detailed scale, near field (0-10 m)

On the regional scale, the repository is studied in its large-scale general context, for
example with respect to isostatic uplift, tectonic stability and regional hydrological
cycles.

On the site scale, the repository is studied as a whole with its impact on its surround-
ings. Flow and transport in far-field modelling are examples of important parts of a
safety assessment for a repository.

The block scale describes differences in properties within the repository, while the
near field is usually defined as the area nearest the waste. The near field is assumed to
be affected by the waste itself or by the disturbance caused by the rock excavation and
is dependent on the repository design.
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Figure 6-1. Geological and hydrogeological investigations were performed on differ-
ent scales within the Aspo Project’s pre-investigation phase. The picture illustrates
the fracture mapping on outcrops that took place in cleaned and prepared trenches.

In summary, the principle of investigations in rock is a gradually increasing degree of
detail in the following work sequence:

Data collection, observations.
Setting up of a conceptual model of the area with regard to structures, chemical
and physical premises (conceptual model).
e Calculation phase.
Analysis.

Scope and coordination of the geoscientific activities

The geoscientific programme at SKB embraces broad knowledge build-up within
geology, geophysics, rock mechanics and geohydrology. The programme also in-
cludes method development and development of numerical computer models. A
strong link exists to SKB’s programme for instrument development, see chapter 9.

The activities and the projects within the geoscientific programme are often coordi-
nated with other special areas, such as geochemistry and hydrochemistry. Further-
more, the work is integrated with the research activities that have been conducted or
are being conducted within:
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6.2

6.2.1

- The Stripa Project

—  The Asp6 Hard Rock Laboratory

- Project Alternative System Studies (PASS)
- Safety assessments (e.g. SKB 91)

- Natural analogues

- The siting programme

The above programmes and projects are described in separate chapters in the present
RD&D programme or as separate background reports.

Overall goals of the geoscientific programme

The geoscientific research and development programme at SKB has the following
general goal:

e to further refine knowledge of hydrogeological and rock-mechanical conditions
in order to permit better quantification of uncertainties and margins in the rock’s
capability to isolate the waste, in preparation for the siting process.

Important subsidiary goals are thereby:

s to further refine models for calculation of groundwater in fractured rock, for water
flows in conjunction with glaciation and deglaciation, for coupled phenomena
such as temperature, rock stresses and hydraulic conductivity and for rock mech-
anics at a pace that is adjusted to the need for models in connection with
assessments of the performance and long-term safety of the candidate sites.

* to see to it that suitable measurement technology is available for high-quality
collection of such measurement data as are required to characterize the rock
volume or volumes that will be investigated in preparation for the construction of
SKB’s deep repository for spent nuclear fuel.

State of knowledge, results obtained (1989-1992), future goals and programme for the
RD&D activities pertaining to groundwater movements, rock stability, groundwater
models and rock-mechanical models are presented in the following sections.

GROUNDWATER MOVEMENTS - CONCEPTUAL
MODELLING

Goals of the activities 1993-1998

The main topic that will be treated within the framework of SKB’s general geoscien-
tific activities when it comes to groundwater hydraulics is regional conditions for
flow and transport. Physical and certain chemical processes coupled to the geohy-
draulic system will also be dealt with. For nuclide transport and redox-related flow
problems, see SKB’s RD&D programme for chemistry (chapter 7) and natural ana-
logues (chapter 8). Site-specific geoscientific RD&D with geohydrology and ground-
water transport is being conducted at the Aspd Hard Rock Laboratory (see separate
background report). Hydrogeological investigation methods are dealt with in chapter
9, “Methods and instruments”.

The research and development work for the conceptual modelling is predicated on the
following premises. The groundwater flow is chiefly laminar and can be described by
Darcy’s Law. The flow takes place for the most part in the bedrock’s fracture system
and the hydraulic driving forces at repository level are controlled by gradients in a
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regional perspective. The permeability properties vary within wide limits and are
dependent on groundwater chemistry, rock-mechanical conditions and temperature.

The goals of the RD&D programme for the period 1993-1998 are to:

e  Further refine methods for description of the geometry and hydraulic properties
of fractures.

e  Further refine in-situ methods for determination and analysis of hydraulic proper-
ties in fractured rock.

o Investigate the large-scale dependence of the hydraulic properties on fracture
mineralizations, rock stresses and former permafrost depths.

e Investigate and compile indirect signs of the groundwater’s flow pattern in
fractured rock for both model structuring and confirmation of models.

e Investigate risks of brief pressure changes in the groundwater reservoir at reposi-
tory level due to earthquakes.

e Describe the premises for groundwater flow and transport at a deep repository in
a regional perspective during the present-day climate situation.

e Describe the premises for groundwater flow and transport at a deep repository in
a regional perspective during glaciation and deglaciation.

e Further refine theories for “non-reactive” flow transport in fractures and fracture
systems.

e Compile and structure geostatic data used for safety assessment and constructa-
bility assessment.

State of knowledge

During the past decade, theoretical and experimental studies have contributed to a
gradually increasing understanding of the heterogeneous flow process in the fractures
in the rock. Use of geostatistical methods and fractal characterization of hydraulic
conductivity, fracture lengths and fracture apertures as well as knowledge of two-
phase flow and multi-porosity systems have increased. Geophysical methods have
been developed into valuable complements to hydraulic tests, yielding better data for
the model work /6-1/. Greater interest is being devoted to processes coupled to the
groundwater flow, i.e. thermo-hydro-mechanical connections and hydrochemical de-
pendencies. Several projects pursued by SKB during the past few years aimed at a
better understanding of the flow process are commented on below. The reader is also
referred to the annual reports and to the TR series of reports.

From several investigations that have studied flow gradients around a blasted tunnel,
it seems as if the hydraulic conductivities decrease nearest the tunnel wall. At first the
results were considered surprising, since increased permeabilities were expected to
result from the blasting damage /6-2/. However, the phenomenon is now well-known
and the explanation has been sought in stress redistributions and chemical precipita-
tions. There was also another explanation, namely that the conductivity decrease
could be a phase-boundary mechanism between air or another gas and water. The
process would then be controlled by a two-phase flow. Preliminary theoretical calcu-
lations show that this may be the case /6-3/, but further research is needed. For the
water-saturated state, however, conductivity increases can be expected, especially in
the axial direction. Preliminary results for Stripa /6-4/ show this.

Better conceptual bases are desirable for groundwater and transport modelling in
fractured rock. In Swedish crystalline bedrock, for example, red coloration of feldspar
crystals is common in connection with fracture planes. The colour alteration could be
one of several signs of possible flow paths for hydraulic models. Similarly, prelimi-
nary results indicate that the sorption possibilities are likely to be more developed in
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the red-coloured volumes at greater depths. The red coloration there is caused by a
hydrothermal process (influence of hot water solutions), whereby the plagioclase
lattice has weathered. The samples often contain clay minerals. Further, susceptibility
measurements show that magnetite has been transformed to haematite /6-5/.

When nuclear waste is placed in the rock, convection currents can be created in the
groundwater reservoir due to the heat generated by the canisters. An interesting aspect
of such thermally induced flow is whether a density-stratified groundwater can
balance the flow system. For example, canisters can be placed in a saltwater environ-
ment overlain by a fresh water cushion. A modified Hele-Shaw cell has made it
possible to study this phenomenon and set up analytical criteria for this hydraulic
system on a laboratory scale /6-6/.

Conceptualization in connection with hydraulic modelling includes credible bound-
ary conditions. The three-dimensional models are becoming increasingly common,
which means that progressively more complicated flow geometries are being ana-
lyzed. The greatest practical interest in conjunction with groundwater modelling for a
repository is being devoted to levels about 500 m below the ground surface. With
reference to classical groundwater theory, a deep repository can be expected to be
influenced in terms of flow by regional groundwater systems. The local topography in
a repository area probably has very little to do with the flow regime at the actual
repository level /6-7/. The flow at the deep repository is controlled more by regional
than local gradients. If it were possible to measure vertical pressure variations at
model boundaries to a depth of 1 km with good accuracy, more realistic regional flow
descriptions would probably be obtained compared with flows based on topographi-
cal data.

In the long time perspective from which the safety of the repository must be assessed,
climatic changes with ice-age scenarios must be taken into account. In connection
with an ice age like the most recent one to have affected Sweden, the sea level would
fall by on the order of 150 m. This means that different boundary conditions would
prevail for the repository during the deglaciation process than those we can estimate
for the present-day climate /6-8, 6-9, 6-10, 6-11/. A fundamental point of view has
been worked out by SKB in cooperation with TVO in Finland. A regional modelling
of the situation during a deglaciation must take into account not only the sea level, but
also the extent of the permafrost, ice loads, dammed ice lakes, increased water
pressures under the ice and meltwater production.

Certain standardized evaluation systems have been during the past decade for classi-
fication of the vulnerability of the groundwater reservoir and groundwater resources.
This is primarily intended to reduce the risk of contamination of superficial ground-
water accumulations. The classification system has now been further refined to permit
a rough assessment of disposal sites for radioactive waste from the hydrogeological
point of view. Since knowledge of different sites in an evaluation phase can vary with
respect to the extent of completed mapping surveys and pre-investigations, it is
essential that the uncertainty level for the hydrogeological parameters be weighed
into the assessments /6-12/.

Programme 1993-1998

In order to meet the goals presented above, SKB will carry out the following pro-
gramme with regard to the conceptual view of groundwater flow.

When the flow process is to be described in fractured rock, and then particularly in
discrete fracture models, values are assigned to conductivity and kinematic porosity.
These parameters are dependent on the fracture width, which is in turn dependent on
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the stress state in the bedrock. The relationship between mechanical and equivalent
hydraulic fracture width is unclear when hydro-mechanical calculations are per-
formed. There is a need for a better understanding of the hydromechanical processes
in the rock mass on both a general and a detailed scale. The geometries and hydraulic
character of fractures and fracture intersections need to be studied. This will mainly
be done by means of experiments on a laboratory scale. The research tasks include
collection of input data for calculation models and development of measurement
methods for fracture characterization and porosity.

Development of in-situ methods for determination of permeability and storage
properties in fractured rock is continuing. Extensive work is being done mainly within
activities for gas and oil prospecting. The analysis methodology has been improved
through the Stripa and Aspd projects, particularly when it comes to interference tests.
Similarly, there is a need to obtain a better understanding of the dependence of the
in-situ methods on scale, the heterogeneity of the rock, the direction of the measure-
ments, what rock volume is covered by the measurements etc. This investigation work
is planned to be done in connection with the Aspd Hard Rock Laboratory and the
programme for method and instrument development. Test pumpings and hydraulic
test determinations of k values and kinematic porosities are of very great importance
in connection with detailed characterization in the siting programme.

It is well known that the hydraulic properties of the fractures in the crystalline rock are
related to the extent to which mineralizations occur in the fractures. The mineraliza-
tions reflect the rock’s tectonic history. Similarly, the rock stress situation is assumed
to influence conductivity. Another mechanism that could influence the general con-
ductivity distribution at depth is the former extent of permafrost. Recurrent glaci-
ations have entailed freezing and thawing of the water content of the fracture systems
down to a depth of about 500 m. It is known from detailed characterization that ice
formation with subsequent thawing has resulted in increased conductivity. The
general dependence of the conductivity on these processes should be further investi-
gated.

The conceptual view of the groundwater’s turnover and flow paths can be based in
part on indirect judgements. For example, high salt concentrations in the groundwater
can be a sign of low water turnover. Similarly, the oxygen isotope 180 can provide
information on regional flow patterns in a long time perspective. Mineralizations in
fracture systems and geochemical changes in and on fracture walls may be indications
of presumptive flow paths. When hydraulic model structures are built up, it is
important to take into account all these supplementary data, which provide a qualita-
tive picture of the groundwater’s flow pattern. There is a great need for compiling
indirect hydraulic signs for both model structuring and model validation.

The stability of the repository in the face of seismic disturbances has previously been
investigated in a number of studies. They show that it is not likely that the mechanical
stability of the repository will be disrupted by earthquakes in Sweden with the
repository design that has been chosen. In more earthquake-intensive areas of the
globe, however, brief disturbances in the hydrological balance have been observed in
connection with earthquakes. Depending on what rock movement takes place, either
momentary hydraulic pressure falls or rises can be obtained. These momentary
pressure changes should be investigated with respect to magnitude, direction, dura-
tion, tectonic processes and depth. Furthermore, the extent to which viscosity changes
in the repository’s bentonite buffer can be obtained in connection with a short-lived
hydraulic pressure change should be taken into account.

In section 6.2.2 “State of knowledge” it was commented that the natural water flux at
repository level is not necessarily controlled by the local flow gradients, but is more
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likely controlled by regional topographic conditions. It is judged essential to further
refine regional flow models that shed light on long-term transient changes. This is
especially true for coastal repositories, where the transient flow changes can be
affected by glaciation, deglaciation, land uplift and the salt/fresh water boundary,
which in turn alter the boundary conditions of the calculation model. To obtain a
better understanding of the water flux in a regional perspective and at depths down to
1 500 m, a hole to this depth is planned to be drilled in 1992 within the Laxemar area
near the Simpevarp peninsula in the municipality of Oskarshamn. After concluded
drilling, geophysical, hydrochemical, geochemical and hydraulic investigations will
be performed in the hole.

The transport process for groundwater in the bedrock involves a large number of
physical and chemical mechanisms. Substances that are transported can be affected
by physical mechanisms such as filtration, hydrogeochemical mechanisms such as ion
exchange (absorption-desorption), redox reactions, precipitation-dissolution and
radiological and biological effects. These processes and related research requirements
are dealt with in chapter 7. If the water transport takes place without the influence of
these mechanisms, it is non-reactive and only involves non-sorbing substances. The
non-reactive transport process includes advection (convection), molecular diffusion
and kinematic dispersion. Advection takes place with the free water in the available
kinematic flow porosity. For low-permeability media under water saturation, the
international literature contains indications that the kinematic porosity is dependent
on the hydraulic gradient, but the phenomenon has not been fully explored. Molecular
diffusion entails that a substance is transported from areas with high concentrations to
areas with low concentrations. Kinematic dispersion is a “mixing phenomenon” that
is dependent on velocity differences for the flow in a fracture as well as velocity
differences between different fractures. The flow is mixed through intersecting frac-
tures, resulting in changes in the concentrations of the substances in time and space.
It has been found that the classic dispersion equation only seems to be valid after long
flow times and for great distances from the release point. The dispersion connected
with instantaneous releases, for example, is probably controlled by time-dependent
dispersion coefficients and not by any scale effect in space /6-15/. The channelling
theory and matrix diffusion effects have generally increased our knowledge of the
transport process /6-16/, but there is a need for theoretical and practically oriented
further refinement. A better knowledge of the hydraulic heterogeneity and pore
structure of the bedrock is thereby an important prerequisite for being able to predict
both non-reactive and reactive transport.

In a safety and constructability assessment, a large number of hydrogeologically
related parameters are included when the bedrock is described and modelled. Some of
these parameters can be measured in the field, while others are measured in the
laboratory or calculated. The safety assessment, such as SKB 91, is stochastic, and the
properties of the rock mass are accordingly dealt with as statistical. Groundwater
models often have — and rock-mechanical models are expected to be developed
towards — a statistical orientation. In a siting process, the body of investigation data
grows continuously and gradually improves our site-specific understanding of the
repository’s surroundings, i.e. the geobarrier. A systematic geostatistical treatment of
data appears to be necessary, and it should apply to both field data and other
experimental data which are used in judging safety and constructability. Statistical
theories should be treated within the framework of “Geoscience”, for example predic-
tion methods and multivariate analysis. Furthermore, the statistical properties of
different geodata should be compiled, which is included in safety assessment and
constructability assessment. The above sub-programme has a bearing on the project
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“Rock volume description” within the Asps Hard Rock Laboratory and shall serve as
a basis for data handling and analysis at the siting programme’s candidate sites.

STABILITY OF THE BEDROCK

Goals of the activities 1993-1998

Site-specific rock mechanics questions relating to a repository facility are mainly
being dealt with within the Aspo project. More fundamental strength-related activities
and tectonic assessments are included within the rest of SKB’s general geoscientific

programme.

The overall purpose is to quantify and examine the consequences of earthquakes and
glaciations with subsequent land uplift. For this reason, existing knowledge is being
compiled and our understanding of the geodynamic processes in the Baltic Shield is
being further refined.

The goals for the period 1993-1998 are to:

e Carry out a seismotectonic synopsis of the Baltic Shield.

e Carry out a pedagogical synopsis that shows the brittle tectonic history of the Baltic
Shield with the load situations that have occurred.

¢ Study in detail and map isostatic uplift in different regions of Sweden.

e Carry out detailed studies of former shorelines in several regions of Sweden in
order to clarify any postglacial tectonics.

e Increase our knowledge of the brittle tectonic fragmentation of the crystalline
bedrock.

e Further refinement of dating methods of movements in fracture zones.
Increase our understanding of the representativeness of rock stress measurements.

State of knowledge

General about tectonics and seismic activity

Tectonics is a collective term for the deformation of the earth’s crust and the structu-
ral forms that occur as a result. The term covers deformational and structural forms
from the millimetre to the kilometre scale.

A brief resumé of the studies conducted at SKB during the period 1989-1992 is
provided here. See also SKB’s annual reports /6-13, 6-14/ and reports in the TR
series.

It is essential to have an understanding of the brittle tectonic evolution of the Baltic
Shield in order to be able to describe the fracture systems and previous movements in
the Swedish bedrock. The stress situations that have arisen during continental drift,
“the paleostress field”, can be roughly analyzed based on the presence of different
types of hypoabyssal rocks, fracture sealings, fracture minerals etc. and related to
different time periods. It is further possible based on isotope data to indicate former
vertical loads from sedimentary strata that have eroded away. Successive glaciations
have also affected the load situation in the Swedish crystalline basement. The Swed-
ish bedrock has thus in all likelihood been subjected to forces in all directions. During
the current tectonic regime, spreading from the Mid-Atlantic Ridge, there are there-
fore no signs that new fractures or zones will appear in the upper part of the crust in
Sweden. If movements take place in the earth’s crust in Sweden, they will accordingly
take place as reactivations in existing fracture zones or faults. A synopsis of the brittle

73



tectonics of southern Sweden is presented in /6-28/. Several other regional studies
exhibit similar results with movement activation /6-29/, /6-30/, /6-31/.

Southeastern Sweden has a stable bedrock geology. A detailed fracture mapping of
the Ordovician limestones on northern Oland has yielded an understanding of how
common movements are and what their magnitudes have been. The movements in the
limestone on Oland must have taken place more recently than 450 million years ago.
90% of all fractures show no movements. 10% of the fractures thus exhibit displace-
ments, and the peak slip has been measured to be 5 cm /6-31/.

The seismic activity in the Baltic Shield is mainly controlled by the plate-tectonic
processes and ongoing land uplift. The results of seismic measurements /6-43, 44, 45/
show that most of the stress that causes earthquakes has a compression direction of
N60W, which is approximately perpendicular to the continental movement from the
Mid-Atlantic Ridge. The globe-spanning database “World Stress Map Project” also
shows relatively good agreement between the plate tectonics of the earth’s crust and
the greatest horizontal principal stresses, i.e. compressions. Certain deviations occur
in the stress field in the Baltic Shield, which can be explained as effects of the
glaciation-uplift processes /6-46/.

If the deglaciation is relatively rapid, the earth’s crust is subjected to regional stress
differences which can trigger movements in already existing weakness structures.
The deglaciation phase following the most recent glaciation was significantly faster in
northern Sweden than in the southern parts of the country. This is considered to be an
important cause of the neotectonic and postglacial movements that have been inter-
preted in, for example, the Lansjérv area /6-46/.

Glaciation scenario

During 1990-1991, SKB and Teollisuuden Voima OY (TVO) in Finland carried out
a joint inventory of the international state of knowledge regarding ice ages. The
purpose was to describe when future ice ages can be expected and what changes in the
geosphere occur in connection with them /6-8/, /6-32/, /6-33/.

At the beginning of this century, the Milutin Milankovitch put forth a theory that the
variations in the Earth’s orbit around the sun and in the tilt of the Earth’s axis cause
differences in the distribution of insolation (the amount of solar energy reaching the
earth), which in turn cause glaciations. These astronomical fluctuations are cyclical
with periods of 23 000, 41 000 and 100 000 years. By adding together the influence
on insolation from all of these fluctuations, Milankovitch was able to distinguish
extended periods of time with lower insolation, which he suggested could represent
ice ages. In lieu of detailed data regarding the climatic variations of past ages, it was
long impossible to either prove or disprove this theory.

During the past 20 years, however, a large quantity of detailed data have been
collected which strongly support the Milankovitch theory. These data come, for
example, from ice cores taken from the ice caps on Antarctica and Greenland, but it is
above all from studies of drill cores taken from deep seabeds that a detailed and
continuous description of climatic changes over hundreds of thousands of years has
been obtained. By, for example, analyzing the oxygen isotope ratios in the shells of
foraminifers in these drill cores, it has been shown that there have been regularly
recurring ice ages during the past 750 000 years that conform perfectly to the
Milankovitch cycles. '

The cycles can therefore be used to predict when future ice ages will occur and how
severe they will be. This assumes, however, that man does not alter the composition
or circulation of the atmosphere in any decisive way. The greenhouse effect could be

74



one such change. However, many researchers believe that, viewed in a perspective of
tens of thousands of years, this effect, if it exists, will only merely prolong the current
warm period by a few hundred or thousand years. In a longer time perspective, the
climatic fluctuations will presumably follow the Milankovitch cycles once again.

There are several climate models based on Milankovitch cycles, usually calibrated
with known climatic data from previous glaciation periods. These models thus allow
forecasts to be made of the future climate. For SKB/TVO’s ice age scenario, we have
chosen to use ACLIN and Imbrie & Imbrie’s models /6-34/, /6-35/. Both of these
models show that the warm period we have experienced since the most recent ice age
has been unusually warm. The next time a similar warm period will occur will be in
120 000 years. A period with a temperate climate can, however, be expected in 75 000
years. Since this is the first time when man, after a long period of ice ages, will once
again be able to settle in Scandinavia, this is also the time to which SKB/TVO’s ice
age scenario extends. The scenario describes climatic conditions for Scandinavia as a
whole, and specifically for the Stockholm-Helsinki region. When future ice ages can
be expected and the extents and thicknesses of the inland ice sheets during these
periods are shown in Figure 6-2.

A further refinement of the dynamics in a future glaciation scenario has taken place
with the development of a time-dependent model of the glaciation in Scandinavia.
The model has been calibrated with our knowledge of the Weichsel glaciation and
then with respect to moraine structures, soil thicknesses, erosion traces etc. /6-36/.

Based on future glaciation scenarios, the impact on a repository can be judged with
different types of calculation models. To begin with, the stability within a repository
area has been analyzed with respect to an ice load and simultaneous water pressures.
A sensitivity study has also been carried out. The work has been exemplified with
data from the Finnsjon study site. In summary, the results say that the movements will
be taken up in already existing zones. The total peak relative movement in a zone
within the area amounts in the normal case to about 0.05 m. If an exireme situation
prevails with low in-situ stresses in the rock, the importance of the pore pressure
would increase, resulting in a total movement of about 0.5 m. Current repository
concepts within SKB assume that canisters will not be deposited in such zones /6-37,
6-38/.

Neotectonics, isostatic land uplift, postglacial movements

By “neotectonic movements” is meant displacements that have taken place or are
taking place during the current tectonic regime, i.e. during the geological period when
the Atlantic Ocean has existed (about 60 million years). Any movements after the
most recent deglaciation are called postglacial.

The land uplift after the most recent glaciation has normally been studied in relation
to sea level. It is, however, possible to study the total movement and distribution of
the land uplift via the tilting and “rebound” of oblong lakes. By dating sedimentation
levels at different depths, it is possible to analyze the general land uplift within a
region. SKB has initiated studies on several sites in the country in order to obtain
better knowledge of the distribution of the land uplift /6-39/. Based on Quaternary
geological studies it is also possible to analyze any shoreline displacements, which
could be a sign of postglacial movements. Such studies are being conducted in
Virmland, the results of which are expected to be published in 1993.

