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Where and how will we dispose of
spent nuclear fuel?

There is political consensus to dispose or spent nuclear fuel from Swedish nuclear power
plants in Sweden. No decision has yet been reached on a site for the final repository in
Sweden and neither has a method for disposal been determined. The disposal site and
method must be selected with regard to safety and the environment as well as with regard
to our responsibility to prevent the proliferation of materials which can be used to produce
nuclear weapons.

In 1983, a disposal method called KBS-3 was presented by the nuclear power utilities,
through the Swedish Nuclear Fuel and Waste Management Company (SKB). In its 1984
resolution on permission to load fuel into the Forsmark 3 and Oskarshamn 3 reactors, the
government stated that the KBS-3 method - which had been thoroughly reviewed by
Swedish and foreign experts - "was, in its entirety and in all essentials, found to be
acceptable in terms of safety and radiological protection."

In the same resolution, the government also pointed out that a final position on a choice
of method would require further research and development work.

Who is responsible for the safe
management of spent nuclear fuel?

The nuclear powcrutilitics have the direct responsibility for the safe handling and disposal
of spent nuclear fuel.

This decision is based on the following, general argument: those who conduct an
activity arc responsible for seeing that the activity is conducted in a safe manner. This
responsibility also includes managing any waste generated by the activity. This argument
is reflected in the wording of major legislation in the field of nuclear power, such as the
Act on Nuclear Activities (1984) and the Act on the Financing of Future Expenses for
Spent Nuclear Fuel etc. (1981).

The Act on Nuclear Activities and the Act on the Financing of Future Expenses for
Spent Nuclear Fuel etc. stipulate that the nuclear power utilities arc responsible for
conducting the research which is necessary for the safe management of spent nuclear fuel.
This legislation stipulates thai the utilities arc also responsible for the costs incurred in
connection with the handling and disposal of the waste.

There arc four nuclear power utilities in Sweden: Statens vattcnfallsvcrk (the Swedish
Stale Power Board), Forsmarks Kraftgrupp AB, Sydsvenska Värmekraft AB and OKG
AB. Together, these four utilities own the Swedish Nuclear Fuel and Waste Management
Company (SKB). SKB's isks include the practical execution of the work which the
utilities arc responsible f< carrying out.

The government has (ne overall responsibility for safety in connection with waste
handling and disposal. Three authorities - the National Board for Spent Nuclear Fuel
(SKN), the Swedish Nuclear Power Inspectorate (SKI), and the National Institute of
Radiation Protection (SSI)- arc responsible fordiffcrcnt aspects of government supervision
of the utilities' waste activities. The government has also appointed a special agency, the
Consultative Committee for Nuclear Waste Management (KASAM) to deal with these
matters. (The task of this commission was completed by June 1990.)

Continued on th« back insid* cover.
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Preface

A two and a half day meeting was arranged from the 5-7th September, 1989,
at Saltsjöbaden near Stockholm, Sweden, by the Consultantivc Committee for
Nuclear Waste Management (KASAM) in collaboration with the National
Board for Spent Nuclear Fuel (SKN). It brought together about 30 specialists,
including expertise relevant to the design of a final repository for spent
nuclear fuel (geoscientists, chemists, engineers, sociologists), together with a
similar number of people responsible for research and development, planning
and the eventual implementation of policy. The participants included both
those in favour of continued use of nuclear power (e.g. representatives of the
nuclear industry) and those favouring the rapid closure of nuclear facilities.

This document is based on an original report of the meeting (" Finns det
Säkra Svar?'- En rapport från ett seminarium om: 'Den Naturvetenskapliga
Kunskapsbasen för Slutförvaringen av det Använda Kärnbränslet') published
by Statens Kärnbränsle Nämnd (SKN) in February, 1990 (SKN Report 34).
The report in Swedish closely followed a tape recording of the prodeedings
and provides most of the detail presented orally. This English account,
condensed and translated by Dr. J.A.T. Smellie (Conterra AB), summarises
some of the major themes and conclusions of the seminar.

A translation of the Table of Contents of the Swedish report is included
(Annex 1) to provide an overview of the structure of the seminar. A list of
the participants is also appended (Annex 2).
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1. INTRODUCTION.

The staging of this seminar developed from an earlier discussion forum held
in Stockholm in 1987 (Ethics and Nuclear Waste: Ethical Action in the Face
of Uncertainty; SKN Rep. 28). There, an attempt was made to categorise
disposal issues in terms of present scientific knowledge and long term safety
considerations, into certain and uncertain, noncontrovcrsial and controversial.
The main objective of this present forum was to identify those safety disposal
questions for which there is adequate knowledge, and to discuss the degree of
uncertainly surrounding those questions which still cannot be satisfactorily
answered.

In addition to outlining the present status of safety performance assessment in
the disposal of high-level spent nuclear fuel (for example, the criteria
considered, the models used, and the scenarios predicted, etc.) the seminar
was structured around future safety predictions within realistic geological
time references, namely, the periods prior to, during, and subsequent to the
next ice-age. The importance was underlined in understanding the drastic
changes in climate that probably await us in Scandinavia, how these will
influence a repository located deep in the bedrock and, in turn, the reliability
of the engineered and natural barriers selected to safeguard future generations
from biospheric contamination. Several questions were posed, such as, will
the copper canisters serve their function, or will the formation of new, or the
reactivation of older faults during glacial epochs, jeopardise our safety
performance predictions, or will man himself impose the greatest safety
threat?

This condensed summary reflects some of the main opinions expressed and
inferred during the seminar, both the positive and negative aspects, in the
hope of representing a balanced overview of the present status of research
concerning the final disposal of spent nuclear fuel. At the beginning of each
section a list of the main contributors is given and, where appropriate,
individuals are referenced in the text. Because of the condensed nature of the
summary, it is inevitable that some participants may have been
underrcprcsentcd or quoted out of context. Any misrepresentation or
misinterpretation of data discussed at the seminar is the responsibility of the
translator.

2. DISPOSAL SAFETY: STATE OF THE ART.

(Based mainly on contributions by K. Andersson, C. Bergman, L. Nordström,
N-A. Mörner, T. Papp, N. Rydcll, J. Smcllie, J. Snihs, O. Stcphansson, C.
Talbot and C-O. Wcnc).