During the period 1986-1988, SKB carried out a comprehensive geoscientific re-
search programme in the Lansjérv area, which is situated approximately 150 km north
of Lule4. The purpose of these investigations was primarily to try to map the extent
and character of the presumed postglacial structures in this area. The results of these
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Figure 6-2. Extent of future inland

scenario.

ice sheets according to SKB/TVO'’s ice age
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Figure 6-3. Field work for surveying of the Molberg Fault.

investigations were published in a summary report in 1989 /6-40/. During the summer
of 1990, the field work was concentrated on the Molberg Fault, see Figure 6-3. After
refraction seismic measurements, which located the fault, two wide parallel trenches
were dug straight across the fault in order to permit detailed studies to be made of both
rock and soil strata. Three cored holes were drilled to investigate the orientation of the
fault and its character at depth. Mineralogical and geochemical investigations were
performed on rock samples and drill cores in and near the fault. The structures in the
Quaternary deposits were documented in detail. Instruments for deformation
measurement of possible ongoing movements in the fault were installed in two
percussion boreholes. Test pits were also dug within certain parts of the Lansjirv area
during 1990 for the investigation of seismites, i.e. structures in the loose deposits that
are presumed to have been formed in conjunction with earthquakes /6-41/.

In June 1991, SKB arranged an excursion with international participation in the
Lansjérv area. The purpose of the excursion was primarily to present in the field the
most important results of the Lansjérv investigations and to discuss problems pertain-
ing to postglacial structures with international and Swedish experts.

The conclusions after the excursion are as follows:

e The postglacial faults are primarily reactivations of older dominant zones, but the
presence of some new fractures cannot be ruled out.

e The causes of the postglacial movements are probably a combination of relatively
rapid changes in the vertical loads (earthquakes associated with deglaciation) and
horizontal compression from the Mid-Atlantic Ridge related to continental drift.
Earthquakes and seismites are clear indications of temporary instability.

e Today there is no clear evidence that the postglacial faults are still active. These
fault movements are probably caused by specific stresses in conjunction with
glaciation and ice retreat and have little or no connection with the current stress
situation in northern Sweden.
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Tectonic analysis and interpretation methodology

The bedrock’s structures on regional scales (km scale) are usually interpreted in
satellite or aerial photographs. Topographical maps or measurements on the surfaces
of rock outcrops are used for more detailed descriptions. Lineament studies and zone
and fracture mappings are often supplemented with geophysical measurements. His-
torically speaking, the interpretation scale has probably influenced the conceptual
picture of the rock’s structures, i.e. results have been obtained that are excessively
dependent on the scale with which the problem has been regarded. In recent years,
increasing interest has been devoted to the use of the fractal concept to describe
topographical reliefs and geological structures in nature /6-47/. Several studies sug-
gest that similar brittle tectonic structures are found on different scales /6-22/. The
fractal dimension is an indirect measure of how well fractures and zones with
different directions and extents fill up the rock mass. In, for example, discrete fracture
models for geohydraulic calculations, the fractal concept is used to describe the
conductive network.

Since the most probable movements take place through reactivation of existing zones
and fractures, it is essential to obtain a geological perspective on when the most recent
stress redistributions have taken place within a repository site. In the field of tec-
tonics, different techniques exist for dating the most recent movements of fracture
zones. SKB has funded a comparative study where infilling material from a fracture
zone at Aspd has been analyzed by means of different methods. The methods used
were paleomagnetism, microstructural analysis, ESR (electron spin resistance) and
the isotope techniques K-Ar, Rb-Sr. The methods exhibit relatively good agreement,
but further development work appears to be necessary /6-48/.

Programme 1993-1998

The following programme for 1993-1998 is proposed to meet the goals formulated in
6.3.1.

A synopsis of the main load directions that have acted on the Baltic Shield during its
historical brittle tectonic phase is planned during the coming research period. In a
regional perspective, the directions of hypoabyssal rocks, former sediment indica-
tions, erosion traces, fracture mineralizations etc. will be dealt with. Furthermore, the
recent plate-tectonic processes and glaciations will provide background material for
such a synopsis. The overall purpose is to test the hypothesis that the Baltic Shield has
been subjected to all conceivable stress directions. This would mean that new frac-
tures are not likely to form in the upper part of the crust during the current tectonic
regime. It is thereby essential to study how and why horizontal zones appear. Water-
bearing horizontal zones can act as hydraulic barriers in the repository area. In
conjunction with the development of this conceptual picture, large-scale rock-mech-
anical calculations will be carried out, whereby the loads will be varied in terms of
size and direction.

A number of recent studies shed light on the very stable conditions that prevail in
Sweden, compared to the rest of the world. There is nevertheless a need to compile
different Nordic studies into a joint document where the risks of earthquakes are
discussed and evaluated. TVO and SKB plan to cooperate in producing this synopsis
(cf. the joint ice age scenario).

The more site-specific reactions to a glaciation at a repository site are being further
studied. Activities with numerical modelling are described in the following section
6.4. But our conceptual understanding also needs to be further refined on the basis of
TVO’s and SKB’s joint glaciation synopsis. Examples of subjects requiring further
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study are the impact of the stress redistribution on the conductivity field, the effects
of permafrost, freezing-out of saline water and transient load change during deglaci-
ation. The mechanisms of isostatic land uplift will be further investigated through
studies of sedimentation levels in a number of lakes, i.e. employing lake-tilting
methodology. Other Quaternary geological studies will be made of possible shoreline
displacements to determine whether postglacial movements have taken place. This
work is currently being pursued in Véarmland.

Independent observations around the world testify to the fact that fractures and
fracture zones — on everything from a detailed scale to a regional perspective — occur
with discrete directional concentrations. Some researchers make a classification into
different orders of fractures/zones while others talk about continuous, scale-inde-
pendent fragmentation processes. There is hereby a need to investigate whether the
so-called fractal viewpoint facilitates interpretation and understanding of different
rock structures.

A continued knowledge build-up should take place regarding the different methods
that are used for dating the most recent movements in fracture zones. Besides
different isotope techniques, ESR technique and paleomagnetic methods will be
applied. The most suitable methods will then be used for detailed characterization
within the siting programme.

It is essential to be acquainted with the stress situation in the bedrock at a repository
in terms of how it affects repository performance and construction. The rock stress
conditions also play an important role in the general tectonic understanding of a
region. The following measurement principles are widely used:

In-situ measurement in boreholes
Focal plane analysis of earthquakes
- Breakout in boreholes

- Microseismic registration

The most common in-situ methods in Sweden are overcoring and hydraulic fractur-
ing. In view of the conclusions that are often drawn from rock stress measurements, it
is important to determine the uncertainties associated with each method, for example
when it comes to volume representativeness and influence of microstructures. In
addition to the method-oriented activities, there is a need for a better understanding
for whether time-dependent or rock-type-dependent stress distributions occur. Fur-
thermore, it is of interest to assess the regional influence of the Swedish mountains
and to what extent the successive glaciations have created residual stress patterns that
are significant.

GEOHYDROLOGICAL AND ROCK-MECHANICAL
CALCULATION MODELS

Goals of the activities 1993-1998

Calculation models will be refined primarily within the framework of the activities at
the Asp6 Hard Rock Laboratory. Supplementary efforts will be pursued within SKB’s
general RD&D programme. As far as mathematical models within “Geoscience” are
concerned, the goal of the RD&D programme for the period 1993-1998 is to:

e  Further refine how the results from the volume representativeness and dimension-
ality of hydraulic tests are to be integrated into a model structure.
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o Integrate and take into account general geological and geophysical information in
the conductivity distribution for a site-specific stochastic groundwater modelling
(indicator simulation).

s Develop a regional flow model for conditions during glaciation and deglaciation.
Further refine models for convection modelling in fractured rock.

Further refine rock-mechanical stochastic models and further refine the scale
dependence within rock-mechanical model structures.

e  Further refine coupled hydro-thermo-mechanical models.

State of knowledge

Mathematical models for groundwater flow and rock mechanics constitute important
tools in the work with waste disposal. As the computing power of computers in-
creases, numerical and stochastic models are being developed aside from empirical
relationships and purely analytical equation solutions. A calculation model is used to

increase the understanding of a scientific problem,
analyze which parameters are essential for solving a calculation problem with
given premises,

e make predictions in time and space.

The advantages of numerical models are that

e they are flexible and powerful,
e the calculation operations are correct,
e the results can be visualized simply and reported in good pedagogical form.

The bedrock is deterministic in its component parts, i.e. it exists and has measurable,
predictable properties and structures on all scales. However, due to the complex
structure and great variability of the bedrock, it is impossible to rely solely on
observations of data in making a detailed quantitative description. Previous experi-
ence and knowledge and statistical processing of measurement data therefore bring a
stochastic component into the description. These factors have led to the use of both
deterministic and stochastic calculation models (and algorithms) in geoscientific
contexts.

Chapter 2 deals with the integrated model chain for the near field and far field that is
used in a safety assessment. The state of knowledge for flow and transport modelling
(non-reactive) is commented on in more general terms below. Rock-mechanical
modelling and solution of coupled problems is also commented on.

Groundwater modelling

SKB has contributed to the model development in various ways. In recent years
efforts have been concentrated on the calculation tools needed in safety assessments
(SKB 91), in the Aspo Hard Rock Laboratory and in the Stripa Project. Most model
development will continue to take place in connection with the Aspd Project, see
separate background report /6-17, 6-18/.

The most common approach used to date for describing groundwater flow in rock on
a large scale has been to consider the bedrock as an equivalent homogeneous porous
medium. The heterogeneity of the rock can be taken into account with this modelling
technique by means of anisotropy in the conductivity sensor or by means of large-
scale zones that are also handled as equivalent porous media.

Since we know from measurements that the properties of the bedrock are highly
varying, the above model approach can be questioned. The variations in the rock can
be handled with a statistical approach by describing the medium as a heterogeneous
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porous medium. Here, for example, the hydraulic conductivities are regarded as
random variables with a given distribution in space (stochastic continuum model).

Greater consideration is given to the site-specific structures in the rock in modelling
with discrete fracture networks. On the basis of fracture measurements and the
statistical distributions of the fractures, the model structure is built up with conductiv-
ity data /6-19/ (stochastic discrete fracture network model).

In order to take into account indirect qualitative hydrogeological data in the model
structure, development work is under way with so-called non-parametric indicator
simulation. Geological and geophysical data can thereby complement “hard” con-
ductivity and porosity data in a systematic manner and give more realistic model
outcomes /6-20/.

Most flow theories are based on the fact that the studied medium can be regarded as
statistically homogeneous for a given scale. However, ongoing research shows that
the heterogeneity often has a fractal appearance, i.e. it has a pattern that is inde-
pendent of the observation scale. Furthermore, the flow dimensionality turns out not
to be strictly 1-, 2- or 3-dimensional, but can be expressed as intermediate forms.
Fractal modelling of flow and transport can be expected to become an increasingly
common tool for analyzing and calculating complex geometries /6-21, 6-22/.

Rock-mechanical modelling
The calculation models for the mechanical properties of the rock, i.e. strength and
deformation, can in principle be divided into two main groups:

—  Continuum models
— Discontinuum models

The continuum models describe the rock as a uniform rock mass where the effects of
discontinuities are included without being able to define them specially. Movements
in the rock are described in these models by means of continuum mechanics, which
means that it is difficult to take into account movements along discontinuities. The
continuum models can be of a differential or integrated type. Finite element methods
(FEM) and finite difference methods (FDM) are examples of differential methods,
while boundary element methods (BEM) are examples of integral methods.

In discontinuum models the rock mass is described with a coupled model between the
intact rock and discontinuities in the form of fractures and zones. These models can
describe movements in the rock with deformation mechanisms for sliding along
fracture planes, separation of fracture planes and rotation of rock blocks. Distinct
element methods (DEM) simulate the rock mass as a discontinuum and can be used
for calculating non-linear material behaviours and large deformations that can lead to
collapse /6-23/.

Coupled models

A deep repository for radioactive waste can affect the rock mass via chemical
reactions or via thermal, hydrological and mechanical processes. These processes
have a mutual influence on each other to a greater or lesser extent. In recent years,
interest has increased in developing so-called “coupled” models in order to enable the
conditions in the near field in particular to be described with greater realism /6-24,
6-25/. Analytical calculation methods can very seldom be employed for the complex
relationships that have to be described in the coupled processes /6-26/. The trend is
towards the use of numerical methods, which require extensive verification. In the
DECOVALEX project initiated by SKI (international cooperative project for the
DEvelopment of COupled models and their VAlidation against EXperiments in
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nuclear waste isolation), development and verification of coupled thermo-hydro-
mechanical models is taking place /6-27/.

Programme 1993-1998

To meet the goals set up for model development during the period 1993-1998, the
following programme will be carried out within the framework of “Geoscience”.

The need for further development of in-situ determinations of conductivity and
porosity was commented on in section 6.2.3. A better understanding of the volume
representativeness and dimensionality of the injection tests is, for example, desirable.
Such an understanding entails at the same time that the handling of input data in both
stochastic continuum and discrete network modelling needs to be developed, since
element size and discretization are affected in the model structure. An increased usage
of interference tests in pre-investigations in the future can be predicted. Today the
results of the interference test are coupled to discrete water-bearing structures, but
there is also a need to see how these pumping results can be integrated in the
stochastic simulation.

Preliminary results suggest a greater degree of realism if hydraulic (hard) input data
are complemented with geoscientific (soft) information. This information can be of a
geological and geophysical nature and represent larger or smaller rock volumes than
the volumes related to conductivity and porosity data. The strict integration between
hard and soft data needs to be further developed in so-called indicator simulation.

Besides regional groundwater modelling under today’s climatic situation, it is essen-
tial to shed light on the hydraulic conditions in connection with future glaciations and
deglaciations. During the preceding three-year programme, a time-dependent glaci-
ation model of Scandinavia was developed /6-11/ with a stochastic point of view for
the coming 120 000 years. The model yields predictions for the boundary conditions
at the ground surface in terms of vertical loads, shear stresses and groundwater
formation. The boundary conditions apply to ice retreat and the permafrost situation.
After this introductory work, the intention is to simulate regional future flow situ-
ations. This will be done initially along a northwesterly oriented traverse through
southern Sweden. Important databases for this work will be, for example, available
water chemistry at 500-1000 m depth, information in the well archive at SGU and the
elevation database at the Central Office of the National Land Survey. The ultimate
goal is that the model shall be able to take into account time-dependent groundwater
formation, time-dependent seawater fluctuations, density and temperature changes in
the groundwater, the effect of groundwater chemistry, influences of gas generation,
influences of permafrost, influences of horizontal conductive zones and the depend-
ence of conductivity on ice load.

High salinity in the groundwater indicates low water turnover. Due to heat evolution
in the repository, however, convection flows may be obtained. Preliminary laboratory
studies and model calculations show that a stability front can be achieyed via the
density differences in the groundwater. Thus, groundwater from a certain depth
should not be able to reach the biosphere. Model tools that take greater account of the
heterogeneity in the rock and the chemical variations in the groundwater need to be
developed in order to enable the terms of the convection flows to be assessed.

A deterministic approach with relatively few input data from direct field measure-
ments is primarily used within the rock-mechanical modelling technique. Compared
with e.g. groundwater models, a stochastic approach is seldom used within rock
mechanics. The consequences of changed premises in a rock-mechanical calculation
problem are usually elucidated by sensitivity tests. SKB intends to follow particularly
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closely the development of such rock-mechanical models where greater account is
taken of scale dependence and statistical distribution of input parameters.

Development of modelling tools for the coupled physical processes in the bedrock is
currently being pursued along a broad front. Laboratory work will be done in the
Asp6 Hard Rock Laboratory, while theoretical model development will take place
within the framework of other RD&D activities. SKB will continue to be involved in
the validation and verification of thermo-hydro-mechanical models, for example
within the framework of the DECOVALEX project.

ALTERNATIVE FINAL DISPOSAL METHODS

The main thrust of the work on final disposal in all countries is disposal in rock at a
depth of 300 to 1000 metres. Alternatives also attracting interest are seabed disposal
and disposal in very deep boreholes. Both of these methods make retrievability and
future corrective actions more difficult. Nevertheless, analyses conducted to date
indicate a considerable potential for safe final disposal where the geological barrier
alone provides sufficient isolation of the radioactive materials. Neither method is yet
ripe for application or demonstration. The international studies have mainly con-
cerned disposal at very great depths beneath the oceans. This requires an international
consensus, and at present there is a strong movement to prohibit such disposal.
Disposal in the crystalline bedrock beneath the Baltic Sea has also been discussed in
Sweden. Deep-sea disposal is hardly a feasible option for Sweden.

Disposal in very deep boreholes requires further technical development, but above all
greater knowledge (data) on the properties of the rock at depths of several km.
Considerable research is being done in this field without any direct connection to
nuclear waste disposal. The results can be of interest not only for deep-hole disposal
but also for a general understanding of the geology of the rock on a regional scale. A
limited follow-up by Sweden of the ongoing research in the field is therefore war-
ranted. The work can be done in the form of, for example, doctoral theses at some
institution of higher learning. The contacts that have been established in this field with
Russian researchers are also of interest to maintain, since a considerable portion of the
scientific work to date has been done in Russia.
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7.1.1

7.1.2

CHEMISTRY

GROUNDWATER AND GEOCHEMISTRY

Classification of groundwater chemistry data and determination of the sorption
properties of radionuclide analogues and the interaction between minerals and
groundwater will continue during the coming period.

Goals of the activities

The goals of the research and development efforts within groundwater and geochem-
istry are to:

o further refine knowledge of the chemistry of groundwater and minerals, first and
foremost for the processes and properties that are of importance for canister and
buffer stability, fuel dissolution and radionuclide migration in the safety assess-
ment,

e verify the geohydrological description of groundwater flow, both in a repository
area and regionally,

e determine what chemical changes can be brought about by the repository and any
water entering it.

Present-day state of knowledge

A large portion of the research work on groundwater and geochemical conditions is
being carried out within the framework of the Aspo project. In addition, laboratory
tests and evaluations are being carried out for the purpose of clarifying essential
processes and their importance, for example available redox buffering capacity.
Investigations and evaluations have been focused on the issues presented in R&D-
Programme 89, and the results are reported here under the same headings.

Groundwater types

Saline and fresh water occur in the bedrock. These waters have different origins
and/or different residence times. Saline water is encountered where stagnant condi-
tions prevail or are assumed to have prevailed. The water is saline either due to a long
residence time, which has given the water plenty of time to react with the rock, or due
to the fact that seawater has at some time infiltrated the bedrock. Often both of these
processes may have contributed.

Fresh water originates from rain and snow and is, in relation to the saline water, young
(newly formed) groundwater. The fresh water is characterized by the fact that its
properties are largely determined by reactions between dissolved carbon dioxide and
calcite. When water penetrates down through the soil layer it absorbs carbon dioxide
and becomes aggressive, especially towards easily soluble minerals such as calcite.

Saline water is encountered at different depths, depending on the site-specific hydro-
logical conditions. At coastal sites the salt water boundary is close to the ground
surface. The boundary between fresh and saline water is seldom sharp; rather, the salt
content increases incrementally with depth. Saline water in SFR, Finnsjon and Aspb
can derive in part from the Littorina Sea, which was a predecessor to the Baltic Sea,
although some much older water may also be present.
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The groundwater on Aspd can be roughly divided into four classes on the basis of the
concentration of principal solutes /7-1/. Of these four classes, the first consists of
fresh water while the others are saline. Typical compositions for the four classes are
presented in Table 7-1.

Table 7-1. Character for the four classes that describe the groundwater on Aspo.

Class Chloride Bicarbonate Sodium Calcium
mg/l mg/l mg/l mg/l

A 174 £ 92 338 £58 240 £ 13 32+£10

B 58070 213+ 15 393 £32 98 £ 14

C 4171 £ 1694 58 +49 1392 + 553 1080 % 565

D 11001 + 1434 11+2 2776 £ 587 3826 598

The fresh water cushion, type A water, on Aspd is shallow. Water samplings in 100 m
deep percussion boreholes show that the water is already saline at depths of 40 to 50
m/7-2/.

Below the fresh water is a thin mixing layer where underlying saline water is mixed
with the fresh water, type B. Salinity then increases linearly up to a chloride concen-
tration of 12 000 mg/1 at a depth of 1 000 metres /7-3/.

Down to a depth of about 500 metres, salinity increases to a level that is twice as high
as the level in the Baltic Sea. During earlier phases of the evolution of the Baltic Sea,
it is believed that the Littorina Sea had a salinity that was three times as high as the
Baltic Sea’s.

Below a depth of about 500 metres, the groundwater changes character, although
salinity continues to increase steadily. Calcium content increases and surpasses so-
dium.

Salinity increases more or less linearly with depth, but large deviations occur in some
sampling points. These are located in water-bearing zones and salinity is either higher
or lower than the value associated with the depth, see Figure 7-1. These zones are
either in recharge or discharge areas /7-1, 7-4/.

Groundwater’s turnover time

The groundwater’s turnover time can be described qualitatively by compiling a
variety of different measurements and analyses. These include radioactive isotopes,
such as tritium and carbon-14, stable isotopes, such as deuterium, oxygen-18 and
sulphur-34, and principal components of the water and their mutual relationships. It is
not possible to define an exact turnover time, since the water is mixed continuously
along the flow paths and changes occur in inflow conditions as a result of glaciation,
land uplift etc. Disturbances from drilling and investigations also affect dating.

Results from oxygen-18 determinations verify the division into groundwater classes
that has been done on the basis of the principal components. The groundwater
encountered in shallow sections exhibits a value that lies close to that found in
precipitation today. It follows that this groundwater, classes A and B in Table 7-1, has
been formed since Aspo rose up out of the sea, under temperature conditions similar
to those that prevail today. This picture changes with depth, and the water’s
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Figure 7-1. The chloride content (salinity) of the groundwater on Aspo as a function
of depth. A deviation from the straight line indicates that the sampled interval is in
contact with a recharge area (below the line) or a discharge area (above the line).

oxygen-18 value suggests that a saline (sea) water and a fresh water deriving from a
colder climate have been mixed in different proportions, class C in Table 7-1. The
water from the colder climate may consist of glacial meltwater that has been pressed
deep down into the bedrock in conjunction with the retreat of the inland ice sheet and
later pressed back by new infiltrating seawater. Due to its higher density, the seawater
has descended below the fresh water. Since the salinity of this seawater is higher than
that of the Baltic Sea, it must derive from the Littorina Sea and must have infiltrated
the bedrock between 7 000 and 3 000 years ago.

At depths greater than about 500 m, a mixing between a glacial meltwater and the
Littorina Sea water can no longer explain the oxygen-18 values, class D in Table 7-1.
This water may thus be unaffected by ice retreat and the transgressions and re-
gressions of the Baltic Sea that have taken place since the most recent ice age.

Carbon-14 datings done on Asps water yield ages of 5 000 — 30 000 years /7-4/, i.e.
the values span the entire range of this dating technique. No waters of class D have
been able to be analyzed due to the low carbonate content, but the analyses of class C
water show that the turnover time based on oxygen-18 analyses largely agrees with
the carbon-14 dating. There are, however, a number of processes that cause the
carbon-14 dating to give a misleadingly high age. These processes are:

e dissolution of old calcite,
e exchange reaction between carbonate in the water and carbonate minerals in the

rock (see carbon-14 in calcite),
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e oxidation of abiotic methane to carbon dioxide.

Assuming that the estimate based on the oxygen-18 analysis is correct would then
mean that the carbon-14 analyses show an age that is 3 times too high. This applies
only for Aspé conditions, but may possibly also apply to other sites that have
undergone a similar evolution. A similar comparison cannot be made on another site
at this time, however,

Tritium analyses, in some cases with a very low detection limit (0.1 TU), show that
the fraction of modern water in the deep groundwaters is very small. However, even
at great depths, tritium sometimes occurs in a quantity corresponding to a per mill
level (1 TU) for the fraction of modern water (infiltrated after the atmospheric
hydrogen bomb tests begun in the early 1950s). This tritium content cannot be
explained solely by reference to technical disturbances during drilling and sampling.
A more likely explanation is that various activities, mainly drilling and pumping, have
caused a large-scale water turnover that has brought surface water down to a much
greater depth than it would otherwise have reached.

Redox conditions

Virtually all groundwater that has been sampled is oxygen-free and reducing. Bac-
terial and chemical processes have consumed the oxygen that was dissolved in the
water when it infiltrated the ground surface. The concentrations of sulphide and iron
constitute the available redox buffer in the water. This is relatively small, while the
big redox buffer consists of the iron minerals present in the rock.

On the basis of all carefully checked measurements, mainly those performed down in
boreholes, an empirical relationship between Eh and pH has been derived. This is
based on data from 16 levels in 9 boreholes that have been investigated since 1984,
The relationship Eh = (260 — 60 pH) mV agrees well with values that can be
theoretically calculated for commonly occurring minerals in the bedrock /7-5/. Thor-
ough analysis of measurements performed shows that all can be explained by the
concentration of divalent iron and the solubility of ferric hydroxide in the water /7-6/.
The concentration of trivalent iron in the water is so low that it cannot be measured,
but is instead calculated from the solubility of ferric hydroxide. The accuracy of the

measurements is £25 mV and the potential is determined by the reaction:

Fe(OH)3(s) + 3H' + ¢” & Fe?t + 3H20

This gives Eh = (707 £ 59) mV - In10(RT/F)(3pH + log[Fez+])

It is thus the iron system, even in those cases where the concentrations are low, that
determines the electrode potential and the effective redox intensity in the ground-
waters. The concentration of trivalent iron is dependent on the degree of crystal-
lization (the age) of the ferric hydroxide. The solubility that can conversely be
calculated from the Eh data lies in the interval that spans everything from fresh
amorphous ferric hydroxide precipitation to crystalline goethite.

The available redox buffering capacity has been determined by measuring the pene-
tration depth for oxygen that has been in contact with different rocks and mineral
samples under 100 bar of pressure. Due to the fact that the oxygen pressure has been
kept so high, the test has simulated the oxygen diffusion which takes place during a
period of several hundred years of contact between oxygen-saturated water and the
rock. The results show that the oxygen diffusion reaches very far into the stones /7-7/,
1 mm in mechanically cracked drill cores and up to 25 mm in natural fractures. The
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difference is due to the fact that the natural fractures are surrounded by a larger
quantity of microfissures than the average for the rock. Based on these measurements,
the available redox buffering capacity can be calculated to be 18-620 mol/m of rock.

In the Aspo tunnel, a fracture zone has been selected for detailed investigation of the
redox conditions adjacent to an underground facility. In the background report to
RD&D-Programme 92 on the Asps Hard Rock Laboratory there is a detailed descrip-
tion of the large-scale redox experiment and the continued redox investigations within
the Aspd project. The bedrock and the fracture zone contain large quantities of
divalent iron, mainly in the mineral phases biotite and chlorite. Due to the increased
water flux caused by the facility, oxygenated water may be drawn down to the tunnel
via the fracture zone. In this way, the dissolved oxygen will be reduced by reactions
with reducing substances in the water and reducing minerals in the rock. Depending
on the water composition and flow, different reactions will be most significant. At
rapid flow rates, only reducing substances dissolved in the water will have time to
react with the oxygen, while at slow flow rates the reducing minerals in the fracture
wall will also have time to react.

Laboratory measurements are being performed in parallel with the field test to
determine the weathering rate for biotite and chlorite. Flnely pulverized mineral
powder (75-125 pum) with a reaction surface area of 1-5m /g is exposed in a reactor
to a water stream of 1-20 ml/h. The weathering rate for biotite at a neutral pH is 108
mol/m* per hour. If the mineral has been in contact with water prior to the test, the
reaction rate is ten to a hundred times lower. The groundwater history experienced by
the minerals is thus of great importance.

Fracture mineral/groundwater processes

Previous groundwater conditions can be traced in fracture minerals. Ferric hydroxide
and calcite can be used to trace previous flow paths, even though low-temperature
effects are easily drowned out by the huge alterations caused by previous hydrother-
mal conditions.

The distribution of uranium and rare-earth elements (REEs) between fracture mine-
rals and groundwater has been investigated both on Aspé and in Klipperés /7-8, 7-9/.
Table 7-2 shows the distribution factor calculated from data from the two sites. The
table also shows the distribution constants (Kq) used in SKB 91. They are based on
measurements performed at laboratories.

Table 7-2. Distribution constants for uranium and rare earth metals in Aspé,

Klipperis and SKB 91.
Distribution constants in m" fkg

Element Aspb Klipperas SKB 91 (Ka)
Sr 0.002 - 0.17 1-4 0.003
Rb 0.4-10 22 - 160 (0.003)
Ba 1-3 5-30 {0.003)
Cs 0.02-2 19 - 6030 0.03
Eu 48 - 1504 900 — 1400 0.2
U 0.05 - 240 10-97 2
Ce 47 - 3400 2900 - 6800 0.2)
Sc 125 - 19062 2000 - 7600 0.2)
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7.1.3

Even though the SKB 91 constants are slightly conservative, they are close to the ones
obtained from Aspo. The big difference between the constants from Aspd and Klip-
peras is due to the fact that the high salinity of the Asp6 water is accompanied by a
higher concentration of trace elements as well, including rare-earth elements. The
fracture-filling minerals from both Klippers and Asp6 contain similar quantities of
REEs and uranium.

Recharge areas are characterized by the fact that the shallowest fracture systems lack
calcite coatings. The reason is that the carbon-dioxide-rich surface water dissolves the
calcite as it penetrates down into the bedrock. In addition, an exchange takes place
between carbonate in the calcite and carbonate in the penetrating groundwater. The
effects of this can be seen in the oxygen-18 value in calcite in the uppermost parts of
the rock. This is not the case with carbon-14, however. Two different studies have
found a very low carbon-14 content in very superficial zones /7-10, 7-11/. It seems as
if the exchange between the carbon atoms is very limited, while the oxygen exchange
proceeds rapidly. If there is little exchange between old calcite in the fracture systems
and penetrating dissolved carbonate, the process will also be of little importance for
carbon-14 dating of the groundwater.

To further improve knowledge of the origin and evolution of the groundwater, the
fraction of sulphur-34 in the water and in sulphide in fracture-filling minerals from
Aspd has been investigated /7-12/. The results show that there are several different
origins, namely marine, evaporitic (very old) and organic. In the shallow parts of the
rock, the sulphate is of marine origin. In an intermediate stratum sulphate reduction
and mixture takes place, while the deepest sulphate is of evaporitic origin. Both
sulphide and sulphate data show that the sulphate reduction could have been brought
about by bacteria,

An increasing degree of acidification will have far-reaching effects on surface water
systems, but will not affect a deep repository. The acidification that derives exclu-
sively from the combustion of fossil fuels does have a theoretical limit. The quantity
of accessible combustible material is limited. If consumption should continue at the
current rate, reserves will be exhausted in about 300 years /7-13/. The effects will
remain in the atmosphere for another 500 years. What harmful impact the acid
deposition has will depend entirely on what demands are made on flue gas cleaning.
Without strict requirements, acid deposition over southern Sweden will be so heavy
that the trees will die. After the trees have died, the undergrowth will also die, leaving
the ground completely sterile and making all life impossible. In this case the rock will
weather down to 150 m during the next 70 000 years, when the next big ice age is
expected to arrive. In all other cases acidification is of little importance.

Programme 1993-1998

Classification of geohydrochemical data

A systematic classification of all geohydrochemical data in GEOTAB has recently
been initiated. The goal is to group all data in quality and type classes. The quality
classes are useful in mathematical model exercises, while the type classes are sup-
posed to serve as a basis for explaining the origin and history of the water. The quality
classification is being done jointly with TVO in Finland, who have collected geohy-
drochemical data from pre-investigations of five different sites.

Type classification has previously been done with data from Aspd, see section 7.1.2.
A similar classification will be done for all GEOTAB data after all quality classifica-
tion has been concluded. The purpose of the work is to simplify the evaluation of an
investigated site and to subject all collected data to a uniform evaluation. These data
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can then be used to analyze any regional flow pattern, see further under interpretation
of mineral-groundwater interaction and mixing processes.

Statistical methods are used to a great extent to carry out the classification work.
Multivariate analysis has proved useful for the type classification in particular /7-14/,
but should also be used for the quality classification. In this way the subjective
element in the assessments is smaller, which means that a higher degree of exactness
can be achieved with respect to the uncertainty in the assessment.

Experience from the initial work shows that comparing data from different sites with
cach other is a delicate task. The work will therefore be pursued for an extended
period of time and probably change direction during its duration.

Sorption properties of radionuclide analogues

The method of determining distribution constants for radionuclide analogues on the
basis of their occurrence in fracture-filling minerals and water has been called into
doubt. Foremost among the factors that contribute to this doubt is the question “How
representative are the trace element concentrations in fracture-filling minerals for
present-day groundwater composition?” Since the concentrations in fracture-filling
minerals from Klipperas and Aspd were very similar despite the fact that the concen-
trations in the groundwater were very different, there is reason to suspect that the trace
element concentrations in the fracture-filling minerals derive from conditions quite
different from today’s, for example hydrothermal.

The fracture-filling material from Aspo and Klipperds that has already been investi-
gated will be further processed to determine how the trace elements are bound in the
minerals. The mineral samples will be subjected to progressively more powerful
leaching so that the fraction of dissolved radionuclide analogues can be successively
determined. In this way it can be concluded which processes have retained different
fractions in the minerals. To conclude these investigations, a traditional Kq determi-
nation will be carried out. This is done by exposing the minerals to a solution of the
same substances that have previously been leached out. After these have achieved a
distribution equilibrium between the aqueous phase and the mineral phase, a new
distribution constant is determined, a “true Kg value”.

In parallel, different isotope studies will be conducted for the purpose of improving
our knowledge of the history of the water and the fracture-filling minerals. Among the
methods most frequently discussed is the uranium series, strontium-86/87 and sul-
phur-34. These studies will to a large extent be carried out in the fracture zone in the
Aspo tunnel where the large-scale redox experiment is being conducted. The work is
a part of a planned collaboration between DOE and SKB within the framework of the
Aspd project.

Interpretation of mineral-water interaction and mixing processes

Regional groundwater flow

Chemistry data from Aspd, Finnsjon and Stripa show that waters that have been
sampled at a depth of several hundred metres have a very slow turnover. The fact that
the waters are saline show that their average retention time is more than 5 000 years.
In this time perspective, regional groundwater flows (if any) are also of importance.
Available data shall be analyzed to clarify what importance any regional groundwater
flows can have for a deep repository. Besides salinity, isotope data such as deuterium,
tritium, carbon-14, oxygen-18 and possibly sulphur-34 can be used.
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Acidification

Present-day acidification will not affect the deep repository. However, individual
conductive channels could carry the acid water to depths lower than the acidification
front. This phenomenon will be elucidated coupled to the hydromodel results in SKB
o1.

Stagnant water

Groundwater that has been sampled in water-conducting fractures and zones always
has the character of a mixture between many different origin types. That is why
equilibrium modelling can only be applied with respect to the very fastest reactions,
such as acid-base equilibria with calcite and dissolved carbonate, solubility of troilite
and gypsum and redox reactions with divalent iron and ferric hydroxide.

Equipment that makes it possible to sample down to 10! m/s will be developed
during the construction phase of the Aspo tunnel, see section 9.3.2. Besides the
previously analyzed principal and redox components, the most essential trace ele-
ments will also be analyzed. Since the more stagnant water in the microfissure system
in the rock probably has a longer residence time with a lower degree of mixing, this
water can be expected to be different and more characterized by the local rock type
than by the waters sampled in conductive fracture zones. Equilibrium modelling with
these basic data may prove to be more warranted than it has been up to now.

Redox

The redox conditions in the groundwater and in surrounding minerals will be do-
cumented within ongoing and planned redox experiments, see section 4.7.3 in the
background report to RD&D-Programme 92 concerning the Asps Hard Rock Labora-
tory.

Eh measurements on groundwaters will continue even if the intensity value is not
expected to lie outside the modelled interval, see section 7.1.2, The primary reason is
that the Eh measurements are by far the most sensitive method for detecting the
presence of oxygen. In the Aspd tunnel, the possibility cannot be excluded that
individual points may carry surface water down so quickly that it has not had time to
react with the reducing components in the groundwater and the rock.

Active efforts are planned to determine the available redox capacity in the rock.
Supportive laboratory measurements have been and are being carried out, see under
7.1.2, to determine oxygen in-diffusion and weathering kinetics. With these as a base,
similar work will be done in situ. There the experiment has already been performed
by nature, which means that only analysis and interpretation remain to be done.
Besides in-diffusion, weathering kinetics and travel time, it is necessary to determine
the flow-wetted surface area, i.e. the area over which reactions between oxygen
dissolved in the water and the minerals take place.

Site investigations

Groundwater and geochemistry form essential components of the geoscientific inves-
tigations of deep repository sites. The knowledge that has been gained will constitute
a basis for planning and optimization of further work.
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7.2

7.2.1

7.2.2

RADIONUCLIDE CHEMISTRY

Goals of the activities

The goals of the radionuclide chemistry investigations are to further refine the body
of data by:

- measuring and compiling chemical base data for solubility and inorganic speci-
ation of radionuclides in and outside the deep repository,

- determining concentrations, stability and mobility of radionuclides in the form of
colloids, organic complexes and microbes,

- determining the retention of the radionuclides in rock and backfill material due to
sorption, co-precipitation and diffusion,

~ determining the influence of redox reactions, radiolysis and microbial processes.

International cooperation is of great importance for the first goal. A great deal of work
lies behind the thermodynamic constants that are used to calculate solubility and
speciation of radionuclides in the groundwater. One country would have to devote a
disproportionately large amount of labour to accomplish this on its own. Independent
measurements are therefore only made where knowledge gaps have been identified or
higher accuracy is striven for.

International compilations of chemical data for radionuclides are particularly valu-
able, since this means that the chosen values have broad acceptance. To be used in the
safety assessment, it is essential that chemical data be well-documented and, where
necessary, quality-assured.

A great deal of progress has been made with regard to colloids, organic complexes
and microbes. Good analyses of colloid particles, humic substances and microbes in
the groundwater are now available. Laboratory studies are being conducted of radio-
nuclide binding and transport with these aggregates. Attempts are also being made to
develop models for complexation with humic substances and particle transport.

The third area furnishes the transport models with either relevant data or sub-models
that describe the retention of radionuclides in rock and backfill material. It is also an
essential part of demonstrating our understanding of the retention mechanisms and
testing the stability of the constants used.

Radiolysis, redox reactions and microbial processes are of importance for the chem-
istry of the radionuclides and their changes in the near field. The fourth goal aims at
identifying the reactions of this type that have taken place and are of importance for

safety.

Present-day state of knowledge ~ Results

Solubility, speciation, co-precipitation and kinetics

Chemical equilibrium models are being used to an increasing extent to calculate
solubility and speciation of radionuclides in groundwater. The thermodynamic con-
stants that are needed for the calculations are collected in databases. Both in Sweden
and elsewhere, measurements are being made to improve the accuracy of the import-
ant constants so that less conservative assumptions are possible. Where the constants
are not well known, it is otherwise necessary to assume high solubilities of the
radionuclides. It can also be necessary to assume that the dissolved radionuclide is
present in such a form that it is highly mobile in rock and backfill material. Radionu-
clides of importance for safety with a relatively complicated chemistry are uranium,
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thorium, neptunium, plutonium, americium, curium, protactinium, radium, techne-
tium, nickel, niobium and tin.

The solubility of schoepite and uranium phosphate has been determined /7-15 and
7-16/. Experiments with uranium silicate are under way. The redox potential for
uranyl to uranium(IV) has been determined /7-17/, and the constants for the formation
of carbonate complexes of uranium and thorium have been measured by means of the
potentiometric method /7-18 and 7-19/. A summary of this has been presented in the
form of a PhD thesis by Bo Lagerman /7-20/. Other techniques have also been
utilized. In cooperation with ISPRA in Varese, Italy, laser spectroscopy has been used
to investigate uranium(VI)carbonate complexes /7-21/. Solution extraction with spe-
cial equipment, AKUFVE-LISOL, has been used to determine carbonate and hydrox-
ide complexes of thorium and uranium(IV). After successful pre-trials with thulium,
experiments with thorium hydroxide complexes have also been completed. It was
found that previous constants for the tri- and tetrahydroxide complexes were overes-
timated /7-22/.

Neptunium and plutonium have so far been investigated in cooperation with foreign
institutions, e.g. CEA in France, which is well equipped to work with these elements.
A selection and a testing of the thermodynamic constants for plutonium has been
carried out for later use in the geochemistry code EQ3NR /7-23/. Good constants for
neptunium and plutonium are of such importance for the safety assessment that we
have also initiated our own measurements in specific problem areas.

Americium is relatively well-known, but the carbonate complexes may need to be
further investigated. The solubilities of radium, curium and protactinium have so far
not been needed for calculation of e.g. fuel dissolution.

The solubility of technetium dioxide has been measured in neutral and alkaline
carbonate solutions, see Table 7-3 /7-24/. For the redox potentials that can be of
relevance in conjunction with the leaching of fuel in a deep repository, the stable solid
technetium phases are either technetium dioxide or metallic technetium. Other phases
are not stable in neutral waters.

Table 7-3. Equilibrium constants for technetium(IV) in carbon-containing sol-

utions [7-24/.
Equilibrium reactions Equilibrium constants
log K
TcOy - nH20 = TcO(OH)2(aq) -8.17+£0.05
TcO;z - nH20 + H20 = TcO(OH)3- + H' -19.06 £0.24
TcO2 - nH20 + CO2(g) = Tc(OH)2CO3(aq) -7.08 £0.08

TcOz - nH20 + CO2(g) + H20 = Tc(OH)3CO3- + H* -15.34 £0.07

The solubility of nickel in a deep repository is presumably limited by the formation of
sulphide. The solubility of niobium oxide is fairly well-known. Thermodynamic data
that describe the solubility of tin are uncertain. It is, however, doubtful whether tin
isotopes are so essential for safety that more accurate determinations of tin chemistry
are called for.
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SKB has continuously supported the participation of Swedish experts in the interna-
tional OECD/NEA project TDB. The objective of the project is to compile and
quality-assure a database with thermodynamic constants for solubility and speciation
of relevant radionuclides. Moreover, SKB is actively participating in the CEC-ar-
ranged project CHEMVAL, which is testing geochemical codes and improving asso-
ciated databases.

Co-precipitation reduces the solubility of a radionuclide considerably and can lead to
a fixing of the radionuclide to a mineral phase. Co-precipitation in conjunction with
formation of calcite has been investigated /7-25/. Other conceivable processes that
can cause co-precipitation are oxidation of metallic iron or ferrous ions and reduction
of uranium(VI) ions. Due to difficulties with quantifying the co-precipitation process
and guaranteeing the stability of the precipitation for a sufficiently long time, this has
not yet been utilized more than marginally in the safety assessments. The formation
of co-precipitates and their stability is being investigated in connection with the
natural analogues of radionuclide disposal, see chapter 8.

It is important to show that the chemical reactions that participate in e.g. a solubility-
limiting equilibrium actually take place. Redox reactions which are multi-electron
processes or where solid phases are involved may be lacking in reversibility and cause
inequilibrium. Laboratory tests /7-26 and 7-27/ as well as in-situ tests, see section 7.3,
have been conducted to demonstrate that technetium actually is reduced in deep
groundwaters. Reactions on the mineral surfaces have proved to be essential in this
context.

Organic complexes, colloids and microbes

The natural content of dissolved organic substances has been sampled in several deep
groundwaters from Finnsjon, Fjallveden, Forsmark, Gided, Lansjdrv, Stripa and Aspd
/7-28/. The relative content of humic and fulvic acids and their chemical character
does not vary much between the different sites /7-28, 7-29 and 7-30/. It is rather the
depth that is of importance for the total concentration of organic substances and their
composition. The fulvic acids in the deep groundwater have a carbon-14 age of
between 1 000 and 10 000 years.

The fulvic acids constitute the dominant fraction of the humic substances. Complex-
ation between fulvic acids and metal ions has been investigated /7-31 and 7-32/.
Trivalent metal ions form strong complexes with fulvic acids. This has also been
shown by direct analyses of the complex using spectroscopic methods /7-33/. It can
be assumed that trivalent radionuclides such as americium will behave like fulvic
complexes in the groundwater.

Particles and colloids are sampled regularly by filtration in conjunction with ground-
water sampling. The quantity and composition of particulate matter is analyzed. It
varies somewhat with the depth. The concentration of colloids is relatively low in
deep groundwaters. Calcite particles are normal in samples from great depth. Ferric
hydroxide, iron sulphides, quartz etc. are also present.

Migration tests have been conducted with goethite colloids in columns packed with
quartz powder. Different concentrations of goethite colloids, different pHs and differ-
ent water flows through the column have been tried. A marked dependence on the
flow was noted. The tests were conducted at the Oak Ridge National Laboratory in the
USA by Birgit Sitmark with support from the Chalmers University of Technology
and SKB.

Sorption of technetium, strontium, caesium and promethium on colloids of silica,
bentonite and finely ground granite has been measured as a function of pH and
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Figure 7-2. Sorption of promethium, Pm’* on the bacteria species Shewanella
putrefaciens as a function of pH /7-39/.

particle diameter /7-34/. The influence of pH, ionic strength and fulvic acids on the
size distribution and surface charge of colloidal particles of quartz and ferric hydrox-
ide has been investigated /7-35/.

Microbes have been analyzed in samples of deep groundwaters taken at Stripa and at
Laxemar, Avré and Aspo /7-36, 7-37 and 7-38/. The concentration of bacteria is
normally several hundred thousand per ml. Methane bacteria and sulphate reducers
have been found /7-37/. It has been shown that the bacteria in the groundwater have a
tendency to adhere to surfaces that come into contact with the groundwater /7-38 and
7-39/.

Experiments have been carried out with sorption of radionuclides on bacteria /7-39
and 7-40/. Uptake of promethium on the bacteria species Shewanella proved to be
reversible and highly pH-dependent, see Figure 7-2. Promethium was used as a model
for a trivalent strongly sorbing radionuclide.

The influence of colloids, microbes and natural organic substances on radionuclide
transport was analyzed as a basis for SKB 91. The evaluation is based above all on the
groundwater’s content of these aggregates and how strongly they are bound to
different radionuclides. The organic complexes will cause a reduction of the sorption
coefficients Kg. The size of the reduction depends on the valence of the radionuclide
ion and the concentration of humic substances in the groundwater. Colloidal particles
as well as, to some extent, bacteria can also adsorb radionuclides. If the adsorption is
reversible, this is of minor importance for radionuclide retention. If, on the other
hand, the adsorption is irreversible, the situation is more problematical. In the worst
case the particles could transport radionuclides with the speed of the water. The
calculations show, however, that even in such a case not much is transported, since
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the concentrations of colloidal particles in deep groundwaters are relatively low
/7-41/.

The international working group COCO appointed by CEC is examining the import-
ance of natural colloids and complexes for the transport of radionuclides from a
repository. SKB is supporting the participation of Swedish experts in this group.

Sorption and diffusion

Sorption tests have been carried out with caesium, strontium and europium on granite,
where the importance of in-diffusion in the rock’s microfissures has been indicated
/7-42/. Sorption tests with technetium under simulated natural reducing conditions
show that technetium is sorbed as Tc(IV) and thereby has a high Kg value down in the
rock. This result has been confirmed by observations in connection with in-situ tracer
tests with technetium, see section 7.3,

An up-to-date compilation of sorption coefficients for safety-relevant radionuclides
on rock minerals has been carried out /7-43/. Based on this compilation, a selection of
K4 values has been made to be used in the transport calculations within the SKB 91
safety assessment /7-41/.

Fundamental experiments have been performed to test surface complexation as a
model! for the sorption of radionuclides on minerals. The primary purpose of the
experiments is to increase our understanding of the processes that are involved in this
sorption. A series of introductory tests has been carried out with adsorption of
carbonate on the mineral goethite /7-44/. The experiments have continued with
neptunium(V) /7-45/. It is worth noting that the sorption of neptunyl ions on goethite
as well as haematite is significant, see Figure 7-3. Iron and iron compounds therefore
have good barrier properties. Their foremost chemical merit is that they act as
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Figure 7-3. Measured sorption of neptunium (V) on haematite in two iests; & and
compared with estimated concentration of NpO20H (which is one of the dissolved
Np(1V) species). The calculations were performed with EQ3 and the constanis were
taken from Allard et al., Inorganica Chim. Acta 94 (1984) pp. 205-221.
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Figure 7-4. Measured diffusivity of radionuclides in pure compacted bentonite (O)
and in bentonite with different additives: 1% Fe (X), 1% FeO (R), 1% Cu (@), 1%
CuO (&) and finally a mixture of 10% bentonite and 90% sand (+) /7-45/.

reducing agents in the near field, but they are also effective sorbents after they have
been oxidized. The studies have been conducted in cooperation with the Los Alamos
National Laboratory in the USA.