A tendency among some experts is to exaggerate the importance and value of
their respective areas of interest within the overall concept of radioactive
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waste disposal. It was therefore stressed that waste disposal strategy should
be seen as an integration of methods and ideas which arc interdependent and
collectively focusscd on an interdisciplinary approach to solve the many
problems. This approach essentially forms the basis of the multibarricr
concept as outlined seven years ago in KBS-3, now generally accepted as
the 'blue-print' for the Swedish spent fuel disposal programme.

To stimulate discussion along these lines, the following topics were
identified:

* that final disposal should be based on the multibarricr concept

* that safety analysis and scenario prediction form the basis of performance
safety assessment

* that present radiation protection criteria should be applicable to future
generations

* that pessimism and criticism arc an integral part of a repository
evaluation

2.1. The SKB Multibarrier System

(Based mainly on contributions by T. Papp and K. Andersson).

The Swedish waste management programme, largely based on the proposal
by the Swedish Waste Management Company (SKB), favours disposal of
spent nuclear fuel at a few hundred metres depth in a geological formation,
the most likely candidate being granitic bedrock. The barrier system, as
recommended by the KBS-3 study, essentially comprises the engineered
barriers which are in contact with, and close to, the spent nuclear fuel, and
the surrounding geological barriers. The former consist essentially of a
canister or waste package containing the fuel, a bentonite clay packed around
a canister, and a sand/bentonite backfill used to seal the access shafts and
galleries when disposal is complete. The latter comprise the bedrock mass
itself, including the network (,f conductive fractures, the different fracture
minerals and groundwaters of variable composition. In combination, the
functions of the barriers are to: a) isolate the radioactive spent fuel from
contact with the groundwatcr, b) contain the spent fuel until the level of
radioactivity has dropped to acceptable levels, and c) in the event of canister
corrosion and radionuclide dispersion into the groundwater, ensure that
sufficient dilution and retardation of actinides occurs in the bedrock mass,
thus hindering transport to the biosphere.



Canister.

Copper, because of its thcrmodynamic stability in pure water, is a strong
candidate to encapsulate the spent nuclear fuel. It will facilitate handling and
transport of the latter and provide some radiation protection prior to disposal.
The canister is expected to be sufficiently resistant to allow the radioactive
decay of the contained actinides to drop to levels of radioactivity, similar to
those of the natural uranium originally used to produce the nuclear fuel. This
is expected to take at least 100 (XX) years.

The life span of the canister depends on metal purity and the quality of the
engineering (e.g. canister scaling), together with the composition of the
groundwatcr (e.g. salt and sulphide content) with which it will ultimately
come in contact. Confidence in the copper canister is based on
thcrmodynamic considerations, the extent of available laboratory data, and
the fact that the groundwatcr chemistry at repository depths is strongly
buffered by the composition of the bedrock mass. Furthermore, taking into
account the 'pitting factor' (an important criterion which can determine the
potential extent and depth of corrosion) the preservation of both native
copper (up to millions of years) and archeological artefacts (300-2 (KM)
years) lend credence to copper stability in some chemical environments.

In the presence of non-saline groundwatcr at repository depths, containing
small amounts of sulphide ion, a copper canister of 10 cm thickness is
expected to retain its integrity within a million year perspective.

Buffer.

When placed in the deposition hole, located in the floor of the access tunnel,
the copper canister is isolated from the rock by blocks of buffer material
which consist of a pure bentonite clay. These blocks, when in contact with
water, swell to a homogeneous mass filling up any residual voids in the
deposition hole. Thus, the function of the buffer material is to: a) constitute a
mechanical and chemical zone of protection around the canister (i.e. a zone
of low hydraulic conductivity, of plasticity to accomodatc minor deformation,
and of long-term thermal stability), b) limit the inward percolation of
potentially corrosive substances from the groundwater to the canister surface,
and c) in the event of canister corrosion, to limit the dispersion of leached
radionuclides from the canister out into the bedrock.

The physico-chemical suitability of bentonite as a buffer material has been
demonstrated both in the laboratory (by experiments and models) and from
studying the variable natural geological conditions under which it was formed
and preserved. Under predicted repository conditions, both the chemical and
physical properties of bentonite arc expected to remain intact for more than
one million years.



Near-field.

The near-field, i.e. the immediate rock mass in contact with the bentonite
buffer zone, is expected to contribute to long-term safety protection by
ensuring a suitably reducing groundwater environment at the buffer/rock
interface, and by limiting the flow of groundwater interacting with the buffer
material and the canister. In the event of canister failure, the hydraulic
properties of the near-field should also limit the amount of groundwater
available for dissolution and transport of radionuclidcs. Furthermore, the
design of a large repository, with adequate distance between the canisters,
effectively restricts increased temperature gradients in the vicinity of the
depository holes, thus preventing a general temperature increase within the
repository as a whole. Also, this design will allow access to repair one or
more defective or damaged canisters if this should prove necessary.

Far-field.

In the KBS-3 repository concept, a rock mass of block character, bounded
on all sides by large scale conductive faults, will be chosen to site the spent
fuel canisters. The rock mass, extending from the repository to the biosphere,
constitutes the geological far-field barrier. Site specific studies carried out at
ten localities in Sweden, each representing a different hydrogcological
environment, have provided support for this concept. Tectonic movements,
although not thought to be a major long-term problem, are expected to be
dissipated by preferential reactivation along the boundary fault zones
demarcating the repository block, rather than affecting the block itself.
Moreover, variations in hydraulic conductivity, due either to climatic or
tectonic influences, arc expected to be confined to these major fault zones.
Periods of glacial activity are not expected to unduly affect the far-field
barriers at the depths planned.

2.2. Safety Analysis and Scenarios.

(Based mainly on contributions by K. Andersson and T. Papp).

Safety analysis, used to assess the performance of a high level radioactive
waste repository system, involves the analysis of various scenarios to study
the sequence of events that are expected to influence the system over a long
period of time. These scenarios arc described by different predictive models
which arc based on parameters considered to best quantify the character of
the system. Models arc usually oversimplifications of the system and arc
therefore progressively modified to become more realistic and representative
of the scenario described. This is achieved by model verification and
validation using a continuously up-dated quantitative database, derived not
only from laboratory experiments, but increasingly from the study of
analogous natural geological systems.



Models.

Having designed a muitibarricr system, the next stage is to demonstrate its
safety. The performance of the repository cannot, of course, be demonstrated
practically nor by experiment because of the long timcscalcs involved.
However, through the employment of dynamic models, based on sound
experimental and field data, certain predictions can be made. The data used
in these models arc based on:

* materials for which there is good geological evidence for their long-term
stability in the repository environment

* the choice of barriers that can be rigorously characterised and tested
under laboratory and field conditions

* the possibility of constraining the repository design to within those
parameters for which a realistic and well integrated database exists

The performance of the repository will be influenced by the character of the
spent fuel, of the encapsulating and buffer materials of the near-field zone,
the bedrock comprising the far-field zone and by the design of the repository
itself. The main objective of safety analysis is thus, through models and their
validation, to systematically quantify and describe the repository system; this
involves integrating all appropriate parameters that may influence its
performance over a realistic period of time.

Scenarios.

Safety analysts normally base their assessment on a reference scenario which
describes a major repository performance trend within a systematic sequence
of analyses (e.g. canister reliability). The scenario chosen must be relevant,
realistic and logical and, based on presently available data, be predictive in
order to accomodate future changes, for example, deformation resulting from
tectonic activity, variations in climate and human intervention. By analysing
and constructing different scenario trends an integrated and more complete
picture emerges aimed at describing the future performance of the repository.
By continued up-dating of the databases, and validating and modifying those
conceptual and predictive models that form the basis of scenario evolvcmcnt,
a more realistic repository assessment will ultimately be possible.

It has been increasingly recognised by safety analysts over the last 4-5 years
that the study of natural geological systems (or natural analogues) provides
opportunities to test, by observation and measurement, many of the
geochcmical processes that arc expected to influence the predicted reliability
of high-level radioactive waste containment deep in the bedrock over
realistically long periods of geological time. In addition to the timescale
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factor, these analogue studies attempt to understand the multiprocess
complexity of the natural systems by an interdisciplinary approach, which
contrasts with the limitations of the laboratory.

The major analogue studies (e.g. Pocos de Caldas, Brazil, Cigar Lake,
Canada, Alligator Rivers, Australia, and Oklo, Gabon) arc all centred around
natural uranium deposits occurring within different hydrogeological
environments. These serve the purpose of having sufficient measurcablc
natural radionuclidc material in the rocks and groundwaters, so that important
geochemical and hydrogcochcmical processes can be easily observed and
interpreted. The Oklo natural reactor study has the added advantage of
allowing study of the stable isotopic end-members of fission processes
initiated some 1.8 to 2.0 Ga ago.

23. Radiation Protection Criteria.

(Based mainly on contributions by J. Snihs and C. Bergman).

Some 50 years have passed since radiation effects on general public health
were first realised to be a source of concern. This became a major issue
during the atmospheric thermonuclear tests carried out in the 1950s, and
concern has subsequently increased during recent years with the expansion of
the nuclear power industry. Initially, the time perspective for concern covered
a generation or two; now it has extended to several hundred years with the
disposal of low to intermediate radioactive wastes, and ultimately to a million
year period for the disposal of high-level nuclear spent fuels.

Radiological protection is grounded on the principle that the risks involved in
the radiation exposure of humans should be maintained at acceptable levels.
The recommended ICRP system of radiation dose limitations is composed of
three interrelated components: Justification, Optimisation of Protection and
Individual Dose Limits.

Justification.

No practice should be adopted unless its introduction produces a positive net
effect. In other words, nobody should be exposed to future uncccssary risks
unless there arc sufficiently good reasons. For the nuclear power industry, for
example, all ancillary services and activities arc also included in its overall
impact on society, not least the disposal of the nuclear wastes. Justification'
therefore applies to the whole nuclear fuel cycle with all its benefits and
detrimental side effects.



Optimisation of Protection.

Potential radiological exposure risks should be reduced to acceptably low
levels, taking into account economic and social factors. Optimisation may
thus be considered a cost-benefit exercise, whereupon an evaluation of viable
alternative options for protection are made depending on those chosen
scenarios most likely to occur, and their estimated socio-economic impact.

Individual Dose Limits.

The risk to an individual should not exceed the highest acceptable evel. For
an individual, the recommended average annual effective dose equivalent
over a lifetime is 1 mSv per year. Of this, about 0.1 mSv is allocated to the
nuclear industry, the remainder being available for other practices (e.g.
medicine). To maintain an optimal balance of 0.1 mSv for the nuclear
industry, the permitted level of radioactive pollution into the environment
from each existing reactor must therefore be reduced proportionally to
accomodate all newly commissioned reactors.

Protection criteria must also consider the consequences of an individual
ingesting short- and long-lived nuclides (e.g. ^Sr and 238B9Pu respectively).
The former will contribute only to restricted periods of an individual's
permitted lifespan dose, whilst the latter can continuously contribute
throughout the individual's lifespan.

Considering radioactive waste disposal and the future potential dose risk,
present radiation protection criteria and standards are really only applicable to
low and intermediate forms of waste. Low-level, short-lived waste involves
radiation risks over a timespan of 10-100 years; disposal near the surface can
be easily monitored and controlled within an historically short period.
Intermediate-level waste disposal, representing a span of hundreds to
thousands of years, still lies within a reasonable historical time range where
regular monitoring and control is feasible. However, high-level, long-lived
radioactive waste, with estimated spans of tens to hundreds of thousands of
years, will ultimately be very much dependent on the reliability of the
multibarrier system.

2.4. Some Pessimistic Reflections.

(Based mainly on contributions by L. Nordström, C-O. Wcne, N-A. Mörncr,
O. Stcphansson and C. Talbot).

Some of the participants dealt with various philosophical and other more
tangible arguments, for not accepting the concepts for high-level radioactive
disposal as outlined above. This section outlines some of the debate
surrounding a number of central issues.



For the layman, and even for some of the scientific community, it may seem
that all repository eventualities have been considered, quantified and
integrated to a satisfactory level for predicting safety performance. However,
it was suggested that this level is dependent on the material resources offered
by society and the experience, development and maturity of scientific thought
and reasoning presently available.

Several fundamental questions were posed; for example, how reliable are our
thought processes and experience? Increased experience may be gained, for
example, by experiments and modelling of analytical data, followed by model
prediction, experimental modification and the production of more data. The
next logical question is: through such modelling iterations is one not
successively oversimplifying the reality of the experiment or situation in
hand?