Diffusion tests have been performed with americium, plutonium, uranium, neptunium
caesium, iodine and technetium in 90/10 mixtures of sand and bentonite (MX-80)
/7-46/. Diffusivity Da is roughly an order of magnitude lower for the sand/bentonite
mixture compared with pure bentonite. The properties of the radionuclide ion have a
very great influence on diffusivity. The anions iodide and pertechnetate have diffusi-
vities that are four orders of magnitude higher than those given by the trivalent
cations. Plutonium (trivalent and tetravalent) diffuses immeasurably slowly.

Constants needed to calculate radionuclide diffusion in bentonite clay and granitic
rock (Finnsjon) have been compiled to be used for the transport calculations for the
SKB 91 safety assessment /7-47/.

Additives to bentonite have been tried to see whether this can further contribute to the
retention of radionuclides in the buffer /7-48/. The additives that have been tried are
iron, copper, ferrous oxide, cuprous oxide, vivianite (ferrous phosphate), magnetite
and iron minerals that occur as fracture-filling minerals, see Figure 7-4. The tests
were performed under oxygen-free conditions and the diffusivity Da of uranium,
plutonium and technetium was measured. The greatest effects were obtained, not
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7.2.3

unexpectedly, for iron and ferrous oxide. In other cases the reductions in diffusivity
were small. The general conclusion can be drawn that iron and copper as canister
materials and their corrosion products can contribute to the retention of released
radionuclides by sorbing them. The value of an extra addition of these substances to
the bentonite buffer is, however, dubious. Each substance added to the bentonite must
be of such a nature that it does not jeopardize the other good properties of the
bentonite, such as plasticity and swelling capacity.

Long-term tests with radionuclide diffusion in concrete have been carried out but not
yet reported. The chemical composition of cement pore water has been examined and
reported /7-49/.

Programme 1993-1998

Solubility, speciation, co-precipitation and kinetics

Some of the thermodynamic constants that describe solubility and speciation of
actinides in deep groundwater need to be measured more exactly in order to avoid
overly conservative assumptions in the safety assessment. Investigations of the solu-
bility of neptunium(IV) and the formation of carbonate and hydroxide complexes for
Np(IV) and Np(V) are therefore under way. Investigations of the solubility of pluto-
nium (IV) as a function of Eh, pH and carbonate concentration have been initiated.
Complexation data for americium(III) in carbonate-containing solutions may need to
be examined to see whether additional experiments are necessary. Tests are also
under way to determine the phosphate complexes of thorium(IV). Uranium(IV)
should also be included in the phosphate experiments.

The importance of co-precipitation as a limiting factor for radionuclide migration and
its use need to be further investigated. Ways in which co-precipitation can be utilized
are also being investigated internationally. This is being done within the CEC project
CHEMVAL, where SKB is also represented.

Tests are being conducted to show that neptunium is reduced under the geochemical
conditions prevailing down in the rock.

Organic complexes, colloids and microbes

Sampling and analysis of the groundwater’s content of these substances is still a very
important part of the evaluation of their importance. Besides on sites such as Aspd,
Laxemar etc., we also have an opportunity to take such samples in conjunction with
studies of natural analogues in, for example, Pocos de Caldas, Cigar Lake, Oklo etc.
The latter is particularly valuable, since several of the elements that appear as
radionuclides in the waste are also present.

Laboratory tests with radionuclides and humic substances will continue. All dissolved
organic matter does not consist of humic and fulvic acids, however. There is a large
fraction of other organic compounds that are hydrophilic but have less complex-bind-
ing capacity than humic and fulvic acids. It is urgent to characterize this component
more accurately.

Additional laboratory tests will be conducted with colloids and radionuclides. Since
the concentration of natural colloids in the natural groundwaters is low, these efforts
are being concentrated on the colloids that are generated in the near field. The work
also includes column experiments. Models for colloid transport and sorption on
colloids will be tested to some extent.
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7.3.1

7.3.2

It is essential to explore the importance of microbes. This includes not only their
influence on release and migration of radionuclides, but also their ability to bring
about geochemical changes. Sampling and experiments in connection with the Aspd
Hard Rock Laboratory will also continue to be an important part of these investiga-
tions.

Sorption and diffusion

The surface complexation model for sorption of radionuclides on minerals will be
tested further. The primary goal is to understand the sorption processes and predict
what could affect them. Whether the K4 concept can be replaced with something
better remains to be seen. To decide this it is of great interest to follow the efforts that
are being made in other countries and in international projects such as CHEMVAL.

An essential factor for calculating retention due to sorption and diffusion in the
microfissures in the rock is the surface area with which the radionuclides come into
contact as they flow with the groundwater. It is urgent to obtain good measurements
of this contact area,

Further tests with diffusion in backfill materials and concrete may be necessary. This
will depend on the development of different concepts for disposal of radioactive
waste and the compilation of diffusion measurements in concrete that has not yet been
completed. The objectives of the concrete studies are being broadened to cover all
types of long-lived waste, not just high-level. A sub-goal in this endeavour is to
investigate the influence of the concrete on the surroundings and the waste and to
determine the chemical and structural changes that will occur in the concrete with
time, see also chapter 12.

VALIDATION OF PROCESSES IN TRANSPORT
MODELS AND RADIONUCLIDE MIGRATION

Goal of the activities

The goal is to achieve a better understanding of, and validate, the models that are used
to describe, release, retention and dispersal of radionuclides from a final repository.

Validation shall be accomplished by means of:

— laboratory tests
- tracer tests in situ
~ study of natural analogues

Present-day state of knowledge

Radionuclide migration in general differs considerably from the transport of non-
sorbing solutes. The transport of non-sorbing solutes is determined primarily by water
flow and dispersion, see further section 7.2.3, while nuclide migration is controlled to
a high degree by the chemical properties of the water and the nuclides. Although some
radionuclides such as iodine-131 and carbon-14 do have low sorption when they
occur as iodide and carbonate ions, respectively, not even these ions are completely
non-sorbing. They are often dealt with in transport calculations as if they were. Figure
7-5 illustrates which methods can be used to determine groundwater transport and
nuclide migration.
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Figure 7-5. Illustration of how different kinds of data are used to model and validate
transport.

Hydraulic data measured in boreholes serves as a basis for the models used to
calculate groundwater flow. The models can be validated by means of tracer tests with
non-sorbing tracers.

Nuclide migration is determined primarily by the chemical properties of the nuclides
themselves and secondarily by the chemical nature of the groundwater and the
minerals. Sorption of dissolved radionuclides delays their exit to the biosphere.
Besides pure physical-chemical sorption on the mineral surfaces, diffusion into the
rock matrix also occurs via the microfissures that connect the stagnant pore water
with the outside flowing water.

The strength of the sorption is dependent on the nuclide’s charge, hydrolysis and the
presence of complexing agents. From this it follows that the groundwater’s redox
state, pH and content of complexing agents, such as fulvic and humic acids, are
essential factors in describing the nuclide migration. Colloidal phases are also of
importance where applicable. The difference in sorption strength between the redox
states of the different radionuclides is much greater than the difference the can be
caused by normal variations in groundwater composition and minerals.

Retarding processes such as sorption and matrix diffusion are dependent on how large
a surface area is available for interaction with the rock. The presence of preferential
flow paths can reduce the retention of dissolved radionuclides. Recent research has
largely been focused on trying to characterize these flow paths.

INTRAVAL

SKI has initiated and led an international project called INTRAVAL. The purpose of
the project is to obtain a better understanding of how different processes of import-
ance for radionuclide transport can be described with mathematical models. This has
been done by systematically utilizing information from laboratory tests, field tests and
studies of natural analogues to try to validate different conceptual models and study
the validation process. The tracer tests at Finnsjon and Stripa have constituted an
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important part of the experiments used. INTRAVAL has also given modellers and
experimentalists an opportunity to cooperate, leading to proposals for new types of
tests capable of differentiating between processes such as channelling, matrix diffu-
sion and dispersion. An important conclusion from the INTRAVAL study is that tests
on different scales with different flows, concentrations etc. are necessary in order to
be able to distinguish these processes.

The first phase of the project has been completed. INTRAVAL Phase 2 has now been
started with a focus on the field tests, of which the Finnsjon and Stripa tests once
again constitute important contributions. The work has so far shown that stochastic
models can be useful for describing heterogeneities in crystalline bedrock, especially
if the models can also make use of deterministic information on fracture zones.

Laboratory tests

Natural water-bearing fractures are selected and overcored. These drill cores can then
be used for migration tests in the laboratory. The drilling is done so that the fracture
is oriented along the axis of the drill core, if possible. The core is provided with a
watertight casing and an inlet and an outlet at the ends. Such cores have been taken
from Stripa, among other places. Recently, suitable drill cores were also selected from
Aspb.

Two types of experiments are performed: migration tests with radionuclides and
inactive tracers, and flow experiments. In the latter case, the stone is clamped so that
the fracture can be compressed with different pressures.

Previous results of the laboratory tests with migration of radionuclides through a
water-bearing fracture have been evaluated within the international INTRAVAL

project.

Equipment in which different aspects of radionuclide migration can be tested is being
developed for later use in chemically oriented in-situ tests.

Tracer tests

Tracer tests are the only method that permit the ability of the rock to transport and
retard radionuclides to be determined on a large scale. Results of tracer tests are used
to verify and validate different models for groundwater flow and transport and to
develop new model concepts. Single-hole tracer tests, so-called dilution measure-
ments, are used to measure the groundwater flow through sealed-off sections of
boreholes, while cross-hole tests are used to determine transport parameters and
connectivity between fractures and fracture zones.

Tracer tests have been carried out on different scales with partly different purposes.
Large-scale tests have been performed at Finnsjon to study transport in high-conduc-
tivity fracture zones, which are expected to comprise the outer hydraulic boundaries
of a repository. Tests in conjunction with the pre-investigations on Aspd have been
performed to determine transport parameters and connectivity between fracture
zones, while the smaller-scale tests at Stripa have been focused on the transport in
local fracture zones and individual fractures. All of these tests show that the heteroge-
neity and connectivity of the rock between fractures and fracture zones is of great
importance for radionuclide transport.

Stripa

A number of tracer tests have been carried out at Stripa within the framework of the
international OECD/NEA project. The SCV (Site Characterization and Validation)
project has been under way for five years, one of the main purposes of which has been
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to develop methods for model validation. Predictions have hereby been made based
on different concepts, and tracer tests have been used for verification/validation of the
models. One of the tests consisted of a combined tracer test and radar measurement,
where transport and flow distribution were studied in a local fracture zone before and
after the mining of a drift. The tests were conducted by injecting a saline solution in a
fracture zone, after which radar measurements were performed at different times. In
this way the transport of the saline solution in the zone could be followed in different
time increments. A tracer test was then carried out in the same fracture zone with a
lower flow gradient. In this test, 12 different tracers were injected at 9 different points
at a distance of 15-25 m from the drift. Both of these tests show that the disturbed
zone that is formed around a drift is of great importance for transport in the near field
around the drift and that the transport is concentrated to a few preferential flow paths.

The distribution of flow paths has also been studied on a smaller scale in an individual
fracture. A series of hydraulic tests and tracer tests has been carried out along a
fracture plane. The tests indicate that, on average, 25% or less of a fracture plane is
open for flow and that the flow is distributed in channels with widths from millimetres
up to decimetres, which in turn occur in clusters several decimetres in width.

Finnsjon

The large-scale tests in a high-conductivity flat-lying fracture zone at Finnsjon have
been concluded. A series of interference tests, radially convergent tracer tests and
dipole tests have constituted the foundation for a large modelling effort that is still
under way within the framework of Phase two of the INTRAVAL project. The large
quantity of background data available from Finnsj6n has provided input data for
modelling with many different concepts. Besides the porous continuum model with
advection and dispersion alone, modelling with matrix diffusion, channelling and
stochastic models has also been performed.

The tests at Finnsjon show that the heterogeneity is meaningful even on this large
scale and that the transport velocity can vary considerably in different directions.

Aspo

The pre-investigations for the Aspd Hard Rock Laboratory have included tracer tests
with non-sorbing tracers. The purpose has been to verify the conceptual model of the
area, but also to determine transport parameters for different fracture zones. The test
was therefore preceded by predictions of expected drawdowns and travel times.

A convergent large-scale test was carried out by pumping in a centrally situated
borehole and adding tracers at six points in different zones at distances of 100400 m
from the pump hole. The test showed that the flow porosity (which is a measure of
how large a portion of a geological unit, e.g. a fracture zone, is involved in the
transport) varies considerably between different zones, despite the fact that the zones
have roughly the same transmissivity. The test also shows that the connection be-
tween different zones is of great importance for the distribution of the transport in the
rock mass. The test also confirms the conclusion from the Finnsjon tests that the
transport properties in the fracture zone vary in different directions.

Single-hole tests in the form of dilution measurements are also being used in different
phases of the construction for the purpose of studying changes in the groundwater
flow and to verify numerical model predictions.

Tracers

In each tracer test that is performed, the choice of tracers is very important. Tracers
that have proved to be very suitable for large-scale tests with fast travel times may be
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unsuitable for tests in impervious rock with long contact times. A further complicat-
ing factor is that the tracers may remain in the rock for a very long time and therefore
disturb future tests. This is particularly important in the Aspo Hard Rock Laboratory.

Natural analogues

Studies of natural analogues of release and transport of radionuclides were carried out
in cooperation with the UK (UK DoE), Switzerland (NAGRA), the USA (US DOE)
and Brazil, The project was started in May 1986 and concluded in March 1990. The
Pogos de Caldas project is described in chapter 8.

SKB has been participating together with AECL (Canada) and US DOE in the Cigar
Lake project since 1989, This participation is for a three-year period to begin with.

SKB has also participated in a reconnaissance study of natural reactors in Gabon. This
is included in the Oklo project, under the direction of French CEA with support from
CEC. Both Cigar Lake and Oklo are dealt with in chapter 8.

Besides this direct participation in the analogue projects, supportive research is also
being conducted, such as development of models for chemical transport, geochemical
changes and radionuclide chemistry in the groundwater,

In-situ experiments

The Asps Hard Rock Laboratory makes it possible to conduct experiments under the
chemical conditions that prevail in the bedrock. Prior to the start of the Asp6 project,
a series of experiments were identified with the following goals:

—  Test dissolution and migration of radionuclides in situ.

- Validate models and check constants used to describe the dissolution of radionu-
clides in groundwater, the influence of radiolysis, fuel corrosion, sorption on
mineral surfaces, diffusion in the rock matrix, diffusion in backfill material,
transport out of a defective canister and transport in an individunal rock fracture,

- Specially test the influence of naturally reducing conditions on solubility and
sorption of radionuclides,

—  Test the ability of the groundwater to take up and transport radionuclides with
natural colloids, humic substances and fulvic acids,

~ Investigate the influence of bacteria on chemical conditions and radionuclide
migration.

~ Material testing and the chemical influence of grouting and backfill materials such
as bentonite and cement.

Laboratory studies with this thrust have been under way for a ten-year period. The
planned experiments are in some cases therefore more in the nature of demonstration
than knowledge-gathering. They are nevertheless well warranted since it is virtually
impossible to simulate conditions in the rock exactly in the laboratory.

Research programme 1993-1998

Laboratory tests

The experiments with radionuclide migration in water-bearing fractures in drill cores
continue. The two different types of experiments, i.e. radionuclide tests and flow
experiments, are being conducted in parallel.
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Equipment for subsequent in-situ tests with radionuclides is being developed and will
be tested in the laboratory. Increasing efforts in this field are foreseen.

Tracer tests

Non-sorbing tracers

Non-sorbing tracers are used to validate the groundwater flow modelling that has
been based on hydraulic parameters. Tracer tests of this kind can in principle be
performed on any scale, but must often be limited due to the fact that the travel times
are very long, even if it is a question of short distances under forced conditions. This
type of tracer test will therefore be focused on specific points aimed at confirming the
presence of fast transport pathways. Despite the fact that the results may show that no
tracer breakthrough has been detected, it may be of benefit to be able to show that the
travel times have not been underestimated, see appendix A in the background report
to RD&D-Programme 92 concerning the Aspd Hard Rock Laboratory /7-51/.

Radioactive non-sorbing tracers have been used in two large-scale field tests, one at
Finnsjon (the dipole test) and the other on Aspd (LLPT-2). In both cases, short-lived
isotopes with half-lives varying from a few hours to two months were used. There are
plans to use radioactive tracers on Asp6 in the future, after the tunnelling work has
been completed. The purpose will then be to validate water travel times for specific
flow paths /7-51/.

Stable tracers can be used to determine the connectivity between e.g. different
borehole sections and the tunnel during the actual construction phase. Similar tests
have been conducted within the framework of the geohydrological investigations in
the NE-1 fracture zone in the Aspé tunnel. The experience and the preliminary results
obtained to date suggest that similar tests will be performed during the rest of the
construction phase as well.

Natural tracers

Tn order for tracer tests to be utilized for the validation of transport models, the tests
must be conducted over a very long period of time. Under natural undisturbed
conditions, the naturally occurring tracers are therefore usable. Of the constituents
dissolved in water, chioride, tritium, oxygen-18 and sulphur-34 seem to be the best.
All of these have been utilized on Aspd to explain the origin and history of the
groundwater, see section 7.1.2. The results, although detailed, are qualitative, since it
is difficult to determine when in time a process started and how it has since developed,
for example when the Aspd water became saline.

Tritium is the most useful natural tracer for large-scale validation of groundwater
transport models with respect to rapid transport pathways. Groundwater is being
sampled during the entire construction phase for tritium analysis. Since significant
tritium levels indicate an admixture of modern water (younger than 35 years), points
where such levels are obtained are a sign of a relatively fast flow path.

Within the framework of the geohydrochemical documentation work, a number of
components are being analyzed that can be used in combination to interpret tritium
data, including the aforementioned oxygen-18, carbon-14, sulphur-34 and principal
components.

Sorbing tracers

Like the non-sorbing tracers, the sorbing tracers can be either stable or radioactive.
The sorbing tracers are used primarily as a model for how radionuclides from a
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leaking repository can be transported with the groundwater. Unlike the non-sorbing
tracers, their transport is only slightly dependent on the groundwater flow. Far more
important factors are, for example, the tendency of the tracers to adhere to mineral
surfaces and the size of these surfaces.

Flow-wetted surface area is a measure of how large the reactive surface area is. The
size of the flow-wetted surface area affects all interaction between the rock and the
water. Within the framework of the already ongoing redox experiment, different
attempts will be made to determine the flow-wetted surface area, see /7-51/. For the
purpose of detailed characterization of the transport of caesium and strontium, these
substances will be injected over a long time in a suitable fracture, which will later be
excavated for analysis, see /7-51/.

Extremely weakly sorbing tracers can be used in tracer tests over distances of 1-10
metres. The results of these tests can be used to describe transport in the good rock’s
network of fissures (channel network), see further in /7-51/. In order to carry out these
tests, it is first necessary to try out suitable tracers. Knowledge of extremely weakly
sorbing tracers that can be used for this purpose is scanty. Plans exist to test possible
cations in batch and column tests in the lab. These will precede the field tests.

In-situ experiments

To enable the experiments with radionuclides to be performed in-situ, a borehole
instrument called CHEMLARB is being developed. The probe consists of two parts.
One part is the geochemical probe that measures pH, Eh, conductivity etc. The other
part is an automatic chernical laboratory where a number of different experiments can
be performed. No water from the probe goes to the rock, which means that radionu-
clides can be used in the probe.

The development of the CHEMLAB probe has begun. The part of the probe where the
tests are performed and samples are collected is being designed in cooperation with
CEA of France. CHEMLARB is a further development of the French probe FORA-
LAB. The part that measures water composition already exists (CHEMMAC). The
equipment is expected to be ready to be put into use in 1994.

In the probe

A series of experiments has been proposed. The list is provisional so far, but it serves
as guidance for the design of CHEMLAB, the procurement of peripheral equipment
and the preparation of permits to handle small quantities of radionuclides.

In the chemistry laboratory

These experiments will supplement the experiments in the probe: a) repetition of the
probe tests for the purpose of verification; b) analysis of colloids, microbes and humic
and fulvic acids; and c) testing of the ability of these aggregates to take up and
transport radionuclides.

Out in the fracture zone and the rock

Supplementary tests can also be performed out in the rock. The supplementary
experiments will only be planned after the results from similar tests during the
construction phase have become available (see the redox tests).

In-diffusion of sorbing nuclides in the micropores in the rock is tested by injecting
sorbing inactive isotopes, e.g. inactive caesium and strontium, together with non-
sorbing tracers in undisturbed parts of the rock.
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Laboratory tests are performed in preparation for the experiments that are to be
conducted in the probe and out in the fracture zone. In connection with the laboratory
tests, test set-ups are developed that can be moved into the probe and connected to it.
Planning and development have come the furthest with regard to diffusion tests,
migration in rock fracture and radiolysis.

Both equipment tests and preparatory experiments will be carried out. New materials
will be tested for use in the probe.

Natural analogues

A part of the Cigar Lake project is being concluded during 1992 and a report is being
written. SKB’s continued involvement in the project will be decided on the basis of
the results. The research currently being done for the Oklo project with the support of
SKB will be broadened somewhat towards the end of 1992.

SKB is following the Alligator Rivers project, ARAP, through participation in the
INTRAVAL project where results from ARAP are being processed. Furthermore,
SKB is participating as an observer in the analogue projects in Palmottu, Finland, and
Magqarin, Jordan, which involve studies of a uranium mineralization in granite and in
hyperalkaline groundwater.

Regarding natural analogues, see further chapter 8.

MISCELLANEOUS

The fracture zone project

Major fracture zones are of great importance for the emplacement of a deep reposi-
tory. In order to facilitate the safety assessment, a projected repository is emplaced
with a respect distance to the nearest major fracture zones. The purpose of the fracture
zone project is to become acquainted with the (transport) properties of these zones so
well that the respect distance can be optimized. If the retarding properties of the zones
counteract a possible higher water flow rate there, the zones will not constitute a
greater risk for the dispersal of the nuclides than the surrounding rock.

A flat-lying, strongly water-conducting zone at Finnsjon has been under investigation
since 1984. The results have been compiled in a large number of reports and publica-
tions. The findings from the investigations have been used in SKB’s other activities,
for example on Aspd and in the SKB 91 assessment.

After the introductory phase of the investigations, it was found that the flat-lying zone
comprises a boundary between saline and fresh water. Understanding the mechanisms
underlying this then became an essential part of the continued work.

The investigations at Finnsjon have now been concluded. A final report on the
fracture zone project will be prepared during the coming period. Since all results and
interpretations have already been reported, the purpose of the final report is to
summarize what has been done and refer to previous synopses.

Chemical toxicity

The essential research work deals with the radiological toxicity of the waste. It is
because of this that different forms of isolating repositories must be built. It can,
however, be noted that a small fraction of the radioactive material to be isolated
would be classified as chemical waste if it were not radioactive.
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An inventory has been made of the chemical elements present in a repository for spent
nuclear fuel. Quantities and possible toxicity have been summarized /7-50/. The
preparations for a final safety account also include describing chemical health hazards
in a manner similar to what has been done for SFR. However, the inventory shows
that the chemotoxic consequences of a final disposal of Swedish radioactive waste
will be small or negligible.
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8.1

NATURAL ANALOGUES

The safety assessment shall be valid for hundreds of thousands of years. It is not
possible to conduct tests on that time scale, not even accelerated tests. Slow processes
of importance for long-term safety could at worst escape observation. One way to
circumvent this problem is to rely on physical laws, for example thermodynamic
limitations. Another way is to make observations of natural phenomena where the
conditions are similar and the time span for the course of events is comparable.