Along similar lines, mention was made of Ashby's Law of Requisite
Variety', where variety refers to multiples and represents the number of
possible configurations in a system. Basically, the law states that the ability
of a scientist to design an experiment to give relevant information is directly
dependent on his ability to handle multiples, i.e. the number of possible
configurations in any one process. This is normally accomplished by a
screening or filtering manoevre to reduce the number of multiples in a
systematic and controlled fashion, in other words producing a model of how
the process appears. Thus, in essence, all communication between a scientist
and a process is via a model. Scientific development through the ages is
therefore largely a function of how the scientific community has developed
not only the ability to handle this model filtering manoevre, but also the
development of the different filtering methods. Only when there appears a
lack of agreement between mode! prediction and experimental data is a
change in development initiated and other input data variables are introduced.

Accepting the fact that models make a considerable contribution to the
systematising and simplification of the large numbers of configurations that
represent the process(cs) to be described, what does this mean in the practical
context of radioactive waste disposal? It implies that present models, which
are validated using processes identified by the scientific community, simply
reflect the present state of the art and therefore have only temporary
significance. Furthermore, the same processes arc used to evaluate the degree
of uncertainty surrounding radioactive waste disposal. This argument leads to
the conclusion that we arc in a continuous state of uncertainty or limbo as to
what our experiments really mean, as to whether we may have ignored or
neglected potentially important input variables in our desire to simplify the
number of configurations to produce our models, and whether we really arc
in a position to judge the safety of the final disposal concept.

In retrospect, the progress of science has been characterised by moments or
periods of time when scientific thought and experiment have made significant
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and fundamental breakthroughs. Scientific development has tended to proceed

through a series of such breakthroughs, each one, at the time, based on a
convincing set of theories and experimental back-up. Time has shown that
few have survived and now most are only of historical interest.

It was emphasised that there is no such thing as absolute knowledge.
Scientific disciplines such as astronomy, mathematics, chemistry, physics and
biology, all show a similar story of progressive discovery and change, even
though some back-tracking was necessary at the time. Furthermore, subjects
such as chemistry can no longer be considered a separate discipline. Present
environmental issues have quite clearly shown that divisions between
inorganic and organic chemistry and biochemistry simply do not apply.

Scientific knowledge, whilst based on certain fundamental concepts, is, when
viewed on a long-term perspective, in a state of flux. The example of plate
tectonics (derived from Wegener's continental drift hypothesis) was used to
illustrate that even within recent historical time (10-15 years) the initial
model has had to be modified on the basis of additional observational data
systematically gathered over recent years. The plate tectonic model still
holds, but seismic activity is not just concentrated to the plate margins; there
are many important exceptions.

The distribution of seismic activity in Fennoscandia also shows variations
over the last three to four hundred years, in this case depending on the types
of observations and instruments used. For example, the more modern
measurements (last hundred years) at Uppsala do not register activity from
shallow depths, i.e. depths down to 500 m where spent fuel disposal is
planned. Concern was expressed as to whether it is meaningful to compare
these data with the older and more substantial database, which includes
observations from all depths. Furthermore, using the same logic, the
relevance of only selecting these recent data to base future prognoses was
questioned.

A further concern was how much do we really know about the possible
effects of another glacial epoch. It is possible to study the present-day
situation in Greenland and Antarctica, and there is also a wealth of
quantitative scientific data on how and when the ice-sheets have retreated
across Fennoscandia and how this has triggered off seismic activity. But does
this constitute a scientific breakthrough? Is there enough information to-day
to base predictions of future change, or are we still too close in time to the
last glaciation to have accumulated adequate data to make reliable futuristic
predictions? For example, it has been suggested that rock stress
measurements are required over at least a one hundred year period before a
reasonable prognosis is possible.



There is a general acceptance that within 20 000 to 70 000 years
Fennoscandia will have experienced (an)other glacial period(s) with the
predicted accompaniment of tundra, permafrost, ice sheets, glaciers, erosion,
isostatic landmass movements, seismic activity, bedrock fracturing (formation
of new fractures and reactivation of old ones) etc. The last mentioned,
bedrock fracturing, was heatedly debated at the seminar. It is a good example
of the on-going discussion as to whether are not there are adequate, correctly
interpreted data, presently available to confidently predict that new fracturing
of the bedrock will not jeopardise the safety of the repository.

It was queried as to whether final disposal deep in the bedrock was the safest
and best method; alternative disposal strategies v ere proposed, such as
surface storage and Dry Rock Deposition (DRD).

The majority of available data would tend to support the integrity of the
bedrock during another glaciation. Reactivation along old established faults
appears to be the main stress release following ice melt and retreat (e.g.
Stephanssjn). However, are there really enough data? Even if we accumulate
more data, even if we continue to understand the influence of glaciation on
the bedrock, on the groundwater hydraulics and chemistry etc., what
guarantee is there that the next glaciation will behave in the same way?

In summary, it is probably fair to say that much uncertainty still exists within
both the scientific and public communities. This is in part understandable,
bearing in mind the philosophical immensity of having to plan a safe spent
nuclear fuel repository for at least 100 000 years, which precludes most of
our rational understanding of what 'safe' means. It is therefore very easy to
find 'holes' or 'faults' in the system. This gave rise to several questions of
importance which underlined those areas of greatest uncertainty. Will the
waste package resist corrosion? Will glacial epochs trigger new fault systems
during climatic changes? Do we adequately interpret those data that we have,
or, are our models a gross oversimplification of reality? Have we tested them
thoroughly enough? Do we really have adequate scientific knowledge to
safely predict the performance of a repository? Is it possible to predict
performance? How important is the human factor? When and where do we
draw the line between what is possible and what is mere speculation?

3. GLACIAL EPOCHS: FACTS AND PREDICTIONS.

(Based on contributions by B. Eriksson, W. Karlen, J. Lundqvist and N-A.
Mörncr).

Of the many factors influencing the long-term performance of a high-level
radioactive repository, some central issues were highlighted; these arc
presented below.
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Recent and on-going research predicts that the world's climate will be
dominated by glaciations during the next 100 000 years, in much the same
way as it has been for the last million years. It is suggested that glacial
epochs are triggered by small periodic changes (Milankovitch orbital
parameters) in: a) the earth's orbit around the sun, b) the orientation of the
earth's axis, and c) the time of the summer solstice, causing inconsistent
amounts of solar radiation to reach the earth. Rather than being stochastic,
these irregularities exhibit a distinctive pattern or cycle which comprises
periods of ca. 20 (MM), 40 000 and 100 000 years respectively.