The latter approach is designated “studies of natural analogues of deep disposal of
radioactive waste” and includes studies of both archeological finds and geological
formations. According to a definition by the IAEA, natural analogues are “experi-
ments in nature that are not controlled by man”.

POCOS DE CALDAS

The objective of the Pogos de Caldas project has been to study the processes that
control release and transport of radionuclides with the groundwater flow. Two sites
with high natural concentrations of radionuclides and radionuclide-like substances
were chosen for this purpose: a thorium-lanthanide mineralization in Morro do Ferro
and a uranium deposit in the Osamu Utsumi mine. Both sites are situated near the city
of Pocos de Caldas in Minas Gerais, Brazil. Both of the orebodies lie relatively close
to the surface and in a zone of intensive weathering and groundwater flow.

The Pocos de Caldas project was started in May 1986 and continued until March
1990. Participants in the project have been SKB, UK DoE (United Kingdom),
NAGRA (Switzerland), US DOE (USA) and a number of Brazilian organizations
such as the Federal University in Rio de Janeiro, the Catholic University in Rio de
Janeiro, the Catholic University in S8o Paulo, CNEN and URANIO DO BRASIL.,
The project was directed and coordinated by SKB.

The results of the studies are presented in technical reports, lectures and publications
/8-1 to 8-27/. All the results and their importance for the safety assessment are
summarized in a technical report /8-28/. The conclusions can be roughly summarized
in the following points:

—  Uranium dioxide (uraninite, pitchblende) is stable under naturally reducing con-
ditions. It is precipitated after reduction when hexavalent dissolved uranium gets
out into the rock. The formation and dissolution of a pitchblende nodule takes place
at a rate of a few centimetres per million years. Plutonium occurs naturally and is
stable in the uranium nodules.

- The geochemical model that is used to describe the redox properties of the
groundwater at repository depth is generally applicable and is verified by the
measurements at lower pHs in Pocos de Caldas.

- Predictive geochemical model calculations made by different groups show that the
solubility of radionuclides and trace metals is usually overestimated. In other
words, solubility can be calculated without any risk of underestimates. The
speciation of radionuclides and trace metals, i.e. which complex ions are formed
in the water, is more difficult to calculate with certainty.

—  The propagation of the redox front and precipitation of uranium at the redox front
could well be simulated with calculations models that couple reaction and trans-
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port. The calculation results have led to a refinement of the models and, in one
case, correction of the database.

—  “Channelling” and “matrix diffusion” were verified by simulated model calcula-
tions of the shape of the surface of the redox front.

- Co-precipitation could be clearly observed at the redox front, but it was not
possible to deal with this in models. This requires development of models.

- Colloids and dissolved organic matter are present in high concentrations in the
superficial groundwaters in Pogos de Caldas. Radionuclides and trace metals are
adsorbed strongly by the colloidal particles, but no appreciable colloid transport
takes place. The concentration and nature of colloids at depth resembles that found
in Swedish groundwaters. The colloid-borne trace metals are in equilibrium with
the deep groundwater.

- Microbes participate in the geochemical reactions.

-~ Magma intrusion in the uranium mineralization in Osamu Utsumi has caused
hydrothermal transport of uranium. This could be simulated with model calcula-
tions, which showed that uranium solubility at high temperatures (300°C) is very
poorly known. It was further found that low hydraulic conductivity in the rock is
a good protection against negative effects of hydrothermal transport, i.e. dissolu-
tion of minerals and spent fuel.

The conclusions that have been directly used to support new safety assessments are,
firstly, the confirmation of the iron mineral’s redox control, and secondly the finding
that colloids do not contribute in any decisive way to the migration of radionuclides.

The geology of the area

Both Morro do Ferro and Osamu Utsumi are situated within a volcanic caldera with a
diameter of 30 km, see Figure 8-1. It was formed 75 million years ago. The most
common rock types within the caldera are nepheline syenites and phonolites rich in
calcium. The rock types have relatively high contents of uranium, thorium and
lanthanides. Local concentrations of these elements were later formed as a result of
the hydrothermal activities in the area and orebodies were formed.

Today, the Pocos de Caldas caldera is located 1500 m above sea level, which is about
500 m lower than the time after its formation. In 50 million years it has eroded at a rate
of 6-7 m/Ma. The drainage patter during this time has not changed very much. The
weathering rate during the past 10 million years has been estimated at 12 m/Ma.

Morro do Ferro is a 140 m high hill with a diameter of roughly one kilometer, see
Figure 8-2. Two creeks drain the hill. The orebody is about 150 m wide, 320 m long
and extends between 30 and 100 m down from the ground surface. It is situated on one
side of and fairly near the top of the hill and contains approximately 30 000 tonnes of
thorium, 50 000 tonnes of lanthanides and some uranium, see Figure 8-3. The
concentrations in the ore are 0.5 — 10 g of thorium and lanthanides and 20 - 60 mg of
uranium per kg. Thorium occurs as grains of different minerals: thorite, thorianite,
cerianite, cherialite and thorbastnaesite. Some of the thorium minerals contain lan-
thanides and uranium. Thorium and uranium also occur together with iron hydroxides
or clay particles covered with iron hydroxides. Near the ground surface, cerium has
been oxidized to Ce(IV) and is included in the mineral cerianite. Deeper down,
trivalent lanthanides have formed secondary minerals such as neodymium lanthanite
/8-25/.

Morro do Ferro is completely weathered down to a depth of 100 m and is also affected
further down. The measured hydraulic conducnwty in the weathered rock is 10
107 m/s which is to be compared with 107 10 107 my/s in the surrounding phonohte
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Figure 8-1. The study sites Osamu Utsumi and Morro do Ferro within the Pogos de
Caldas caldera.

Figure 8-2. Morro do Ferro.
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Figure 8-3. Profile through Morro do Ferro.

A redox front was encountered 36 m down in “fresh” phonolite, which in turn was
found at 28 m in a vertical borehole at the foot of the hill. The groundwater table is
located at least 80 m below the top of the hill.

The orebody was explored in the fifties and sixties, when a tunnel was driven in
through the orebody. A total of four new vertical boreholes of between 40 and 75 m
were drilled for measurements and samplings within the project.

The uranium mine of Osamu Utsumi has been in operation since 1975. It is an
open-cast mine that covers two square kilometres, see Figure 8-4. The rock consists
of hydrothermally altered phonolite and nepheline syenite. The hydrothermal alter-
ation has been caused by magmatic intrusions that have left behind two large breccia
pipes. Besides uranium there are also substantial quantities of thorium, lanthanides,
molybdenum and zirconium,

The upper part of the rock is heavily weathered with the formation of laterite. Further
down, oxidizing groundwater from the surface has caused the formation of a redox
front, see Figure 8-5. It is clearly distinguishable as a colour change from yellowish-
brown oxidized rock to greyish-blue rock as yet unaffected by oxygen. The uranium
is enriched in the redox front, see Figure 8-6. Uranium occurs both as nodules of
pitchblende and sorbed in iron hydroxides.

A number of mineral phases in the reduced phonolite are associated with thorium and
rare earth metals: monazite, cherialite (most common), bastnaestite, crandallite,
florencite, gorceixite and goyazite. Most rare earth metals show a tendency to be
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Figure 8-4. The open-cast mine at Osamu Utsumi.
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Figure 8-5. Geology and investigated boreholes in the Osamu Utsumi uranium mine.

Table 8-1. Representative groundwater analyses from the Osamu Utsumi
uranium mine and Morro do Ferro. All concentrations in mg/l and

Ehin mV.

OSAMU UTSUMI MORRO DO FERRO

F1 F2 F4 MF12
Code [Select] PC-GW-78 PC-GW-80 PC-GW-50
Date 870707 890320 890413 880614
T°C 22 21 24 21
pH (field/lab) 4.87/4.06 5.90/6.42 5.83/6.38 5.99/6.19
Eh 338 191 462 212
Alkalinity 2.0 10 23.5 22
Ca 0.47 2.65 7.88 8.48
Mg 0.07 0.07 0.46 0.70
Sr 0.043 0.009 0.20 0.346
Ba 0.125 0.13 0.12
Na 0.20 0.2 0.63 0.84
K 12.7 13.5 11.8 11.2
Fe(IT) 1.30 1.67 6.13 0.74
Fe(II) 1.33 1.70 6.27 0.79
Al 0.319 0.183 0.21
Mn 0.19 0.318 0.13 1.68
Zn 0.083 0.211 2.17 0.27
SO4 16 14 28 9.5
F 0.41 2.57 6.0 53
Cl 3.0
Br 0.04
SiO2 35 29 34 33.4
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Figure 8-6. Phonolite from the Osamu Utsumi uranium mine in Pogos de Caldas. The
sharp boundary between oxidized rock (grayish-brown) and reducing (gray) can be
seen. The black nodules on the reducing side are the uranium ore pitchblende.

leached out of the oxidized phonolite and be enriched in the reducing part near the

front. The exceptions are Eu and Ce, which tend to be enriched in the oxidized
portion.

Three shallow and five deep holes were drilled within the framework of the project.
The deepest borehole went down to about 300 m. The boreholes were used for
measurements and samplmgs The measured hydraulic conductivity down in the rock
lay between 10 and 10® m/s. The three-dimensional groundwater flow before and
after the advent of the open-cast mine was simulated by model calculations. The
mine, which is very extensive, naturally has an altered flow field compared with the
situation when the ore was formed.

Groundwater chemistry

The groundwater in Morro do Ferro and Osamu Utsumi contains relatively little
carbonate. Instead sulphate is common, and in Osamu Utsumi sulphate dominates
over carbonate, see Table 8-1. Potassium is the most common cation, followed by
calcium. The waters are relatively young and their total content of solutes is low.

The water’s composition is explained by the relatively rapid infiltration of oxidizing
meteoric waters. The bedrock, especially in the uranium mine, is rich in pyrite, which
is oxidized by the infiltrating water to ferric hydroxide. At the same time, sulphate and
hydrogen ions are formed. Potassium feldspar reacts with hydrogen ions and weathers
to kaolinite at the same time as potassium is released. It is this reaction which takes
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place in the redox front and which is mainly being studied in the uranium mine, but
also in Morro do Ferro. The reactions lead to formation of iron hydroxide, kaolinite
and a water with low Ph where potassium and sulphate are the dominant ionic species.
These reactions could, after some initial difficulties, be simulated by geochemical
modellings. The modellings were carried out to describe the propagation of the redox
front as a function of time.

Accurate measurements of pH and redox potential were performed in the field. In a
closed system, groundwater was pumped from water-bearing sections in the bore-
holes, which had been isolated with rubber packers, to measurement equipment on the
surface. The same equipment has previously been used for geohydrochemical samp-
ling on study sites in Sweden. The redox potential is much higher than in Swedish
groundwaters. In some of the cases, this is due to the fact that oxygen is still present
in the water. This is particularly true of sampling points near the ground surface. Since
the water is oxygen-free, the redox potential is controlled by the concentration of
divalent iron, which is high, pH and equilibrium with ferric hydroxide. These are the
same conditions that have been found in Swedish groundwaters, but in Pogos de
Caldas the pH is lower, so the Eh is higher. The model that relates the measured
values of Eh in deep groundwaters to pH and the concentration of divalent iron is
important for deep disposal of radioactive waste. The measurements in Pogos de
Caldas verify the general validity of the model.

Analysis of tritium, deuterium and oxygen-18 confirms that the groundwater is
meteoric and that the water flux is fast. Both the thorium-lanthanide mineralization
and the uranium ore are exposed to high water flows and aggressive water chemistry
compared with the conditions prevailing in a deep repository.

Radionuclides and trace metals

Computer programs for thermodynamic calculations are used to an ever-increasing
extent to predict solubility and speciation of radionuclides from radioactive waste. To
test the usefulness of such models, five different groups were engaged to calculate,
without knowledge of the results, concentrations of different tracers in the ground-
water. These groups use to some extent different databases with thermodynamic
constants. The input values consisted of the measured water chemistry, except for the
selected tracers, and the mineralogical compositions of the rock and the ores. The
elements that were tested in the calculations were U, Th, Pb, V, Ni, Sn, Se, Sr, Ra,
Mn, Al and Zn.

In general, calculated values that were comparable to the measured levels were
obtained. As a rule, solubility was overestimated, which is preferable for the purpose
of safety assessments. In only two cases was solubility underestimated: for Ni and Zn
when iron-bearing minerals were assumed as solubility-limiting phases. If these
minerals are to be used as solubility-limiting phases in any context, it is first necessary
to show that they are formed. The best agreement between calculated and measured
solubility was obtained for Th, Pb and Al.

The lower than calculated solubility may be due to the fact that solubility-limiting
minerals are lacking in the database, e.g. goyazite for Sr, or to the fact that the
constants are unnecessarily cautiously chosen, e.g. for U. Other possible reasons for
low concentrations are co-precipitation and sorption on ferric hydroxide phases, or
the fact that solubility equilibrium has not been achieved for all elements, despite long
contact times and abundance as minerals.
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The redox front

The redox front in Osamu Utsumi is very distinct and can be followed both in the open
pit and in boreholes from the surface. The uranium ore is concentrated to the redox
front, and the surface of the front has therefore been mapped in conjunction with the
mining operations.

The geological and mineralogical changes around the redox front have been
thoroughly studied within the analogue project. The reactions that form the front can
be summarized in the following formulas:

FeSy + O — Fe(OH)3 + H' + SO42'
K-feldspar + H" - kaolinite + K

The front moves at a rate of about 10 m per million years. Uranium is enriched at the
front and pitchblende precipitates as black nodules on the reducing side of the front,
see Figure 8-6. These nodules are then dissolved when the front has advanced further
and passed them. The formation and dissolution of the nodules takes place at a rate of
a few centimetres per million years according to the isotope measurements. Uranium
is also enriched by being taken up when the ferric hydroxide is formed.

Simple mass balance calculations have been carried out. If it is assumed that 100 mm
of oxygenated water infiltrates per year and that the existing pyrite is completely
oxidized, the rate of advance of the front is 25 m per million years, which comes fairly
close to the measured rate of 10 m/Ma.

The redox front does not form an even, flat surface, but extends down along hydraulic
conductors in the rock. The result is a “jagged” interface between already oxidized
and still reducing rock. By positing advection and diffusion as transport processes for
oxygen in the groundwater and assuming that the flow is concentrated to portions of
open conductive vertical fractures, it was possible to simulate the appearance of the
front by means of modellings. This demonstrates in a convincing manner the occur-
rence of transport phenomena such as "channelling" and “matrix diffusion”.

The detailed geochemical modelling of the redox front has been carried out with the
computer programs CHEQMATE and CHEMTARD. These calculation programs
couple chemical equilibrium with transport. The sharp redox transition could be
simulated in the calculations and the calculated rate of advance of the front agreed
with the measured value. Difficulties in obtaining correct pH values in the first round
of calculations occasioned an improvement of the database HATCHES, which is
included in CHEQMATE /8-27/.

Another model was also tested. It was developed by Lichtner /8-29/ and describes the
geochemical reactions with pseudokinetic rate expressions. The calculation method is
fast and sharp redox fronts can be simulated without difficulty /8-26/, see Figure 8-7.

The reactions at the redox front and its movement were simulated with the coupled
models. Transport of uranium and precipitation of uranium on the reducing side could
also be simulated in the calculations. At attempt was made to simulate the fixing of
uranium to ferric hydroxide phases on the oxidizing side with CHEMTARD, which
can also include surface sorption. Autoradiography examinations show, however, that
the mechanism is actually co-precipitation, which is not included in the models.
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Figure 8-7. The calculated rate for formation of ferric hydroxide, precipitation of
uranium dioxide and consumption/precipitation of pyrite across a redox front in
Osamu Utsumi.

Co-precipitation

Besides uranium, several other elements are also enriched at the redox front. These
include e.g. caesium, which is not itself affected by redox changes, see Figure 8-8. In
several of these cases the mechanism is apparently co-precipitation. Not even
uranium is enriched solely through reduction to pitchblende. Some of the uranium is
taken up in the ferric hydroxide that is formed after the front has passed. At the time
the project was evaluated there were no transport models that included co-precipita-
tion. Data were also lacking that described the uptake of tracers in the mineral phases
that had been formed. All in all, the effect had not been expected to be so pronounced.

Since co-precipitation is virtually irreversible, at least for the very long periods of
time that would be required for the minerals to be altered or for diffusion in the solid
material, it can be a valuable barrier in a deep repository for radioactive waste.
Conceivable causes of co-precipitation in a deep repository include corrosion of
encapsulation material, especially iron, precipitation of calcite, alteration of cement
and reactions between cement and groundwater (to the extent that cement is used).

Plutonium

Plutonium is perhaps not something that is normally associated with natural deposits.
Nevertheless, plutonium is present in uranium minerals, although in very low concen-
trations. It is formed there continuously through neutron capture in uranium. The
concentration of plutonium measured in a centimetre-large nodule of pitchblende
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Figure 8-8. Concentration profiles of caesium and molybdenum across a redox front,
RF, in Osamu Utsumi.

from Osamu Utsumi was 2.3 £ 0.7 x 10° atoms per gramme. The concentration of
plutonium produced in the nodule is dependent on the composition of the rock within
a radius of 50 cm. Calculations show that the Pu/U ratio in the pitchblende nodule is
in secular equilibrium. This indicates there has not been any appreciable fractionation
of plutonium from uranium for at least 100 000 years.

Colloids

The prerequisites for colloid formation are very good in both Morro do Ferro and
Osamu Utsumi. Weathering is intensive and the weathered rock is rich in clay
minerals. The groundwater has a low content of dissolved salts, which gives high
stability for e.g. clay colloids. The content of iron and silica is relatively high in the
groundwater. Redox and pH changes occur along the flow paths of the groundwater
and can give rise to local supersaturations of e.g. uranium. The groundwater flow is
high, which also favours colloid transport.

There is plenty of particulate matter in the superficial groundwater at Pogos de
Caldas, but the concentrations in the deeper groundwater are low. In fact, the concen-
tration of colloids in the groundwater at e.g. Morro do Ferro is not much different than
the concentrations in Swedish groundwater, i.e. less than 1 mg/l. Iron hydroxides and
humic substances dominate, while clay particles occur in relatively low concentra-
tions. With the exception of the organic colloids, their composition is also similar to
that encountered in Sweden.
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There is no doubt that polyvalent metal ions such as thorium and lanthanides are
actually taken up by the colloids in the groundwater. Accurate analyses of the relative
concentrations of lanthanides and uranium isotopes show, however, that these ele-
ments have not been transported as particles from the ground surface, but are rather in
equilibrium with the groundwater at the depth in question. In summary, it can be said
that while it has been clearly demonstrated that colloids with thorium, lanthanides and
uranium are formed, they are not transported to any appreciable extent.

Hydrothermal transport

At some time in the past, magma intruded into the uranium mineralization in Osamu
Utsumi and caused a local heating, which in turn induced water flow and hydrother-
mal conditions. This process, which lasted for 20 000 years, led to a redistribution of
uranium in the rock around the intrusion. The minerals have been analyzed and their
impact on the rock has been studied in simulated laboratory tests.

The convection flow of groundwater and the cooling-off were calculated with a
coupled model. It was found that the flow has been concentrated to the permeable
breccia to which the intrusion has given rise. No less than 100 tonnes of hydrothermal
solution has passed per cm? in the breccia.

The hydrothermal circulation has brought about a uranium concentration of 50 mg/kg
in the rock. The temperature has been about 300°C. The transport of uranium in the
rock could not be explained with literature data on uranium solubility. Good values
were apparently lacking. Different determinations made at 330°C can, although they
come from studies in the late *80s, differ by as much as 5 powers of ten in solubility!
The impact of the hydrothermal circulation on uranium solubility had to be estimated
instead from observations in the field. After calibration against the observations in
Pogos de Caldas and against laboratory tests, the hydrothermal transport model was
applied to a hypothetical American repository. The maximum temperature in the
repository was 200°C. The calculations showed that the hydrothermal changes would
only be 0.1% of that observed in the uranium mine. The main reason for the relatively
insignificant effect in a final repository is the much lower hydraulic conductivity in
the surrounding rock. As a consequence of this, the circulation is more diffuse and not
as concentrated as in Pocos de Caldas.

THE CIGAR LAKE PROJECT

SKB is participating together with AECL and US DOE in a project to investigate the
Cigar Lake mineralization as a natural analogue of a deep repository for spent fuel.
The project is being managed by AECL, under the supervision of CLMC. SKB joined
the project in April 1989 with the intention of participating for at least three years.
That phase was concluded in April 1992. So far two annual reports have been
published summarizing the results to date /8-30 and 8-31/.

The investigation programme is divided into the following parts:

- Rock mineralogy and chemistry.

- Uranium ore and nuclear reaction products.
-~ Hydrogeology.

- Hydrogeochemistry.

-~ Colloids.

- Organic geochemistry and microbiology.

- Radiolysis.

-~ Modelling.
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Figure 8-9. Profile across the orebody at Cigar Lake.

The uranium ore at Cigar Lake in northern Saskatchewan, Canada, is situated at a
depth of 430 m, see Figure 8-9. The orebody is 2 km long, 25-100 m wide and 1-20
m deep. It is surrounded by a 5-30 m thick layer of illitic clay. The ore is situated on
an old fracture zone in the underlying crystalline basement. The overlying rock
consists of sandstone which is hydrothermally affected in the area around the
orebody. It is an unusually concentrated mineralization. The average uranium concen-
tration is 12% and concentrations above 55% occur.

The uranium ore and the surrounding clay were formed 1.3 billion years ago. It has
been well isolated since then. There are no signs on the ground surface to indicate the
presence of a large orebody beneath the sandstone.

A large exploratory borehole has been drilled. The Cigar Lake Mining Company,
CLMC, has also sunk a shaft down to the ore.

Cigar Lake has not had any natural criticality such as occurred in Oklo in Africa. The
nuclear reactions mentioned in the second point of the above investigation pro-
gramme pertain to the production of isotopes due to spontaneous neutrons from
uranium. This gives rise to 3H, 14C, 3’6CI, 99Tc, 1291 and 239Pu in measurable
quantities. Thus, for example, the concentrations of tritium are often higher around
the ore than in superficial groundwaters, see Figure 8-10. The tritium found near the
ground surface comes from atmospheric nuclear weapons testing. The tritium found
near the ore must have been formed there.

The radiolysis investigations are associated with the redox front observed in the clay
around the ore. The oxidation of iron compounds in the clay may be caused by
radiolysis.
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Figure 8-10. Tritium in groundwater from Cigar Lake.

The model calculations include both solubility of radionuclides and transport. The
following types of models are being tested on measurement results from the investi-

gations at Cigar lake:

- Geochemical models for solubility and speciation of trace elements, radionuclides
and nuclear reaction products in the uranium ore.

- Models for radiolysis and fuel dissolution.

-~ Models for mass transport in the near field and the far field.

- Models for influence of colloids, natural organic substances and microbes on
geochemistry and radionuclide migration.

The modelling work has been intensified as the conclusion of the ongoing phase of the
project approaches.

THE OKLO PROJECT

The natural reactors at Oklo in Gabon, Africa, are being investigated as natural
analogues of deep disposal of high-level waste. The project is being managed by
CEA, France, with funding from CEC. The project is open to international participa-
tion, and besides SKB, organizations and institutions from Japan, the USA and
Canada are also participating.

A number of reactor zones have been found in the uranium ore in the Oklo mine, see
Figure 8-11, and in the adjacent Okelobondo. Oklo has an open-pit mine. Mining is
continuing underground in Okelobondo. A typical reactor zone is several metres in
diameter and several decimetres thick. Criticality started two billion years ago and
lasted for around a hundred thousand years. The concentration of the uranium isotope
235U was then nearly 3.7%, i.e. much higher than today /8-32/.
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Figure 8-11. One of the reactor zones at Oklo.

During prospecting for new uranium deposits, a reactor zone was discovered in
Bagombe, which is located about twenty kilometres from Oklo. This reactor zone is
situated near the ground surface (10-30 m down) and is undisturbed, since it was
encountered in a borehole. No mining operations have yet been conducted there. SKB
participated in a reconnaissance study of the Bagombe reactor in 1991. It has now
been decided to include a study of Bagombe in the Oklo project. So far SKB has also
participated in sampling and analysis of water and minerals, as well as hydrogeologi-
cal investigations.