Palcoclimatic data have been obtained over the past 850 000 years from the
study of Antarctic ice cores, deep-sea marine sediments (Fig. 1), and loess
deposits. These, coupled with astronomical data, show that we are presently
approaching the end of an interglacial (warm) period and the climate is
slowly developing towards glacial conditions. Some estimates put the next ice
age two to three thousand years hence, whilst other opinions consider that we
shall first enter into a transitional period (perhaps up to 60 000 years in
duration) between the present interglacial period and the next major ice age.
Temperatures for the near-future (the next few thousand years) are predicted
to be lower that at present, but not low enough to result in a widespread ice
cover.
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Figure 1: Long-term climatic variations over the past 400 000 years and
prediction for the next 60 000 years. Dots represent the ö18O deep-sea cores;
the full line is the climatic simulation by the auto-rcgressive insolation
model.
(After A. Bcrgcr, 1981. Climate Variations and Variability: Facts and
Theories)
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Anthropogenic influences such as the greenhouse effect, which may cause
global increases in temperature within the next few hundred years or so, and
possibly delaying the transition to glacial conditions, are considered to be
relatively unimportant when viewed in the long term perspective of these
glacial epochs.

3.1. Timescales.

Having inferred that long-term cyclic glacial periods have, and will very
probably continue to occur, at least within the initial important 100 000
years, and probably throughout the optimal estimated time of high level spent
fuel containment, i.e. one million years, it is important to put the life-span of
the repository into a glacial perspective. The paleoclimatic record indicates
that glacial periods lasted around 100 000 years, compared to the much
shorter and warmer interglacial and interstadial periods estimated to have
ranged between 10 000 to 15 000 years. The probability that we now are
nearing the end of an interglacial period, with transition to colder climates,
coupled to a gradual and massive build-up of ice with all the implications of
permafrost, erosion, changes in bedrock hydraulics and groundwater
chemistry etc., underlines the central importance of the glacial scenario to
repository performance.

Predicting the performance of a repository during a major glaciation is beset
with substantial uncertainty. The uncertainty of the repository bedrock
surviving intact from the harsh physical conditions imposed by a large
glaciation and the possibility of related changes in groundwater chemistry
could threaten the integrity of the multibarrier system. Several topics were
debated; for example, what can be learned from the paleoclimatic record and
field evidence from the Quarternary? What can be learned from present day
analogies with polar and subpolar environments? How can this knowledge
contribute to predicting the performance of a repository?

3.2. Permafrost, Ice Cover and Erosion.

(Based mainly on contributions by J. Lundqvist and N-A. Mörner).

From the Quaternary (the last 2.0 million years) there is evidence that at least
four glacial epochs have occurred, each accompanied by interstadial
(temporary warmer periods within a glacial period with climates similar to
present day Antarctica or Greenland) and interglacial (warmer periods with a
similar climate to present day Sweden) interludes. In general, but not always,
giaciation is presumed to be preceded by tundra and then permafrost.
Permafrost forms extensively when the mean annual temperature is colder
than 2-3 degrees C below zero, when there are dry conditions (precipitation
forms an insulating cover), and when there is an adequate time lapse before
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the ice covers the area. As indicated from present day permafrost occurrences
in Greenland and Siberia, depths of penetration can reach 500 m, commonly
in areas devoid of ice cover, and this can take up to several thousands of
years to form.

The nearest analogy to future glacial conditions can be obtained by a careful
examination of the younger Pleistocene record (10-75 000 years BP, i.e.
'Before Present1). Numerous fluctuations in temperature are apparent and
there is some uncertainty as to the extent of the ice cover during these
interstadial periods. It is generally accepted that some 18-20 000 years BP
the maximum ice accumulation completely covered Scandinavia extending as
far as the continent (present-day N. Germany). However, further back in
time (30-50 000 years BP) the ice margin is thought to have been more
permanently located across southern Scandinavia and to have been subject to
fluctuation over a long period of time.

The presence or absence of permafrost in the bedrock prior to glaciation has
an important influence on the extent of erosion when ice movement
commences; a cold-based ice sheet has low erosional properties compared to
the greater erosional capacity of a warm-based ice sheet. It has long been a
popular misconception to assume that the ice cover has removed enormous
quantities of bedrock material as it has slowly ground its way over the
Scandinavian basement. Of course material has been removed, but this has
mostly consisted of the loose, pre-glacial weathered upper surface. The
unweathered bedrock (e.g. much of the prc-glacial Precambrian shield) has
probably been affected only to a depth of a few metres to tens of metres, at
least in the areas of low relief away from the Scandinavian mountain belt.

3.3. Bedrock Integrity.

(Based mainly on contributions from O. Stephansson, C. Talbot and A.
Björklund).

Central to the debate on the safety of a radioactive waste repository is the
integrity of the host bedrock over long time intervals. Glacial and intcrglacial
periods will undoubtedly put the bedrock under variable stress, and it is the
ability of the bedrock to accomodate such stress that provides the crux to
repository safety. How accomodating is the bedrock? Indications of stress-
release in the bedrock arc reflected by seismic activity, reactivation of
established fault systems, rock shattering and sometimes the formation of
new faults. These effects arc thought to have occurred almost exclusively
during ice melting, when the glaciers arc retreating and the landmass is
rising. This is supported by present-day analogies with Greenland and
Antarctica where glacial/permafrost conditions have been established for a
long period of time, and no seismic activity is occurring; stress release is still
being constrained by the ice mass.
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For Fennoscandia it has been postulated that during the final stages of ice
melt (estimated to have occurred 8-9 000 years ago) there were most likely a
series of major earthquakes, releasing stresses that had been stored clastically
during the glaciation. Since then more normal conditions have returned,
characterised by less intense activity. It is difficult to quantify how much of
the current strain is released by seismic activity; some estimates put it to only
1/20 000 of the strain now deforming Sweden.

A second major contributory factor to bedrock instability and seismic activity
was discussed. This is the release effect of pore water or hydrostatic pressure
during ice melt. Such a mechanism may have contributed significantly to the
reactivation of large-scale subhorizontal fractures which now appear to be
more common than previously thought. If the bedrock under the ice is wet
rather than frozen, then there is a direct connection between the surface of
the ice and the hydraulic fractures in the bedrock. It has been speculated that
because the density of the rock is three times the density of the ice, the
hydrostatic pressure, which is the height of the water through the ice column,
is capable of lifting a rock column in front of the ice which is up to one third
the thickness of the ice. This mechanism has therefore the potential of lifting
large rock slabs and could be the explanation to some of the post-glacial
landscape, for example, around the Stockholm area. Furthermore, evidence
for shallow (a few tens of metres) subhorizontal fractures containing glacial
sediment accumulations is common in Sweden and at greater depths in the
Canadian shield. This points to a direct connection between surface glacial
outwash transporting sediments into and along large-scale open and
conducting fractures at depth.

In addition to hydrostatic pressure, it has been speculated that the build-up of
methane gas under the ice cap in the stable form, methane hydrate, which
incidently is mined commercially in the USSR from permafrost regions, may,
during dcglaciation, revert to methane gas with explosive potential. This
mechanism could conceivably have contributed to many of the apparently
displaced rock slabs that locally characterise the Swedish landscape.

3.4. Hydrogeochemistry.

(Based mainly on contributions by E. Eriksson, N-A. Mörncr and A.
Björklund).

Glacial, intcrglacial and intcrstadial periods might be expected to influence
both the hydraulic flow and the chemistry of the groundwater in the bedrock.
One concern is the incursion of saline water in and around the repository and
its possible effects on the chemical stability of the near-field engineered
barriers.
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Saline groundwaters are recognised to-day in many parts of the world, e.g. in
the Canadian and Fennoscandian shield areas, where they can occur
anywhere between 500 to 3 000 m depth and can contain up to 20-30 %
salt. The presence of such waters near or at the bedrock surface can be
explained by the present climatic conditions. For example, in Antarctica,
where the normal precipitotion/groundwatcr cycle is effectively 'frozen' by
permafrost, the delicate hydraulic balance between deep saline water and
overlying fresh water is upset and saline waters consequently move to
shallower levels, sometimes even reaching the base of the ice sheets. In
Fennoscandia, now experiencing an interglacial period, the fresh waier
regime is once again established and the saline groundwatcrs are therefore
only found at depth. By analogy, in coastal regions the groundwatcr level
doesn't have to exceed sea-level by more than a few metres in order to
accumulate a sufficiently thick fresh water lens. In other cases, for example
in Hawaii, around 100 m of fresh water lies below sea-level. Here, domestic
and industrial usage has depleted the fresh water to the extent that it is being
rapidly replaced by the upward moving saline groundwaters, somewhat
analogous to what might happen if the fresh water lens perhaps became
frozen and no longer formed part of the groundwater circulation cycle.

The threat of saline water incursion not only comes from depth, but also
from marine transgressions during depression and ice loading of the bedrock.
Isostatic movement would certainly increase the regional hydraulic gradient
through the repository site, thus providing a mechanism for groundwater flow
through the bedrock. There is strong evidence from the Pleistocene that
flushing of the bedrock by fresh and saline groundwaters has periodically
occurred in southern Fennoscandia.

4. REPOSITORY SAFETY: CONSEQUENCES AND
REPERCUSSIONS

(Based mainly on contributions by P-E. Ahlström, B. Allard, A. Björklund,
D. Dyrsscn, E. Eriksson, R. Forsyth, D. Gee, I. Grenthc, L. Högberg, G.
Jacks, E. Mattsson, N-A. Mörncr, L. Nordström, T. Papp, K. Röshoff, R.
Sandström, J. Smcllic, O. Stcphansson, C. Talbot, C. Thcgerström and A-M.
Thunbcrg).

Most opinion at the seminar was in general agreement that the complete
safety of spent nuclear fuel disposal cannot be guaranteed during the time
period necessary for all the potentially dangerous long-lived actinides to
decay to natural background levels of radioactivity. The term 'totally safe'
was considered to be a political description not shared by the general
scientific community. Considering the present state of scientific knowledge,
the scientific community can only refer to the probability of anything serious
happening during disposal time. In general, the first 10 000 years arc
considered the most critical and an estimated one million years at least must
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pass before 'complete safety' can be accepted. As noted above, we may now
be within the waning stages of an interglacial period, and the transition to the
next glacial epoch may extend from 2-3 000 years time to 50 000 years
when glaciation should be at a maximum. As this transition overlaps the first
critical 10 000 years of disposal, an ice-age scenario should therefore be
given serious attention.

In the KBS-3 analysis, the influence of glaciation was expected to have only
a marginal influence on the function of the final repository. Since then,
further debate and research has identified several additional areas that might
be influenced by the onset of another ice-age. The seminar highlighted some
of these central issues for debate, in particular: a) the ability of the bedrock
to accomodate, or otherwise, the stress elastically stored during glaciation and
released during dcglaciation, b) the stability of the copper canister
(encapsulating the spent nuclear fuel) in a changing groundwater environment
that may occur during glaciation, c) the consequences of hydrogeochemical
change on waste dissolution and radionuclide transport in the far-field, and
d) the threat of human encroachment into and around the repository.

Central to points (b) and (c), and dependent to an important extent on point
(a), is the hydrogeology and groundwater chemistry of the repository
environment. Little detail was presented on this aspect, especially concerning
the hydraulic impact of glaciation and dcglaciation. There is an obvious
knowledge gap here with important ramifications for our understanding of
repository safety. Most available information at this time appears to be
speculative, and there seems a real need to investigate analogous glaciated
regions in polar and subpolar environments in order to make predictive
modelling more realistic, especially incorporating regional changes in
hydraulic gradient due to isostatic movements, the effect of increased
conductivity in the rockmass due to reactivation of old fracture systems, and
also the role of permafrost in effectively nullifying the near-surface
precipitation/groundwater cycle for a very long period of time.

There is some indication from the literature that seismic activity can
influence the bedrock hydraulics. For example, from an underground working
in the USA affected by earthquake activity, one level in the mine, previously
dry, subsequently began to conduct large volumes of water which persisted
for 8 months; at another level, previously conducting fractures dried up.
Overseas research is at present studying the effects of earthquake activity on
groundwater chemistry by monitoring waters collected from wells located in
the near-vicinity of active fracture zones. No direct connection has yet been
observed; any variation seems to be more dependent on the local
hydrogcology.

The thermal environment of the repository was considered. Assuming a
repository situation, with a temperature gradient surrounding the encapsulated
spent fuel, what influence would such a temperature increase have during a
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permafrost/glacial epoch? Such effects will, of-course, depend on the extent
of the permafrost and the conducting capacity of the repository rock. One
hypothesis suggests that even if permafrost melting did occur, this would
probably form a lens of fresh water under the ice sheet which could very
well extend to some considerable depth, certainly well below sea-level, if the
bedrock is depressed. It takes only a few metres of fresh water to compensate
for seawater down to depths of 500 m. This would effectively keep the
repository area free from saline waters, otherwise expected to move upwards
from depth.