MISCELLANEOUS

Besides the major projects described above, SKB is also participating in a number of
smaller studies. Uranium ore in granite is being investigated at Palmottu in Finland.
SKB is following this work as an observer.

The Alligator Rivers Analogue Project, ARAP, in Australia is a part of a study in the
INTRAVAL project. SKB is following this work through its participation in INTRA-
VAL.

In Magarin in Jordan, a hyperalkaline groundwater (pH 12.5) has been found that
resembles concrete pore water in a number of respects, see Figure 8-12. Portlandite,
Ca(OH)2, occurs naturally in Maqarin. It has been formed by combustion of bitumen
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Figure 8-12. Measurement of pH in the hyperalkaline groundwater at Magarin.

in the lime-containing marlstone. The autoignitions are caused by oxidation of pyrite
in the presence of air. Together with NAGRA and NIREX, SKB is investigating the
hyperalkaline groundwater and the minerals in Maqarin as an analogue of the use of
concrete in a final repository. The properties and phenomena being studied include
solubility and speciation of radionuclides at high pH /8-33/, stability of bitumen at
high pH and formation and stability of mineral phases in concrete.
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9.2

METHODS AND INSTRUMENTS

GOALS OF THE ACTIVITIES

By “methods and instruments” is meant in this chapter measurement methods for
collection of geological, geohydrological, geophysical, geohydrochemical and rock-
mechanics data for characterization of a rock volume, as well as measurement
instruments used for this data collection.

The main goal of Methods and Instruments is to ensure that suitable measurement
methods and equipment are available in order to be able to collect, with high stand-
ards of quality and accuracy, the data required to characterize the rock volume(s) that
will be investigated for the purpose of constructing SKB’s deep repository for long-
lived radioactive waste. The purpose of the investigations is to describe the structure
and properties of the rock, and to obtain data as a basis for assessment of the
performance and safety of the deep repository and for constructability analysis and
design/planning.

A subsidiary goal of Methods and Instruments is to see to it that suitable methods and
equipment are available for SKB’s geoscientific research and for the investigations at
the Aspo Hard Rock Laboratory.

Another subsidiary goal is to see to it that measurement methods and instru-
ments/equipment are so well-documented with regard to technical design and use that
a relevant assessment of the quality of the measurement data can be made.

To achieve these goals, existing measurement technology will be critically examined
and improved or augmented where necessary, and new technology will be developed.
While a large part of this method development takes place within the framework of
other geoscientific activities, e.g. the Aspé Hard Rock Laboratory, instrument devel-
opment is usually conducted in the form of special development projects.

PRESENT-DAY STATE OF KNOWLEDGE

Knowledge of the properties of the rock at the depths being considered for a deep
repository for long-lived radioactive waste, 500 m or deeper, and of investigation
technology for determining these properties is largely the result of the extensive
geoscientific research activities conducted by SKB. Ever since 1977, SKB has been
developing field investigation methods and equipment/instruments aimed at being
able to conduct field measurements in a correct and rational manner with high quality
of data. A detailed account of these field investigations was provided in the chapter on
method and instrument development in SKB’s R&D-Programme 89 /9-1/.

Inasmuch as the geoscientific field research in recent years has mainly been concen-
trated to the Asp6 Hard Rock Laboratory, experience from new and modified investi-
gation technology has mainly been obtained when such new technology has been tried
or used within the Aspé Hard Rock Laboratory. A relatively detailed account of the
investigation logistics and all the measurement methods and instruments used during
the pre-investigation phase of the Aspd Hard Rock Laboratory has been collected in a
project report /9-2/.

The second and current phase of the Aspd Hard Rock Laboratory, the construction
phase, comprises documentation work and other measurements from the tunnel, as
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well as long-term observations of the groundwater situation, hydraulic and chemical,
for the purpose of validating the models and predictions made of the Aspo rock
volume, based on the pre-investigations.

The results of the validation of the predictions made will serve as a basis for
“verifying pre-investigation methods, i.e. demonstrating that investigations on the
ground surface and in boreholes provide sufficient data on essential safety-related
properties of the rock at repository level” (stage goal 1 for the Aspd Hard Rock
Laboratory) /9-3/.

The activities during the Aspd Hard Rock Laboratory’s construction phase and
subsequent operating phase shall serve to “finalize detailed characterization methodo-
logy, i.e. refine and verify the methods and the technology needed for characterization
of the rock in the detailed site characterization” (stage goal 2 for the Aspd Hard Rock
Laboratory).

For documentation, measurements and long-term observations during the construc-
tion phase, it has largely been necessary to use other technology than that used during
the pre-investigation phase, partly because a different type of measurement data is
required and partly because much of the data are collected from tunnels. The work in
tunnels also entails special requirements on coordination with the tunnelling work.
These types of investigations during the construction phase have been going on for
nearly 2 years, during which time both new measurement methods and new measure-
ment instruments have been developed or modified and experience has been gained
from their use. Due to the fact that the validation work is carried out in stages and no
such stage has yet been concluded, with the exception of a limited exercise regarding
parts of the access tunnel, it has not yet been possible to verify any pre-investigations
methods.

Since the account of the state of knowledge within this field of technology was so
thorough in the 1989 research programme, the description in this section is limited to
what, during the intervening years, can be considered to have advanced the state of
knowledge, or is worth noting for any other reason. This supplementary description is
organized primarily under the same headings as R&D-Programme 89.

Measurement methods and instruments for investigations from the
ground surface

Ground measurements have been performed in a limited scope during the past three
years. On the other hand, the state of knowledge is already considered to be good
regarding this type of measurement technology, with the exception of reflection
seismics.

The use of seismic measurement methods for characterization of crystalline rock is
still limited, with the exception of refraction seismics, which is widely used for
superficial investigations. The reason is presumably that both measurement and
interpretation techniques have been developed for sedimentary rock formations,
whose stratified structures differ in all essential respects from the fracture structures
in the crystalline rock.

SKB has tried reflection seismics on a couple of occasions to detect, by means of
ground measurements, horizontal or subhorizontal fracture zones, which are practi-
cally impossible to detect by means of other methods. Both dynamite and vibrators
have been used as a signal source on these occasions, but no satisfactory results have
been obtained so far. The need for improved technology remains, since it is a great

126



9.2.2

advantage to have knowledge of horizontal zones before a resource-demanding drill-
ing programme is begun.

Measurement methods and instruments for investigations in boreholes
from the ground surface

Drilling

It is important that drilling be done in such a manner that it creates the right conditions
for later being able to conduct borehole surveys of good quality, at the same time as
data collection during the actual drilling process is often of great value as well. As
was described in the previous research programme, SKB normally carries out core
drilling nowadays using the telescope-type drilling technique, which means that
contamination of the rock formation’s fractures and groundwater by drill cuttings and
drilling water is greatly reduced /9-2/.

Another principle for raising drilling water and drill cuttings to the surface is the use
of reverse circulation drilling. It can be done either with or without a supply of water
from the surface, but in both cases the mixture of cuttings and water is transported up
inside the drill pipe, without contact with the borehole wall. SKB has developed the
technology for use in core drilling without a supply of water from the surface.
Formation water alone is used as flushing water. It is pumped up through the drill pipe
by means of the airlift pumping method. The drilling technique, which has so far been
used for 200 m drilling to a depth of 300 m, has the limitation that it is dependent on
water-bearing fractures being penetrated at intervals of 50-70 m if the drilling
capacity is to be comparable to that of conventional core drilling /9-3/. Insofar as no
flushing water is added and no drill cuttings come into contact with the borehole wall,
the method is unique in that it keeps contamination to an absolute minimum. This can
be of interest in particular contexts when special requirements are made on water
samples. One advantage in this context is that the method can be used under delimited
borehole sections in conjunction with conventional core drilling.

When drilling through large fracture zones, it is often difficult to keep the boreholes
stable for the subsequent measurements in the borehole. As long as the drilling
machine is in position, the hole can always be cleaned, but after that instability poses
a great risk that expensive measurement equipment will get stuck or that it will not be
possible to complete measurements through and below the zone. Stabilizing grouting
of the zone is a possibility, but is usually inappropriate as it makes hydraulic tests and
water sampling impossible. A method for non-disturbing stabilization would be
desirable here.

Mapping of drill core and borehole

Mapping of the drill core is done with the quality that is desirable for SKB’s purposes.
Recently the interpretation of the results of core mapping has been developed by
integrating the processing of geophysical borehole data in this process.

Regarding determination of fracture orientation, it is not necessary to orient all
fractures in a site investigation. It is sufficient to give absolute orientations to the
fractures in a couple of strategically selected boreholes. This is usually done by
combining core mapping with observations of the borehole wall. Borehole TV and
acoustic televiewer are useful methods for this purpose. Recently SKB has developed
a borehole TV that can be used down to a depth of 1000 m. However, more efficient
image processing is needed in order to make fracture interpretation with the aid of
borehole TV a standard method.
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Exact determination of the borehole’s position along its entire length, and determina-
tion of the exact position of different measurements in the boreholes, is necessary in
order to be able to compare different measurements, to co-interpret data by means of
e.g. multivariate analysis, and to provide accurate background data for detailed design
of an underground facility. Improved accuracy within this area is desirable.

Geophysical measurements in boreholes

As far as geophysical borehole logging is concerned, methods are available that have
been found to be suitable for SKB’s site investigations /9-2/. Both instruments and
processing and evaluation technology have been improved. Among other things,
result plots can be obtained directly after the measurement.

Regarding the radar technique as a rock investigation method, it can be noted that its
use has been considerably improved by the development of directional antennas /9-5/.
Direction and distance to a detected structure can now be determined from measure-
ments in only one borehole. Special antennas for measurements from the ground
surface or in tunnels have also been developed. The special requirement for these
antennas is to obtain a good signal coupling with the rock.

The unique ability of radar to “see” far out into the rock is, however, limited in rock
with low resistivity, for example where the groundwater has high salinity. But even
under conditions unfavourable for radar, it is the only method able to map structures
in the rock in the relative vicinity of the borehole. The combination of flow meter
logging and radar measurement with directional antennas offers a good means for
determining the three-dimensional extent of water-bearing fractures.

The use of seismic borehole methods such as Vertical Seismic Profiling (VSP) and
cross-hole seismics in crystalline rock has come much further, thanks to improve-
ments made within the Stripa project and the work within the Finnish nuclear waste
programme /9-6 and 9-7, respectively/. VSP measurements have been performed on
one occasion within the Aspo project and the method is judged to be useful for
large-scale mapping of fracture zones, including the previously mentioned horizontal
zones, during the subsequent drilling phase of a site investigation. However, further
experience is needed in order to be able to verify the applicability of the method.

Geohydrological measurements in boreholes

Numerous hydraulic measurements are performed to determine hydrological par-
ameters and map the geometry of hydraulic structures during different phases of an
investigation programme and for characterization on different scales /9-8/. The
methods used — tests during drilling, test and cleanout pumping, flow meter logging,
injection tests and transient interference tests — are well-proven and are described in
SKB’s previous research programme and in greater detail in the Aspd project’s
method report /9-1 and 9-2, respectively/.

Measurement of groundwater pressures or groundwater levels is usually done in
several sections of a borehole, separated by packers, the purpose being to measure
natural conditions and responses to pumpings or other disturbances. Groundwater
pressure measurements are performed as long-term recordings, which has led SKB to
develop technology that simultaneously permits other borehole measurements as
well: water sampling, dilution measurements and tracer tests /9-2, 9-9/. Dilution
measurements in this type of multi-packered borehole have been used to determine
the natural groundwater flow as well as changes in the groundwater flow (if any)
during pumping tests. Changes in the salinity of the groundwater are checked by
means of installed conductivity sensors and by means of water samples.
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Figure 9-1. Measurement of groundwater flow using dilution method: measuring
principle and measuring equipment used.

Measurements of very low groundwater flows require a special item of equipment,
called a point dilution probe, with which the active test volume must be kept limited,
see Figure 9-1. A point new dilution probe for 56 mm boreholes and depths of at least
1000 m is now ready following the completion of further development work.

Large-scale tracer tests have been carried out both within the Finnsjon project and the
Aspd project, while tracer tests on a smaller scale have been performed within the
Stripa project /9-9, 9-10, 9-11/. Within the Asp& project, radioactive, short-lived
radionuclides were used in a radially convergent tracer test with injection from
multi-packered borehole sections and detection of inflow levels in the pumping hole.
Tracer tests with non-sorbing tracers provide information on flow porosity, while
suitable field technology for determination of the flow-wetted surface area (an essen-
tial parameter for calculating the sorption of radionuclides) is not available. Tracer
tests with sorbing nuclides are usually far too time-consuming for realistic field tests
to be carried out, so laboratory tests are the main source of this information.

Injection of salt has been used in Stripa, in combination with radar measurements, to
determine transport pathways in the rock volume /9-2/.

Hydrochemical measurements in boreholes

Methods for determining the chemistry of groundwater are also described in the
previous research programme and in the Aspd project’s method report /9-1 and 9-2,
respectively/. The equipment belonging to SKB’s mobile field laboratory has recently
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undergone improvement of the pump and chemical probe. As far as the chemical
probe is concerned, the probe computer and software have been replaced and a new
electric-powered pump provides simpler technology and greater pump capacity than
with the previous hydraulic-powered pump. Development of a new umbilical hose
and surface equipment is currently under way.

Rock stress measurements

Like three years ago, there are two methods for rock stress measurements in deep
boreholes, the overcoring method and hydraulic fracturing. While the former allows
an absolute determination of the stress state in three dimensions, but is complicated to
carry out, the second method is based on the assumption that the direction of the
principal stress is parallel to the borehole (which is usually the case in stable bedrock
areas with relatively flat topography), at the same time as these measurements can be
performed in a more efficient manner. The methods can suitably be combined in an
investigation programme, such as was the case in the Aspd project’s pre-investigation
phase, where several overcoring measurements were performed in a borehole (down
to 450 m), supplemented by 38 determinations using the hydraulic fracturing method
{(down to 970 m) /9-2/.

Measurement methods and instruments for investigations from tunnels
and shafts

Since the late autumn of 1990, with the underground construction of the Aspé Hard
Rock Laboratory, most of SKB’s geodata collection has come from investigations in
tunnels /9-3/. The primary goal of the data collection to date is to serve as a basis for
validation of the predictions which, based on the pre-investigations, preceded the
project’s construction phase. Since the tunnel construction is a large and resource-de-
manding undertaking, the main endeavour has been that all base investigations shall
be carried out in accordance with a standard schedule for each tunnelling cycle,
governing both construction and investigation. Only in the case of special investiga-
tions should it be necessary to interrupt the tunnelling work. So far more than 1.5 km
of tunnel has been driven, and experience to date of this coordination of construction
and investigation has been positive.

The methodology that has been tried out and is being used for the documentation
work and other investigations from the tunnel is described in brief below. In particular
as regards investigations in boreholes from the tunnel, the same — or a slightly
modified — technology is used in many cases as for investigations in boreholes from
the ground surface.

Technology for base documentation

By “base documentation” is meant here mapping and measurement of the tunnel wall
or in regularly recurring probe boreholes /9-13/. Tunnel mapping is done immediately
after each blasting round has been mucked out. Tunnel walls, tunnel roof and tunnel
front are hereby mapped with respect to rock types, fractures and structures as well as
water seepage. The mapping is done manually on drawings plotted from a 2-D CAD
system. Immediately afterwards, the mapping is digitized and transferred to the CAD
system. There is a need to streamline the mapping and digitization process, and the
various options available are currently being examined.

Probe drilling is performed every 20 metres, with 20 m long holes directed slightly
outward and upward. During this probe drilling, manual observations are made of
drilling rate and the colour of the cuttings. Some kind of system for recording of
drilling-related parameters will eventually be devised here.
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Pressure build-up tests are performed in the probe holes in sections from 6 m to the
bottom of the hole. Mechanically operated packers have been developed for this
purpose, capable of sealing off both large water flows and high water pressures.
Pressure transducers and dataloggers for data recording are connected to the packers.
Data processing is then done by the Hydro Monitoring System, HMS, which is
described below. The pressure picture in the probe holes is recorded during a given
period of time, and some holes are selected to be included in the observation pro-
gramme.

The results from the base documentation are reported for every 150 m tunnel section
in the form of informative diagrams that serve as a basis for validation of the
predictions made /9-14/.

Observation programme

The predictions also include how the groundwater situation around the tunnel will
change, with regard to pressure and chemistry. An observation programme has
therefore been drawn up and technology developed to enable these observations to be
handled in an efficient manner. The aforementioned multi-packered boreholes from
the ground surface are included in this monitoring programme, which has been
gradually expanded by the incorporation of strategic boreholes in the tunnel into the
programme as well. The water balance for the tunnel is also being studied by
recording water flow in the piping systems into and out of the tunnel, seepage into
tunnel sections by means of measuring dykes and moisture transport in and out via the
ventilation air. The measuring dykes are designed to trap all water running into the
tunnel floor, on and under the roadway, with special reference to obtaining good
sealing of the fractured rock, and in road ditches. The water is conducted to a
measuring dam, which is equipped with a Thompson weir, an arrangement that
permits both manual reading and automatic pressure transducer registration of the
water level.

The Hydro Monitoring System (HMS) is based on a computer network for the site
office and the tunnel and with on-line radio communication with the dataloggers that
record the groundwater pressures in the boreholes from the ground surface, see Figure
9-2 /9-15/. Furthermore, the system is linked to SKB’s computer network, which
means that the monitoring can be followed on-line not only from the site office but
also from SKB’s head office and by the consultants engaged for evaluation and
analysis. The HMS software was developed to record all changes efficiently without
overloading the system with data. Procedures for data security and for function and
quality control are built into the system and observation programme. In summary, it
can be said that the technology used for long-term observations meets the needs that
exist for this type of site description.

Technology for special investigations from tunnels

For measurements or investigations that cannot be regarded as belonging to either the
base documentation or the observation programme, the same measurement methods
are usually used as for investigations from the ground surface, or variants of these
methods. Hence, radar and seismic methods are used in a similar manner as described
in previous sections, with the difference that in underground work measurements can
sometimes be made directly from the tunnel instead of in special boreholes. The
applicability of the methods for predictions of the quality of the rock mass (above all
from the constructability point of view) ahead of the tunnel front has not yet been
clarified.

Short holes are sometimes drilled for follow-up of observations made on the tunnel
wall. These can be inspected with a borehole videoscope, which has proved to be
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Figure 9-2. HMS system for monitoring of groundwater head around the Aspo
laboratory.

excellent in certain contexts, for example in following up the dispersal of grout. Point
flows from fractures “channelling” have also been able to be observed with this
instrument, which has a range of about 20 m of borehole length.

For hydrological investigations, pressure build-up tests have been performed in
packed-off sections of long holes, both during and after drilling. The equipment used
resembles the equipment used from the ground surface, the difference being that the
downhole equipment must be capable of withstanding much higher differential press-
ures. Due to the fact that fracture zones with high water flows (>1000 1/min) have
been penetrated under high groundwater pressures (about 2000 kPa), it has been
necessary to adopt special measures so as not to jeopardize safety in the tunnel.
Among other things, the borehole mouths are provided with a form of valve arrange-
ment if it is expected that such water-bearing zones will be penetrated. These techni-
cal arrangements should be applicable down to a depth of about 500 m with only
minor modifications.

To enable measurements to be performed in strongly water-bearing boreholes, an-
other kind of seal arrangement has been fitted at the borehole mouth. With this
arrangement, which constricts rather than stops the water flow, flow meter loggings
can for example be carried out in the boreholes.

Water sampling is somewhat simpler to carry out from tunnels than from the ground
surface, since water normally flows out of the holes. Recordings of Eh and pH are
done with the same flow cells (CHEMMAC) as those used in SKB’s mobile field
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laboratories. Such flow cells placed in the Aspd Hard Rock Laboratory’s tunnel will
be connected to HMS, the monitoring system described above. To get at the more
tightly bound water or water from very low-conductivity parts of the rock, special
equipment must be developed. This work has been initiated.

Different kinds of experiments are being planned for the Asps Hard Rock Laborato-
ry’s coming experimental phase. One group of experiments has to do with radionu-
clide dissolution in groundwater, and sorption and diffusion properties on mineral
surfaces in the rock and in the backfill material. In the Aspo Hard Rock Laboratory
these experiments are intended to be performed in-situ, in boreholes, which is con-
sidered necessary in order to be able to simulate natural conditions, among other
things with regard to groundwater composition and retention of reducing conditions.
For this purpose the development of a special borehole probe, CHEMLAB, has been
commenced, see further section 9.3.2.

PROGRAMME 1993-1998

As is evident from the section “Present-day state of knowledge”, SKB’s long-lasting
and in-depth work with field investigations, which has included the development of
new instruments and measurement methods as needed, has led to the availability of
suitable investigation technology for pre-investigations, with the exception of only a
few areas where additional work is required. The Aspo Hard Rock Laboratory’s
construction phase will yield data that will permit validation of the predictions made
on the basis of pre-investigations, enabling the pre-investigation methodology to be
verified.

As far as underground surveys — which usually entail more detailed investigations —
are concerned, a great deal of experience has also been gathered from SFR, Stripa and
Aspo, but here the activities within the Aspt Hard Rock Laboratory during the
coming years will also contribute considerable knowledge.

The activities that are planned within the area of methods and instruments for the
years 1993-1998 are chiefly associated with site investigations for the Deep Reposi-
tory and with the Aspd Hard Rock Laboratory. They reflect the gaps or limitations in
technology know-how that were noted in section 9.2 above and are presented below
in the same order as in section 9.2.

Measurement methods and instruments for investigations from the
ground surface and in boreholes from the ground surface

Drilling

As was noted in section 9.2.1, it is often difficult to collect data from crushed zones.
Sometimes (albeit seldom) the problem may be of such a magnitude that drilling
cannot continue, but usually the problem consists of not being able to lower measure-
ment equipment through the zone, either due to blockage or due to excessively great
risks of getting stuck. In an attempt to overcome this problem, stability-improving
technology will be studied and possibly tested. The goal is to stabilize the borehole
without thereby making the walls of the borehole impervious, and preferably without
even altering the hydraulic properties of the borehole.

Starting in the autumn of 1992, SKB will drill an approx. 1500 m deep hole in order
to study groundwater chemistry and groundwater flux at this depth. Succeeding in this
will probably require larger drilling machines than those that are usually used. It is
important that this drilling be rigorously planned, which may entail some modifica-
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tion or augmentation of the drilling technology. For the subsequent measurements in
this hole as well, it is foreseen that certain modifications will be necessary, among
other things in order to withstand the high water pressures.

Mapping of drill core and borehole

Better length readings are needed in order to get a geometrically correct picture of the
borehole and the location of measurement points in the borehole. Especially for
comparing different measurements or for multivariate analyses, it is essential that the
measurement data being processed pertain to the same measurement point. Even with
good accuracy of the length measurement in each measurement method, the error can
be decisive. For some time SKB has explored different ways of rectifying this
deficiency. These efforts will continue. Technology for making marks in the borehole
wall and then detecting these marks with each set of measurement equipment for
length calibration is one avenue that is being explored.

The borehole TV that has been developed for SKB for 1000 m depth will be further
refined by the introduction of improved image processing to make it simpler to
determine the orientation of fractures. A new direction meter for the camera probe
will also be installed for this purpose (of the same performance as the meters used to
determine borehole orientation). This should make it possible to carry out videofilm-
ing and borehole orientation in one and the same borehole measurement.

Seismic methods and radar

Seismic methods and radar are, as previously mentioned, to be regarded as the only
methods available for remote detection and location, from the ground surface or from
a borehole, of fracture zones or other essential structures. The methods have slightly
different applicability with respect to rock conditions. Thus, radar has a limited range
in a low-resistivity environment, such as saline groundwater, while it is better able
than seismic methods to indicate the directions of structures in detail.

Horizontal or subhorizontal fracture zones are of great importance for the ground-
water flux around a deep repository /9-16/. It is therefore essential to be able to detect
and locate such zones correctly, and it is especially advantageous that this be done at
an early stage during the pre-investigations. The seismic methods reflection seismics
and VSP — from the ground surface and from boreholes, respectively — are hereby
potential methods that have been tried and will be tried further. For shallower depths
in the rock, ground radar is a method that is potentially useful for this purpose.

Geohydrological measurements

As far as the hydraulic testing equipment is concerned — the mobile umbilical hose
system and the pipe string equipment — high availability will be maintained by
replacing old computer systems with new, modern measurement computers and
software.

Hydrochemical measurements in boreholes

As mentioned in section 9.2.2, SKB’s mobile field laboratory has been equipped with
a new pump and a new chemical probe. At present the development of a new
umbilical hose and surface equipment is under way, which together make the equip-
ment more flexible and easy to handle.
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Measurement methods and instruments for investigations from tunnels
and shafts

Report on measurement methodology

As was done for measurement methodology and instruments used during the Aspé
Hard Rock Laboratory’s pre-investigations, a report concerning methodology and
instruments for measurements and documentation work used underground will be
compiled during 1993.

Technology for base documentation

As the base documentation of the Asp6 tunnel proceeds in parallel with the excava-
tion of the tunnel, the technology used for this documentation will be further refined
and improved where necessary. Foreseen improvements include rationalization of
tunnel mapping and digitization of mapping information for the CAD system. The
feasibility of using plotting computers for mapping and/or using a total station (for
direct position measurement of fractures etc.) or a bar code system is being explored.

A system for recording of drilling-related parameters will be developed for probe
drilling. Correctly utilized, such information can be used for detection of zones and
water-bearing fractures. In core drilling as well, such parameters can provide sup-
plementary information. SKB is also following other investigations and tests within
this area, including those being carried out under BeFo’s auspices.

Observation system

Long-term observations of the groundwater are essential for both site characterization
and recording of long-term changes, under both natural and disturbed conditions.
Within the framework of the Aspé Hard Rock Laboratory, technology has been
developed and tested that is both flexible and useful for different types of measure-
ments, see section 9.2.2. The technology has been gradually enhanced to suit the
different phases of the Aspd Hard Rock Laboratory so that an unbroken observation
programme has been able to be sustained, except during periods when other activities
have been carried out in the boreholes. The system is being expanded as new
measurement points are incorporated in the observation programme and modified or
revised as needed.

Technology for special investigations in tunnels

During the continuation of the Aspé Hard Rock Laboratory, tunnelling from the 330
m level, certain studies will be focused on describing the rock in detail and predicting
and locating suitable volumes for different experiments or with different properties. It
is hereby foreseen that studies will be made of how radar and seismic methods, as
remote characterization methods, can best be used — for example, to predict the
character of the rock ahead of the tunnel front, which is important with respect to
constructability.

The sealing, or rather flow-constricting, arrangements utilized for flow meter logging
in strongly water-bearing boreholes underground and at high pressures should be
improved so that they can also handle conditions at a depth of 500 m.

Chemistry equipment

The water that is strongly bound in the small pores in the rock has such low mobility
that it is judged to be more or less stagnant. Sampling is therefore complicated and
time-consuming, but is considered very important in contributing towards obtaining a
complete picture of the chemistry of the groundwater and will therefore be carried out
within the Asp6 Hard Rock Laboratory. High demands are made here on, among
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other things, material properties so that the water samples will not be contaminated.
Equipment for this purpose is in the process of being developed. It contains a packer
system and a special type of flow cell for recording of Eh and pH.

CHEMLAB probe

As was noted in section 9.2.3, a group of experiments is being planned for the purpose
of studying radionuclide dissolution in groundwater, and sorption and diffusion
properties on mineral surfaces in the rock and in the backfill material. In order to be
able to simulate natural conditions, for example as regards groundwater composition
and reducing conditions, these experiments will be performed in-situ in the Aspo
Hard Rock Laboratory.

The planning of these experiments includes development of a special borehole probe,
CHEMLAB. It is being designed for use in 50-100 m long holes, drilled from suitable
parts of the laboratory. The CHEMLAB probe will be a complex piece of equipment
consisting of several interconnected probes, where, for example, migration tests will
be conducted on real rock samples and with surrounding groundwater. An essential
part of the development of this probe is selecting suitable materials to avoid sorption
in the equipment itself. The highly resistant plastic product PEEK will be used in
valves, chromatography pumps, tubes etc. The probe will also contain solution tanks,
columns and fraction collectors. Since radioactive isotopes are also intended to be
used in certain experiments, the probe is being designed so that handling aspects will
not cause any problems from a radiological viewpoint.

CEA, France, has been contracted for the development of the CHEMLAB probe.
CEA has extensive experience of similar borehole equipment, such as FORALAB.
For the experiments in the Asps Hard Rock Laboratory, SKB’s CHEMMAC probe
will be integrated with CHEMLAB for measurement of Eh and pH.

Other experiments

Special measurement technology and equipment for other experiments in the next
phase of the Aspt project will also be needed. These needs will be clarified in
connection with the planning of these experiments and can therefore not be specified
here /9-3/.
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BIOSPHERE STUDIES

GENERAL

The biosphere studies cover the chain of events from radionuclide transport in
groundwater out of the rock to impact on man or other organisms. The goal of these
studies is to be able to describe the consequences of a possible release of radioactive
nuclides from a final repository.

The purpose of final disposal is to isolate the radioactive waste from the biosphere for
such a long period of time that its radioactivity declines to a harmless level. If,
however, the isolating barriers are for one reason or another disabled, radioactive
materials can reach the biosphere sooner. In order to be able to assess the conse-
quences of such abnormal eventualities, knowledge is needed of how radionuclides
are dispersed in the biosphere, to what extent they are taken up in the human body, to
what radiation dose they give rise and, finally, what effect this dose has. The length of
time from deposition to breakthrough into the near field is estimated in the normal
case with intact engineered barriers to be on the order of millions of years. In cases
where the engineered barriers are for some reason disabled, the time to breakthrough
can be on the order of thousands of years (hundreds in the most pessimistic scenarios).
Added to this is the delay in the near and far field, so that only those radionuclides that
have a very long half-life come under consideration for the biosphere analyses.

The biosphere is normally considered to include that part of the world to which man
has access. However, this delimitation should not be taken too literally, for example
when the dose to other organisms is studied. This includes the following processes
and calculation steps of significance for the safety assessment:

—  Transport from groundwater in rock to a local ecosystem via different local
recipients such as sediment, soil, water etc.

— Transport, dilution, accumulation and deposition in local, regional and global
ecosystems.

~  Transport to human beings through e.g. production and distribution of food, and

- Uptake in the human body, depending on dietary habits and uptake fractions.

~  Calculation of individual doses and collective doses and comparison with natural
conditions.

GOALS

The overriding goal of SKB’s studies of the behaviour of radionuclides in the
biosphere is to be able to carry out the safety assessment’s consequence calculations
in a credible manner. Efforts are being concentrated on estimating the consequences
of different release scenarios from SFL in a time perspective on the order of 10 000
years. Subsidiary goals in this process are:

—~  Try to quantify the uncertainties that stem from the fact that the biosphere is

constantly changing.
— Improve the data on which the transport models rest.
~  Validate the models by means of studies of analogue transport processes.

During the coming 6-year period, these studies will be focused to a high degree on the
local conditions on the candidate sites.
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PRESENT-DAY STATE OF KNOWLEDGE

Transport from groundwater in rock to a local ecosystem via different
local recipients such as sediment, soil, water etc.

The transport between the groundwater in the rock and the more heterogeneous and
biologically active media in the biosphere has been much less investigated than the
corresponding transport in the near and far fields. Small differences in parameters can
lead to releases in completely different recipients. A series of different physical and
chemical processes are of importance for this transport:

water flux,

— diffusion,

- sorption/desorption,

~ advection (gas transport),

— resuspension,

— bioturbation (large and small animals),
- weathering (redox zone acidification),
— precipitation (redox zone),

- ion exchange.

A number of these processes are dependent on site-specific conditions such as:

— chemical and physical groundwater composition,
- redox conditions,

- soil and sediment properties in the discharge areas,
—  hydraulic conditions.

Uncertainty is therefore unavoidably high in attempts to model this transport, es-
pecially if the properties of the site are not known.

Wells

Rock-drilled wells are a critical transport pathway from deep groundwater directly to
environments in the vicinity of man. A well is sometimes regarded as a case of
intrusion, but since wells are so common they can also be regarded as a result of
normal human behaviour. Certain studies of the properties of wells have been made
/10-1/ but difficulties remain in modelling their importance, since factors such as
dilution, capacity, pattern of use and the total well lifetime vary within such wide
limits.

Transport through sediment and soil

On their way to the surface, the groundwater and accompanying radionuclides will
leave the reducing environment in the rock and pass into an oxidizing environment.
For most of the chemical compounds in question, this transition is associated with a
drastic change of solubility as well as a change of chemical form. The transition often
takes place in sediment or soil, but can also take place directly in free water. In the box
models used previously, these processes have been treated as a distribution transport,
controlled by water flows and Kg values, and have been approximated with a number
of transfer coefficients, based on Kq values. These Kg values vary widely depending
on the type of soil/sediment. Furthermore, these parameters are of great importance
for the outcome of the modellings. Some studies /10-2, 3/, however, show that further
studies of this geosphere/biosphere interface are warranted.

A detailed investigation of discharge in lakes entitled “Nuclide transport in discharge
areas” was initiated in 1987. In this study, sampling was performed in two lakes,

138



10.3.2

Hillesjon and Langhalsen in Sédermanland, to examine how the chemistry and fauna
of the bottom sediments in discharge areas differ from the rest of the bottom sedi-
ments. The project was concluded in 1991 /10-4/ with the main conclusion that the
modellings that have been made of discharge areas have been correct on the relatively
rough level of detail that has been used.

Transport, dilution, accumulation and deposition in local, regional and
global ecological systems

Previous calculations have been carried out with available data on today’s ecological
systems. Similar models have been used for prediction and follow-up of the fallout
from the Chernobyl accident, where it turned out that our knowledge of enrichment
and transport was unexpectedly poor. The accuracy of predictions thousands of years
ahead in time is naturally poor, even though margins of error of a factor of 100 are
accepted /10-5/. Qualitative validation of models used for these time perspectives is
impossible, since the scenario changes with time in an unknown fashion.

Potential concentration effects

Normally, transport in the ecosystems entails a large dilution of nuclides. Some
enrichment occurs, but in most cases the cycle time is short, i.e. the enrichment ceases
after a year or so and is not significant if a ten-year period is studied. Enrichment in
biota (shrimp-perch-pike) is taken into account in the transfer factors used. A few
rather special cases may lead to concentration of radionuclides over a longer period of
time (a thousand years), after which they can be released during a relatively short
period (ten years) and give rise to relatively high concentrations. A naturally occur-
ring example of this is the accumulation of transuranics at the bottom of peat bogs
/10-6/, which can result in high concentrations being released when the peat is cut.
Combustion can also give rise to high concentrations in wood ash /10-7/ and in ash
from peat combustion /10-8/.

Evolution of the biosphere

Any activity release from a final repository will probably take place so far ahead in
time and over such a long span of time that considerable changes can be expected to
occur in the properties of the biosphere before and during the release process. This
means that analyses of the consequences of a release will entail large uncertainties.

The greatest uncertainty factor in the biosphere is associated with the natural evol-
ution of the ecosystems during the periods of time considered realistic /10-9/.
Examples of processes in a shorter time perspective are:

— eutrophication of lakes and cultivation of the old sediments (also due to post-gla-
cial land uplift),

— erosion of soils by wind and water,

- disturbance of sediment layering in lakes and waterways.

In a slightly longer perspective, climatic changes and glaciation must also be included
in the picture. The biosphere then undergoes a very radical change and can re-emerge
in a large number of ways. The question can then be asked how meaningful it is to
make dose estimates. Geological studies are nevertheless being carried out and can
provide a qualitative picture.

Mankind exploits the ecosystems for purposes such as food production and manipu-
lates these systems to increase their yield. This can also be said to constitute a kind of
evolution. Today’s situation exhibits a large number of examples of this kind of
anthropogenic environmental change /10-10/. This impact can be of great importance
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for the consequences of a postulated release, especially if such phenomena as urban-
ization, large-scale hydroponics, dam construction or the greenhouse effect are in-
cluded in the picture /10-11/. An inventory of reasonable events of this nature has
been discussed in connection with SKB/SKI’s joint scenario definition work /10-12/.

SKB has studied the process whereby the bottom sediment of the lakes is gradually
transformed into farmland. A collection and processing of data for Lake Trobbofjir-
den in Sodermanland has been carried out /10-13, 14, 15/ covering water flow,
sedimentation rate, interstitial water characteristics, water quality during different
phases etc. Modelling and variation analysis /10-16, 17/ showed that the individual
doses for certain nuclides increased by several orders of magnitude when the lake
sediment was used as farmland. For other nuclides, the doses decreased by a power of
ten or so. The greatest source of uncertainty is the rate of exchange in the lake’s water
and sediments. However, this scenario gives lower doses than when a well is assumed
to be drilled into the waste disposal area.

Studies of Chernobyl fallout

In 1986, in response to the Chernoby! accident, studies were initiated of the fallout in
the SKB study sites of Gided and Finnsjon. Since the end of 1991, all field work has
been concluded and the activities are being focused on summarizing and evaluation.
The project includes a sampling and measurement programme, studies of migration in
soil profiles, sorption on and migration in rock, water-transported activity and mod-
elling of the turnover and transport of nuclides. The goal of the sampling and
measurement programme is to be able to make use of the migration of the nuclides in
the fallout for verification and validation of models that describe turnover in the -
biosphere and geosphere. For the ground migration studies, the goal is to describe the
transport and retardation mechanisms for different nuclides in different soils so that
models for this transport can be refined and to derive benefit from the site-specific
data that exist /10-21, 22/. The purpose of the modelling is to describe the migration
of the different nuclides in superficial parts of the geosphere, including groundwater,
rock, soil and biomass. Measurements of nuclide concentration in artesian boreholes
have shown that certain nuclides are transported down to a depth of 100 m in 200-400
days /10-23, 24/, which is both supported /10-25/ and contradicted /10-26/ by pre-
vious investigations. The first summaries have been published during 1992 /10-27/
regarding chemical speciation /10-28, 29/ and activity mapping /10-30/.

Binding of actinides on organic matter in soils can be an important factor for the
exposure pathway via vegetables, meat and milk. The complexation of e.g. iodine can
be of great importance. The importance of the uncertainty in the turnover of the
transuranic elements will be evaluated. Experimental studies may have to be carried
out.

Transport to man through production and distribution of food

Today’s food production system is so complex that even if the concentrations of
radionuclides in the raw materials included in the food products are known, the intake
to a given individual (with known dietary habits) cannot be calculated with sufficient
accuracy /10-31, 32/. The often large (several powers of ten) dilution factor brought
entailed in production and distribution is often overlooked in the safety assessment.
Instead, a completely self-sufficient farm has been used in order to be able to describe
an “unfavourable but not completely impossible or improbable case” /10-33/.

The production methods for food are one of the factors that determine how different
parts of the ecosystems will be linked to man’s internal environment. An example
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from today’s situation is the irrigation of farmland /10-34/, the scale of which must be
changed within a few hundred years due to accumulation of salts etc. in the soils.

Uptake in the human body depending on dietary habits and uptake
fractions

Dietary habits vary between different places and different individuals. This variation
is relatively well known and is handled in the modelling /10-33, 35, 36/. However,
dietary habits and other living habits may change more radically in the future. This
entails an increased uncertainty with time that is difficult to quantify.

Uptake fractions are also relatively well known through work within other fields
(nuclear medicine) and international cooperation /10-37, 38/.

Calculation of individual doses and collective doses and comparison
with natural conditions

Consequence or impact is dependent on damages and the probability of such dam-
ages, a factor which can be summarized as risk. The risk picture for a final repository
of high-level waste can then be compared with risk pictures for other phenomena in
society. Such a comparison could conceivably be used to allocate the resources
available for risk limitation in another (better) way. However, SKB has no plans to
make such a comparison, choosing instead to judge consequence based on the accept-
ance criteria that will be established by SST and SKI.

Individual dose is one of the acceptance criteria that can be expected to apply to a final
repository. As described above, it is difficult to obtain a good picture of the distribu-
tion of individual doses; instead, we have to be content with a conservative picture of
the unfavourable, not improbable case. The translation from individual dose to risk, in
the dose interval in question, will be a translation to stochastic damage (normally
cancer), and will always be difficult to quantify, especially for actinides /10-39/.

Collective dose is easier to describe in numbers, but the interpretation of such values
is very controversial. It is claimed, for example, that a threshold value does exist
somewhere, which is of great importance for the consequences since it is such
incredibly small doses that are added up over so many years.

An alternative view of the consequences of the repository is to compare with the
concentrations of radioactive nuclides that exist in nature. Certain such sites with very
high concentrations have been investigated /10-6/, but a complete analysis of what
consequences the elevated concentrations have had is often lacking.

Site-specific study of the Aspo area

At present a site-specific study is being conducted in the area for the Aspo Hard Rock
Laboratory. The area will be characterized with respect to the presence of natural
radioactivity in superficial waters, groundwater conditions, discharge areas, soil
types, land use, biota, population etc. /10-40/. The characterization is expected to be
finished during 1993, after which the area can be used for method studies.

Mathematical and conceptual modelling of dispersal in the biosphere

Dispersal in the biosphere is dependent on a large number of processes and change-
able base data. The modelling is therefore done with very general compartment
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models, coupled to multiplicative models for uptake in biota and dose calculation
/10-36/.

SKB has almost exclusively used the program code BIOPATH in combination with
the program system PRISM for uncertainty analysis. These codes have been com-
pared with others in the international studies BIOMOVS /10-41/, VAMP /10-42/ and
PSAC /10-43/ and found to be reliable.

A truly realistic biosphere model is difficult to achieve. The conceptual models that
have been used are saddled with both uncertainty and variation in input data /10-9/.
The structure varies with time and can moreover be difficult to predict. By treating
several different schematic simple scenarios, we can nevertheless get a good picture
of possible outcomes /10-35, 33/.

Other research on the biosphere

Research concerning the dispersal of radionuclides in the biosphere, and with some
relevance for final disposal in geological formations, is being conducted at the
Swedish University of Agricultural Sciences, the University of Gothenburg, FOA4
and to some extent by Studsvik and Kemakta under contract to SSI and SKI. Other
Nordic research centres working in this field are Risé in Denmark and VTT in
Finland. In addition, a large number of institutions have studied the Chernoby fallout
and its consequences. Other research on chemical substances in the environment may
be relevant in certain cases.

PROGRAMME 1993-1998

Wells

The methodology for how wells are to be handled in the safety assessment shall be
further refined in keeping with the guidelines issued by concerned authorities. Smal-
ler research efforts are planned to be devoted to surveying the existence of wells, their
characteristics and what the water is used for.

Transport through sediment and soil

A study is under way to find an alternative way to model transport through sediment
and soil. The Kq concept has its drawbacks, since the transport passes through many
different strata which are furthermore not homogeneous. A thermodynamic approach
is also being tried.

Site-specific quantitative descriptions will be produced of what types of recipients
exist and may come to exist during the next 1000 years.

Changes in the biosphere

Within the site-specific studies, an assessment is needed of how man can be expected
to exploit the ecosystems within a given area, for example what the land will be used
for during the coming 1000 years.

In connection with the work on systematic analysis of scenarios, the impact of
climatic changes and ice ages as well as human impact will be studied. See further in
the chapter on Safety Assessment. In the programme concerned with the properties of
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the rock, an inventory of the state of knowledge on ice ages and climatic changes will
also be conducted.

Natural analogues

The role of sediments as a long-term and possibly final sink for released radionuclides
will be more thoroughly studied. One way to do this is to try to quantify nuclide
movements (waste-related or chemical analogues) in “natural analogues” such as
ores, or leaching strata in peat. Large quantities of lanthanides are leached out of
certain till soils, which can give us an opportunity to study how large a retention effect
can be counted on in organic sediments. It should also be possible to quantify the
concentration factors for uptake in plants and the role of peat as a nuclide concentra-
tor.

Transport pathways in the biosphere

In 1986, in response to the Chernoby! accident, studies were initiated of the fallout in
the SKB study sites of Gided and Finnsjon. These studies are intended to be finished
during 1993. The project includes a sampling and measurement programme, studies
of migration in soil profiles, sorption on and migration in rock, water-transported
activity and modelling of the turnover and transport of nuclides. The goal of the
sampling and measurement programme is to be able to utilize the migration of the
nuclides in the fallout for verification and validation of models that describe turnover
in the biosphere and geosphere. The goal of the ground migration studies is to
describe the transport and retardation mechanisms for different nuclides in different
soils so that models for this transport can be refined. The purpose of the modelling is
to describe the migration of the different nuclides in superficial parts of the geosphere,
including groundwater, rock, soil and biomass.

Binding of actinides on organic matter in soils can be an important factor for the
exposure pathway via vegetables, meat and milk. The complexation of e.g. iodine can
be of great importance. The importance of the uncertainty in the turnover of the
transuranic elements will be evaluated. Experimental studies may have to be carried
out.

Models and data

Dispersal calculations in KBS-3 and SKB 91 were carried out with traditional box
modelling based on available data on present-day ecosystems. Dose calculation is
carried out with similar models utilizing radiophysical data and summarized in
internationally accepted recommendations issued by ICRP /10-37, 38/.

Validation of models will continue to be carried out internationally within VAMP or
BIOMOVS and with the aid of data from the Chernobyl fallout in Gided and Finnsjon.
Some of the parameters used in the box models are still poorly investigated for Nordic
conditions. Sensitivity analyses will largely determine which parameters will be
studied further during the coming six-year period, but greater weight will be attached
to being able to report a model result with a well-founded description of variation and
uncertainty.
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Site-specific studies

For cases where the releases do not begin until after many tens of thousands of years,
after ice ages have probably come and gone, the location of the repository cannot
influence the biosphere transport of any nuclides released from the repository.

In scenarios where nuclide release takes place in a nearer future, however, the
location of the repository will play a large role in determining how the radionuclides
can be transported from the rock to the local ecosystems, and the properties of the
points of outflow.

In scenarios where release is assumed to take place within a few thousand years, for
example in the event of an initially defective canister, the site will be important for
dispersal in local ecosystems, since present-day assumptions regarding land use can,
for the most part, be expected to remain valid for this length of time.

It is therefore appropriate to continue site-specific model studies and also take into
account the local impact of the final repository. The first study on Aspo will be
followed by similar studies for the candidate sites that are proposed for siting of the
final repository. The goal is that less generalized models can be used.

Acceptance criteria

The choice of radiological acceptance criteria is of great importance for how bio-
sphere analyses are to be carried out. The work of international agencies should be
carefully followed. The Swedish authorities will probably stipulate minimum require-
ments, which SKB may find reason to further tighten. In this context, comparisons
between modellings and observations of outflows of natural nuclides in human
surroundings, for example uranium-rich macadam production, can be of interest.

As in other countries, Swedish safety assessments have been based on the principle
that “if man as an individual and as a group is protected, other biological species will
not be threatened by radioactive releases”. This principle has been applied to all types
of releases, not just releases from waste storage facilities or final repositories. The
principle has been questioned by some researchers in recent years and has led to an
inquiry within the IAEA /10-44, 45/. By and large, the inquiry confirmed the above
principle. SKB intends to follow developments within this area.
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TECHNOLOGY FOR DEEP DISPOSAL

GENERAL

When the characterization of potential sites for the deep repository and the planning
and design of a deep repository for demonstration deposition have begun, the conti-
nued development of technology for construction and excavation of the repository
and for deposition of the waste will be coordinated with the planning and design of the

deep repository.

GOAL OF THE ACTIVITIES 1993-1998

The goal during the period is to develop the technology for the execution of deep
disposal of encapsulated fuel, including backfilling and retrieval, to such a degree of
maturity that detailed characterization (ramp excavation or shaft sinking) can begin
around 1998. During the first three-year period, the development potential of the
preferred deposition system will be analyzed and system studies and conceptual
designs of machinery and methods will be carried out. During the second three-year
period, studies will be conducted on a prototype scale of deposition and retrieval
equipment, if such studies are deemed necessary prior to scaling-up to full scale.

Construction methods will be refined with respect to grouting of fine fractures and
with respect to the passage of strongly water-bearing zones with high water pressure,

PRESENT-DAY STATE OF KNOWLEDGE

Deep disposal system

In 1984, the Government approved the KBS-3 method as a system that fulfils
society’s requirements on radiation protection and long-term safety. This method has
since then constituted the reference method in SKB’s research and development
activities.