4.1. Bedrock Stability.

Early in the quest for a suitable repository bedrock, in the mid-1970's, an
important criterion was to identify a relatively fracture-free host rock
environment. This was soon rejected, however, because of the predicted
temperature field built-up around the waste package, which in turn would
impose strain in the surrounding bedrock. Ultimately this could initiate
fractures emanating out from the waste package, possibly even reaching the
ground surface, with all the associated ramifications involving changes in
hydraulic conductivity and groundwater chemistry. Since then, a more
'suitably' fractured host rock has been sought after. The present programme is
to select a relatively homogeneously fractured block of uniform rock stress,
probably of granitic composition, bounded by large-scale conducting fracture
zones; the repository will be placed centrally within the block. Any crustal
movement should therefore be 'buffered' by readjustment within and along
the bounding fracture zones (deformation barriers), rather than affecting the
block mass itself. Furthermore, any changes in groundwatcr flow will also
tend to be centred in and around these large peripheral conductive zones.

Considering what is known about the cyclic reoccurrence of glacial epochs,
and what can be gleaned from past glacial activity, coupled with modern-day
measurements of seismic activity, rock stress, isostatic recovery, fracture
frequency and groundwatcr flow, it should be possible to predict bedrock
stability for the next 100 000 years or so. However, modelling the stability of
such a dynamic system, which must also consider the added impact of
thermal strain, precludes a simple, homogeneous isotropic approach.
Modelling of each integral component, e.g. mechanical effects, thermal load,
and groundwater flow etc., is presently achievable, but a modelled coupling
between all components is not yet possible.

Reactivation of existing fractures, versus new fracturing as a result of
glaciation, is an important subject of debate within waste management
circles. If it can be conclusively shown that periods of deglaciation in the
Pleistocene have produced new crustal fracturing to repository depths, rather
than reactivation along older faults, then some of the performance safety
analyses may have to be rcevaluated. Because of the wide range of divergent
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opinions, specific studies to locate and assess large-scale neotectonic fracture
zones in northern Sweden have recently been initiated.

Essentially, the majority of opinion support that reactivation along preexisting
ancient fault zones is the dominant mechanism resulting from deglaciation
stress release. This has been shown from one of the study areas in northern
Sweden, the Lansjärv ncotectonic zone, which can be traced topographically
as a distinct scarp for some 60 km. The study showed that any new faulting
in the area were directly associated with the reactivation. Furthermore,
examination of the associated Quartcmary sediments showed not only ground
shock movements associated with reactivation, but that in places only a
single displacement of up to 10 m may have occurred. Other ncotectonic
zones in the area, e.g. the Pärvie fault which extends some 120 km, may
have had maximum displacements of up to 15 m. It is hypothesised that these
displacements occurred during deglaciation some 8 000-9 000 years ago as
the ice front retreated past the subsequent location of the fault scarps. The
obvious lesson to be learned is not to place a repository near one of these
old, large-scale tectonic zones, many of which date back 600 million years
or more.

These large-scale structures have not been identified outside northern
Fennoscandia. However, smaller scale examples of neotectonic reactivation
have been proposed from other areas of Sweden. Detailed surface outcrop
mapping in these areas has revealed in some cases a marked regularity of
orientation of fractures/faults. Whether these are the result of hydrostatic
and/or gas pressure release during deglaciation is still an open question.
Other suggested examples of post-glacial faulting have been described from
the Stockholm area which appear to follow, and in some cases transect, older
fracture systems. In some cases vertical displacements of 1 m have been
invoked, suggesting seismic activity corresponding to around 7 on the Richter
scale. However, whether these have a significant vertical extension (tens to
hundreds of metres) has still to be convincingly shown.

Accepting the evidence that seismic activity, to the level of 7-8 Richtcr,
occurred subsequent to deglaciation, what effect would such activity have on
a repository located at 500 m depth? From published literature there arc
reports of only minimal damage having incurred in tunnels, mines,
underground silos, etc, during earthquake occurrences of magnitude 5-8
Richter. Furthermore, earth tremors of magnitude 7-7.5 occurred in a coal
mining area of China. The mine, operated at 300-500 m depth by 10-15 000
men, suffered no collapse or casualties, in contrast to widespread death and
destruction at the surface. It has been calculated that an earthquake intensity
of around 8 Richtcr at the surface, corresponds to approximately 4 at a depth
of 500 m. There is no documented evidence at depth of any damage resulting
from a magnitude of less than 4 Richtcr.
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Deformation of the Swedish basement is probably still occurring to-day, and
precise strain measurements across neotectonic tectonic zones/faults are in
progress. It was underlined that there is, in general, also a need for a much
more extended database of field measurements of rock stress and strain
associated with these neotectonic studies, and also within those areas
demarcated for site specific study.

4.2. Copper Canister Integrity.

The integrity of the copper canister is central to the KBS concept of spent
nuclear waste disposal, and this integrity depends not only on the copper
material itself, but also on the multibarricr system arranged to protect it from
excess contact with groundwatcrs of unsuitable chemistry. It has been
postulated above that, during glaciation, groundwaters of saline composition
may be increasingly introduced in and around the repository, either during
glaciation (derived from depth?) or subsequent to glaciation (marine
derivation?), and that access to the repository may be facilitated by an
increase in bedrock conductivity, especially if new fractures are produced or
old ones are reactivated. Contact with unsuitable groundwaters may
accelerate corrosion of the copper canister, accelerate dissolution of the spent
fuel, and finally result in the rapid transport of released actinides through the
geological barriers to the biosphere.

Although copper has been chosen in Sweden and Finland to encapsulate the
spent nuclear fuel, other possible materials are not being neglected. For
example, other countries are seriously considering iron or steel, and this
research is being closely followed. Ceramic material, whilst satisfying the
temperature requirement, does not have the same mechanical integrity as
copper. The present decision in favour of copper is based on a wide variety
of criteria which include: 1) the thcrmodynamic stability of copper in pure
water, 2) the groundwatcr chemistry at repository depths is strongly buffered
by the bedrock mass, 3) that the copper canister facilitates handling and
transport and provides some degree of radiation protection prior to disposal,
and 4) that copper is readily obtainable and the canisters easily manufactured.