Since 1984 SKB has developed and analyzed some other interesting disposal methods
with successful results. It has been possible to demonstrate that the alternatives also
have potential for fulfilling stringent requirements on long-term performance and
safety. The studied alternatives are as follows, see Figure 11-1:

- WP-Cave, which is based on a concentrated isolation of the fuel canisters in a
central rock volume surrounded by a bentonite barrier and a hydraulic cage /11-1/.

- Deep Boreholes, VDH (Very Deep Holes), which entails deposition of canisters,
surrounded by bentonite, at a depth of between 2 and 4 km in boreholes /11-2/.

- Long Tunnels, VLH (Very Long Holes), which entails deposition of relatively
large canisters, surrounded by bentonite, in bored tunnels /11-3/.

- Medium-Long Tunnels, MLH (Medium-Long Holes), which entails deposition of
KBS-3 canisters, surrounded by bentonite, in rows in bored tunnels /11-4/,

Comparisons of these alternative methods with the KBS-3 method have shown the
KBS-3 method to be the most advantageous (WP-Cave vs. KBS-3 in/11-1/ and VDH
vs. VLH vs. MLH vs. KBS-3 in /11-4/). Deposition of encapsulated waste in bored
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Figure 11-1. lllustration of studied deep geologic disposal methods.
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Figure 11-2. Deep repository according to KBS-3 - general layout.

holes in the floor of a system of deposition drifts will therefore comprise the reference
method in the continued work as well.

Preferred repository design

The deep repository consists of a series of parallel deposition tunnels on one level,
which are connected with transport tunnels. The layout is illustrated in Figure 11-2.
The deposition level can be reached from the surface either via shaft alone, such as
shown in Figure 11-2, or via a ramp and service shaft.

The waste canisters are placed in vertical holes bored in the tunnel floor and sur-
rounded by highly compacted bentonite blocks. A cross-section of a deposition hole
is shown in Figure 11-3.

The canisters are transported from the surface to the deposition level in a radiation-
shielded elevator (shaft alternative) or in a radiation-shielded transport container in a
ramp (ramp alternative). On the deposition level, the canister is taken up to the
appropriate deposition tunnel, where the canister is transferred to a special deposition
vehicle, which handles canisters and bentonite inside the deposition tunnel. The
vehicle drives into the tunnel. When the canister is in position above the deposition
hole, the canister is raised to a vertical position and lowered into the hole. The lower
part of the bentonite buffer is then already in place. After canister emplacement, the
deposition vehicle backfills the rest of the hole. The deposition sequence is illustrated
by Figure 11-4.
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Figure 11-5. Backfilling of the deposition tunnel.

Finally, the deposition tunnel is backfilled with a mixture of bentonite and sand,
which is illustrated in Figure 11-5.

The design with canisters in vertically bored holes was originally chosen so that the
canisters could be emplaced in undisturbed rock, outside the disturbed zone that it was
known could be formed around a blasted tunnel. Furthermore, the idea was to keep
each canister sufficiently isolated from surrounding canisters to prevent any transport
of fissile material between the canisters. Another advantage of such a design is that
the deposition of each canister is an isolated process with little impact on the deposi-
tion of surrounding canisters.

The very high level of safety described in SKB 91 /11-5/ presumes well-executed
encapsulation, deposition and backfilling.

Technology for excavation and deposition

General

Access to the repository is provided via a vertical shaft or an inclined ramp. The
central area on the repository level is excavated first and thereafter transport tunnels
and deposition tunnels. Finally, the deposition holes are bored.

The methods for excavation of the deep repository, deposition of the canisters and
backfilling around the canisters with bentonite are based on known technology or
adaptation of known technology in accordance with established engineering practice
to the special applications in question.

Fracture zones and strongly water-bearing rock can cause practical problems in
connection with the excavation work and available technical options need to be
assessed before detailed characterization (underground excavation and investigation)
is commenced.

Drilling-blasting-boring

It is assumed that conventional drilling and blasting will be used to a large extent.
With the aid of the smooth blasting technique, impact on the rock walls in tunnels and
caverns can be reduced if this is desirable.

In a special blasting damage study on the Aspo ramp /11-6/, the damages in the rock
wall were analyzed for three different drilling patterns. The results showed that the
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blast-damaged zone had been limited to about three decimetres in walls and roofs,
while the floor region was affected more than one metre below the floor.

Boring affects the rock wall much less than blasting /11-7/.

Mechanisms and parameters that control the zone that is affected by drilling/blasting
and by boring are, however, incompletely understood. Experiments are planned to be
carried out in the Aspo Hard Rock Laboratory, see the background report to RD&D-
Programme 92 concerning the Asp6 Hard Rock Laboratory.

Rock works
Sinking of a shaft or excavation of a ramp by means of drilling and blasting can be
adapted to highly varying conditions.

The use of full-face boring or mechanized excavation entails a potential advantage
from the viewpoint of long-term safety, since the rock nearest the shaft or the ramp is
then disturbed less than by blasting.

Full-face boring of shafts has long been employed in soft rock types, but recently in
hard rock types as well. It is possible to bore the skip shaft, which is the one that is
planned to be sunk in the shaft alternative. (Other shafts will be raise-bored.) The
price, however, is likely to be higher than for conventional shaft sinking today.

Modern experience is available from boring with a Tunnel Boring Machine (TBM) in
hard rock in Sweden: two tunnels below Stockholm (3.5 m in diameter) and one
tunnel in the Klippen power station (6.5 m in diameter with a downward gradient of
1:10). This method is primarily of interest for excavating a ramp to deposition depth.

Equipment for mechanical mining of different tunnel profiles in hard rock was tested
back in the *70s by Atlas Copco. A modern rig has been manufactured by Robbins and
used in the Mount Isa Mine in Australia with good results. That machine has a wheel
with cutters along its periphery, mounted on a movable arm. A second, more powerful
generation of this machine was delivered in early 1992 to the Pisminco mine at
Broken Hill, Australia. The bedrock in both mines consists of hard rock, Precambrian
leptites, with a compressive strength of 150-400 MPa. The machine permits a high
rate of advance, which has led to great interest on the part of both the mining and the
construction industries.

The 7.5 m deep deposition holes with a diameter of 1.6 m are full-face-bored. A rig
capable of performing this boring with a roof height of only about 3.5 m is on the
drawing table /11-8/.

Rock support

A number of rock support methods are used in underground construction and mining,
all according to the rock being worked in. Concrete is often used in poor rock for
technical/economic reasons. Only rarely is work interrupted because the problems are
technically insurmountable, but rather because the costs are too high. The use of
concrete may, however, be limited in a deep repository, since the chemical environ-
ment with a neutral pH and small quantities of easily accessible calcium is of great
importance for the long-term performance of the engineered barriers. Other methods
must be available for use as a complement to or substitute for concrete when needed.
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Grouting

Grouting is employed regularly to seal off water seepage into rock caverns. Great
experience exists with different grouts and additives. Commercially used grouts are
mainly cement-based, but plastic-based ones are also on the market.

Fine fractures
The use of both cement-based materials and bentonite as grouts in fine fractures in the
zones nearest the deposition positions was studied in the Stripa project.

It was found that the deposition holes can be sealed against water seepage with the aid
of bentonite /11-9/. Sealing is done after the hole has been drilled. Megapackers with
a narrow gap between the packer and the rock wall are installed along the zone to be
sealed, after which the grout is injected. The best effect in fine fractures was obtained
by the use of “dynamic” injection, whereby an oscillating pressure was imposed on
the regular static injection pressure. The method can serve the primary purpose of
preventing water seepage during the actual deposition procedure.

Pre-grouting with cement-based materials also gave good results in connection with
the application of “dynamic” injection in boreholes.

The results for fine fractures in rock that had been sheared and disintegrated mechan-
ically during blasting were, on the other hand, negative. The reason is believed to be
that fine rock fragments are torn loose in the fractures and clog the injection channel
for the grout.

Wide fractures

Wide fractures with high hydraulic conductivity and high water pressure create
practical problems, such as have been experienced during the excavation of the Aspd
ramp.

Preparedness for these types of difficulties consists today primarily of familiarity with
a number of different grouting materials and experience from projects where these
grouts have been used with good or poor results. Based on this knowledge, the
problem at hand is solved by trying different materials and methods until a good
sealing effect is obtained.

In the Stripa project, models were developed for the properties of the grouts and their
expected behaviour in different fractures. These models can also be used on wider
fractures. In order to obtain a good description of reality, knowledge is also required
of certain fracture properties. These are difficult to measure and determine, however,
which makes it more difficult to predict grouting measures and results.

Deposition and retrieval

The vehicle for deposition of canisters and emplacement of the bentonite buffer is
specially designed. An initial design sketch is on the drawing table today. It will be
further improved by means of design studies and risk analysis of the deposition
process. The question of prototype testing will subsequently be considered before
design drawing and specifications for the manufacture of full-sized vehicles are
produced.

In the event of serious interruptions during the deposition procedure, there are
situations that are best rectified by retrieving the canister and starting the deposition
procedure over from the beginning. Retrieval of deposited canister is also a compo-
nent of the demonstration deposition, a requirement being that canisters can be
retrieved to the ground surface after the deposition tunnels have been backfilled and

sealed.
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Equipment for retrieval of canister (and excavation of the buffer material) is being
developed in parallel with the equipment for deposition.

The bentonite blocks around the canisters are compacted in a surface facility. The
technology is known and compaction equipment is available in many versions for
varying applications. The actual handling of the bentonite has not yet been deter-
mined, however, nor has the size of the blocks that can be fabricated without com-
promising good, uniform density and without creating large, uneven stresses.

The blocks for the Buffer Mass Test at Stripa were fabricated in an existing facility.
The bentonite in these blocks had a “normal” moisture content, which means that
parts of the pore space were filled with gas (air). Moisture-saturated bentonite, in the
sense that the pore volume is water-saturated from the beginning, have not been
tested, however. The advantage of a higher moisture content from the beginning is
that the buffer zone has a higher initial thermal conductivity, which reduces the
temperature peak in the buffer. The amount of oxygen near the canister is also
reduced somewhat before the buffer has been saturated with water. In the event of
saline groundwater, the potential risk of salt enrichment in the buffer during the water
saturation phase is also avoided.

Backfilling

The deposition drifts are backfilled with a mixture of sand and bentonite, which is
cheaper than pure bentonite. The lower part of the backfill can be applied in layers and
compacted in place with ordinary vibrators. The upper part against the roof must be
applied in some other way.

In the Stripa project, a mixture of 20% bentonite and 80% sand was sprayed in with
shotcreting equipment. However, the density of the backfill material was not high
enough to create a large enough swelling pressure so that the sand/bentonite mixture
could support the roof of the tunnel and prevent creep deformation /11-10/. A better
support can be achieved either by using a much more bentonite-rich mixture, which is
costly, or by employing some kind of in-situ compaction.

Plugging

When the deposition procedure has been concluded, the repository will be sealed by
backfilling of excavated areas. Tunnels and shafts will be plugged at strategic points.
These plugs can be made of concrete and bentonite, which has been demonstrated by
tests at Stripa /11-11, 11-12/.

The plugs with the tested designs effectively sealed off channels for water transport
inside the tunnel (or the shaft). However, possible axial channels remain in the
disturbed zone in the near-field rock outside the plug. These channels must also be
sealed, which can be done by cutting out slots in the rock wall so that the plug will
have a larger diameter than the tunnel. In addition, grouting shields can be placed
around the plug. Design and effects have not been analyzed in detail, however.

Boreholes also need to be sealed with plugs. Method and design have been developed
in the Stripa project /11-13/. Supplementary field tests in long holes can be conducted
in the Aspo Hard Rock Laboratory.
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11.4

PROGRAMME 1993-1998

System studies

Different development possibilities of the KBS-3 design will be analyzed during the
first three-year period. The main issues of interest are the necessary height of the
deposition tunnels and deposition holes for two canisters on top of one another.

The premises will be analyzed for a shaft or a ramp as a communication pathway
between the ground surface and the repository.

The VDH system has been ranked lowest in PASS and will not be studied further as
a unitary system. The studies have, however, identified a significant barrier potential
in the increasing salinity with depth. The initiated modelling of the barrier function
will be pursued further. Moreover, any new geoinformation that may be obtained
from the deep drilling work, as well as other information of importance for a KBS-3
repository at a depth of about 500 m below the surface, will be monitored, see section
6.5.

Construction methods
Tests will be conducted with a machine for full-face boring of the deposition holes.

Grouting methods for sealing of fine fractures with megapackers will be further
refined. Practical tests will be performed in the Aspd Hard Rock Laboratory.

Methods will be worked on for passage of water-bearing fractures with high pressure.
A trial passage of some zone on the laboratory level at Aspd is being considered.

Deposition - retrieval

Deposition and retrieval equipment will be developed in several stages. In a first
stage, design drawings will be prepared of full-sized units. A decision will then be
made as to whether the deposition vehicle needs to be built and tested on a prototype
scale before manufacture on a full scale can begin. The design work and possible
prototype-scale tests will be carried out during the period.

Development of technology for rational fabrication of bentonite blocks will be com-
menced. The work is aimed at fabrication of blocks with both low and high water
ratio.

Backfilling and sealing of tunnels and shafts

A suitable strategy for backfilling of the deposition tunnels will be developed up to
1995. The composition, compactability and long-term performance of different mix-
tures, as well as equipment for achieving a sufficient degree of compaction of these
mixtures, will hereby be investigated.

Plugs for sealing of tunnels and shafts will be further developed. Test plugs may be
made in the tests in the Aspo Hard Rock Laboratory where large-scale experiments
with buffer material are being conducted and the buffer is to be closed in.
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12.1

12.2

12.2.1

OTHER WASTE

BACKGROUND

Two principal types of radioactive waste are obtained part in Sweden: spent fuel and
short-lived low- and intermediate-level waste (LLW and ILW). The LLW and ILW
consists in the main of waste from the operation of nuclear power plants. A smaller
contribution comes from research, industry and medical care. This waste is to be
disposed of in SFR, which is already in operation. Radioactive components and waste
arising from the eventual decommissioning of the nuclear power plants will also be
emplaced in an annex to SFR.

A third category of waste consists of long-lived LLW and ILW. Only a relatively
small quantity of such waste will have to be disposed of in Sweden. It consists
primarily of waste from the research activities at Studsvik. Such waste is collected,
interim-stored and conditioned at Studsvik. Some components from power reactors in
or near the reactor core contain long-lived activity and can also be categorized with
this type of radioactive waste, along with certain waste to be obtained from the
encapsulation plant for spent fuel. The waste is conditioned in cement and packaged
in containers of metal (drum) or concrete. In its form, this waste thus resembles that
which is sent to SFR, but its nuclide composition is different. The total volume of
logg—lived LLW and ILW ultimately to be disposed of is estimated at about 20 000
m.

Much larger quantities of long-lived LLW and ILW are obtained in those countries
that reprocess their spent nuclear fuel. During reprocessing, long-lived radionuclides
— mainly transuranic elements — are released from the fuel matrix when the latter is
chemically dissolved. Most is reused, e.g. plutonium and uranium, or ends up in the
high-level waste (HLW). However, relatively large volumes of LLW and ILW with
long-lived radionuclides also arise in the process, such as filter resins, evaporator
concentrate and various kinds of contaminated trash and scrap.

Without reprocessing, the transuranics and other long-lived nuclides remain in the
fuel and can be encapsulated as HLW.

WASTE COMPOSITION

Waste from research activities at Studsvik

Solid waste and liquids are treated at Studsvik. The solid waste consists of such
materials as cloth, wood, paper, plastics (PVC, plexiglas etc.), rubber, glass, iron,
stainless steel, aluminium and titanium. Some cadmium is also included. The waste is
packaged in drums, which are placed in concrete moulds. Glove boxes for work with
alpha-active radionuclides have been scrapped, for which inner containers of stainless
steel have been used. Approximately 100 moulds had been produced as of 1990, along
with around sixteen 200-litre drums of concrete-immobilized sludge from the treat-
ment of liquid waste with alpha activity. Alpha-active waste from previous research
activities that has not yet been conditioned is also kept at Studsvik. It will be treated
at Studsvik in the same manner as outlined above.
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12.2.2

12.2.3

12.3

There is also older conditioned waste at Studsvik containing plutonium and uranium,
There are, for example, around 400 drums of concretized plutonium-containing
waste.

From the research activities at Studsvik there are also fuel residues, i.e. pieces of fuel
pins, fuel pellets or specimens obtained from post-irradiation examinations of fuel.
The fuel residues are encapsulated in steel tubes and taken to CLAB for interim
storage. Afterwards they will be encapsulated in the same manner as the spent fuel.
The fuel residues are not discussed any further in the following.

Some long-lived waste from the use of radiation sources in medicine, research and
industry is also treated at Studsvik.

Core components and reactor internals

Components in the reactor core and its immediate vicinity are exposed to a very
strong neutron flux during reactor operation. This induces radioactivity in the material
of which the components are made. What mainly forms is short-lived nuclides such as
Co-60, but also some long-lived nickel and niobium isotopes. The Co-60 concentra-
tion is so high that the core components require heavy radiation shielding for a long
period of time (>50 years).

Examples of core components are control rods, neutron detector probes, neutron
source probes and boron plates. The core components also include fuel boxes from
BWR fuel if they are separated from the fuel. Examples of internals with high induced
activity are core grids and core support plates.

This waste is transport to CLAB for interim storage. After this it is intended to be
embedded in concrete moulds and deposited in the deep repository for other long-
lived waste.

Waste from the encapsulation station

The waste from the operation and decommissioning of the encapsulation station will
not differ appreciably from the waste from the other nuclear facilities, i.e. it will
mainly consist of LLW and ILW of the type that can be sent to SFR. If it should be
decided to close SFR while the encapsulation station is still in operation, the reposi-
tory for long-lived waste offers an alternative. In the event of accidents where the fuel
breaks, however, some of the waste may also be classified as long-lived.

FINAL DISPOSAL

The chemical properties of the long-lived waste do not differ appreciably from those
of the waste disposed of in SFR. A similar facility for final disposal will therefore be
built. However, the higher content of long-lived activity will impose higher demands
on long-term safety. After a thousand years, long-lived activity will still remain in
significant quantities in terms of safety, although for example concrete structures may
have been altered, along with the waste form itself.

The facility for final disposal of the long-lived waste (and certain other operational
waste that arises after SFR has been closed) is planned to be built adjacent to the deep
repository for spent fuel. In PLAN 92 they are shown co-sited, whereby the same
waste and personnel shafts are used. The repository areas for long-lived waste are
named SFL 3 and SFL 5. To avoid disturbances of the deep repository for spent fuel,
SFL 3 and 5 have been located at a distance of about 1 km. The tunnel between the
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different repository sections will be sealed in the same manner as the deposition
tunnels in the fuel repository, i.e. with a sand-bentonite mixture.

SLF 3, where the Studsvik waste and the waste from the encapsulation plant is to be
emplaced, consists of a rock vault in which the waste is stacked in concrete cells and
grouted with concrete. The space between the concrete cells and the rock is filled with
sand-bentonite mixture. All handling is done by remote control via an overhead crane.
The principle of the barriers in SFL 3 is the same as the silo repository in SFR.

SFL 5, where concrete moulds with core components etc. are to be deposited, consists
of two 350 m long tunnels. The concrete moulds are transported in by a remote-con-
trolled overhead crane and stacked on top of one another. After stacking, they are
grouted with concrete.

After concluded deposition in SLF 3 and 5 (as well as SFL 4 for decommissioning
waste from CLAB and the encapsulation plant), the tunnels are sealed with sand-ben-
tonite.

Large quantities of LLW and ILW are obtained in countries that send their spent fuel
to reprocessing, for example the USA, France, the UK, Germany and Switzerland.

In the USA a final repository for long-lived LLW and ILW has been built in a salt
formation in New Mexico. The facility, called WIPP (Waste Isolation Pilot Plant), is
a pilot facility and will mainly be used for waste from the American military pro-
gramme.

At Sellafield in England, investigations are under way for a repository at a depth of
about 800 metres. Several test drillings have been carried out in the area around
Sellafield. Dounreay in Scotland has also been investigated. The investigations are
being led by NIREX, Nuclear Industry Radioactive Waste Executive, which is re-
sponsible for conducting investigations and planning for the final disposal of LLW
and ILW in England. According to a general repository concept for LLW and ILW
presented in 1989, the waste is intended to be emplaced in twenty-six 250-metre-long
galleries. The waste is conditioned with cement and packaged in steel drums. Con-
crete is used for the underground structures and as a backfill material.

In Germany, the feasibility of building a deep repository for long-lived LLW and
ILW in an abandoned iron ore mine, Konrad, has been investigated. The repository
will be situated at a depth of about 1000 metres. Responsibility for management of
radioactive waste in Germany rests with BfS, Bundesamtes fiir Strahlenschutz. An
application for permission to use Konrad for this purpose has been submitied to the
appropriate authorities.

Underground disposal of this kind of waste is planned in Switzerland as well. LLW
and ILW is expected to be sent back after the reprocessing of Swiss fuel in France.
Investigation and planning is under the direction of NAGRA, Nationale Genossen-
schaft fiir die Lagerung radioaktiver Abfille.

SKB will follow developments, and learn from experience, in this field in order to
design and plan the disposal of the Swedish LLW and ILW. In an international
comparison, Swedish quantities of this waste are small, since Sweden does not intend
to reprocess the spent fuel.

GOALS OF THE ACTIVITIES 1993-1998

Planning, design and construction of facilities beyond those needed for demonstration
deposition will commence at the earliest a few years into the 21st century. The goal of
investigations concerning other waste during the coming six-year period are to:
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- Inventory and characterize existing and forecast waste of this type.
— Continue work on designing the deep repository for LLW and ILW.
~  Prepare and gather data for the necessary safety assessments.

PROGRAMME FOR 1993-1998

Inventory and characterization of the waste includes not only the radionuclide content
of the waste. It is also important to know the composition of the waste, the materials
it contains, how the waste has been conditioned and packaged, etc. Documentation on
the waste will be compiled as the waste is conditioned and packaged. A checklist of
components that can be of importance for long-term safety is in the process of being
prepared. In many respects it coincides with an equivalent list for SFR.

According to current plans, the final repository for long-lived waste will be built in
conjunction with the second stage of the deep repository. No detailed work on the
design of the final repository is therefore planned during the period in question. For
the time being, current general proposals for repository design can be used for the
preparatory safety studies.

The safety assessment will require information in a variety of different areas. In
addition to waste composition, repository design and geoproperties of the repository
site, a number of specific topics need to be examined. They include the physical and
chemical alteration of the concrete with time, the impact of the concrete on the
environment, possible gas evolution, formation and importance of organic complexes
and colloids, solubility and sorption of radionuclides in and outside the repository,
diffusion of radionuclides in concrete and possible backfill, etc. Different scenarios
need to be dealt with and models developed that describe the release from the near
field and transport in the far field of any leaking nuclides.

In an initial phase which will extend several years into the future, efforts relating to
other long-lived waste may largely be restricted to making an inventory of the waste
and carefully following international work on development and analysis of deep
disposal of long-lived LLW and ILW. Interest is primarily focused on the UK,
Germany, France and Switzerland.

Some investigations of an experimental nature that take a long time to carry out may
have to be started earlier. These studies should preferably be integrated with the
continued investigations that are planned for SFR, since the questions to be dealt with
are similar and concern to a large extent chemical changes occurring over a long
period of time.

Natural analogues where hyperalkaline chemical conditions have prevailed for tens of
thousands of years can provide information on the environment and the reactions to
which concrete gives rise. Such an analogue is provided by the deposits of portlandite
and hyperalkaline groundwater in Maqarin in Jordan, see section 8.4.

Deep disposal of LLW and ILW differs from SFR in that the rock can be utilized as a
barrier to a higher degree. Most of the questions relating to groundwater flow at
repository depth and radionuclide migration in the geosphere are the same as for the
HLW. The geoinvestigations that are under way and planned for the Aspd Hard Rock
Laboratory are therefore highly relevant here as well. Among other things, experi-
ments with radionuclide migration are planned for the construction phase at the Aspd
Hard Rock Laboratory. This will provide an opportunity to test some of the conditions
that govern the release and transport of radionuclides from a repository with cement-
conditioned waste.
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