Corrosion of the copper canister is considered to be the single major threat to
the predicted safety of the spent nuclear fuel. Corrosion depends on the
mechanical integrity of the copper canister and on the chemistry of the
groundwatcr that will ultimately come in contact with it. Based on
thcrmodynamic principles, copper is inert in the presence of pure water and
there is no sound experimental evidence to the contrary. However, arc these
principles well enough established to predict events occurring within the next
several thousand years? The answer is in the affirmative; changing
groundwatcr chemistry, however, may introduce uncertainties and futuristic
predictions arc presently based on a narrow range of chemical values. Will
these always be representative? In contrast, kinetic processes arc much more
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difficult to study and describe, and at the moment there appears to be
inadequate knowledge to model and extrapolate such processes within the
timeframes of interest.

Chemical Factors.

Presently accepted thermodynamic considerations, based on predicted
groundwater compositions, indicate that only two corrosion reactions are
possible, one involving oxygen and the other sulphides. Oxygen wil! be
available during the initial stages of repository development, being present in
the excavated shafts and tunnels and in the buffering and backfill materials,
and also brought in as a dissolution contaminant with some of the
groundwaters. During this stage, and until all the oxygen has been removed
from the system, copper corrosion thus remains a possibility- With the
removal of oxygen and the accompanying decrease in the redox potential,
sulphide then will increasingly become the dominant corrosive factor. The
sulphide content could very well be enhanced with time by an increase in the
groundwater organic material content, which could stimulate bacterial
activity, reducing available sulphate to sulphide.

Corrosion occurs both as a general surface and a pitting process. Pit
corrosion is the more important long-term mechanism because of its greater
penetration potential, thus making it important to quantify. Experiments
carried out in an oxidising environment indicate that pit development
decreases with exposure time; this is also suggested for a more reducing
environment where sulphide is dominant. Evidence of pit corrosion (i.e. the
'pitting factor') under more representative timcscalcs have been sought in
archeological artefacts and "native" copper. These have generally supported
the experimental studies, although it was pointed out that one should be wary
about an overall analogy with the repository concept where conditions will
certainly be quite different. For example, why have so many copper artefacts
survived from Persia and so few from the much older (ca. 2 000 years)
central European copper culture? Negative analogies can be as instructive as
positive ones.

Mechanical Factors.

Other factors may influence the corrosive potential of copper. It was
suggested that, during the life-span of a repository, the copper canister may
be increasingly subject to plastic or creep deformation resulting from a
combination of elevated temperature and external pressure (hydrostatic).
Temperature is the more important component, calculated to be initially at u
maximum of around 70 degrees C around the outside surface of the canister,
but will systematically decrease with time. The phenomenon of creep
deformation was not considered when the canister dimensions were originally
planned. Experiments have subsequently indicated that the process is slow
and, together with temperature, depends largely on the hydrogen coment of
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the coppfci material. There is therefore the possibility, with the presently
preferred oxygen-free copper material, especially in the context of several
thousand years, that smal! fractures can develop, particularly within areas of
'weakness' such as welded junctions etc., which further would provide nucleii
for concentrated corrosive attack. In extreme cases, when coupled with
corrosion, this fracture development may even lead to breaching. Additional
study of this phenomenon would seem worthwhile as it appears possible to
choose a modified material which would preclude these deformation
phenomena.

Bentonite Shield.

Canister corrosion should also be seen in the context of the surrounding
bentonite barrier which has been placed to help shield the canister from
groundwater flow, however small, and therefore from any significant changes
in the groundwater chemistry. Hydraulic data from the bedrock and the
bentonite pack have been modelled. This has shown that if groundwater in
contact with the bentonite pack c mtains 5 mg/L sulphide, and that the main
transport mechanism through the impermeable bentonite is by diffusion, then
the extent of sulphide corrosion of the copper should be less than 1 mm after
one million years. However, are these models reliable? As most hydraulic
models are based on the principle of porous flow, and bentonite is a
homogeneous material devoid of fractures, the models should be applicable.
On the other hand, for the bedrock mass which is generally characterised by
fracture flow, and particularly if fracturing should occur in the bentonite,
present modelling criteria may be inadequate for a realistic prediction of
corrosion. However, if the bentonite is fractured, then an absence of water is
also inferred, so really there is no basis for concern. Furthermore, is the
correct groundwater composition being used in these calculations? At present
little is known about the jroundwater composition in the low-conductive
bedrock mass which is in contact with the bentonite pack. Hydrogeochemical
studies have tended to concentrate on the more highly conductive fracture
zones which are more applicable to far-field transport studies, rather than the
near-field.

Changes in Groundwater Chemistry.

In the event that the bentonite barrier is breached, what changes in
groundwater chemistry can be foreseen that could influence copper corrosion
and therefore canister stability? Earlier discussions have speculated on the
incursion of saline water in and around the repository. Such incursions of
saline water will initially enter the system via the more conductive fracture
zones, which will be more active if the general hydraulic gradient of the area
has been changed due to landmass movement (ideally, the chosen repository
should be located in a region of low to linear hydraulic gradient). It was
emphasised that the repercussions of a saline water environment in contact
with the copper canister could be marked to such an extent that the existing
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thermodynamic boundary conditions for only oxygen and sulphide reactions
to occur, would no longer be applicable, e.g. if there was an appreciable
increase in chloride together with a low pH. With this scenario, the water
itself would be the corrodent, forming copper chloride complexes
independent of the availability of oxygen or sulphide in the system. However,
most published saline water data show a tendency for high pH values
(normally 7-8), rather than values of 4 and less that are required for
corrosion to occur.

4.3. Spent Fuel Dissolution, Mobilisation and Transport.

In addition to being a potential corrosive agent, groundwater must also be
regarded as a potential dissolution medium for the spent fuel, and as the main
transport medium for the actinides from the canister through the geological
barriers to the biosphere. As indicated during the seminar, perhaps a more
realistic question regarding safety analysis is not how much time it will take
to corrode the canister, but rather the time it will take for the toxic elements
in the spent fuel to be leached, mobilised and then transported from the
breached canister to the biosphere.

Assuming the worst and fuel dissolution and mobilisation occurs, then the
importance of groundwater chemistry in radionuclide transport cannot be
neglected. Groundwater chemistry determines which species are present, and
in which chemical state they exist in the aqueous phase; it also determines
the properties of the solid surfaces in contact with the water, i.e. fracture
mineral surfaces.

The two most important parameters arc the pH and redox potential which
together determine the chemical behaviour of the various key trace elements
in the aqueous phase. Next in importance are the presence of complex-
forming anions, especially carbonate (which is closely linked to the pH), and
to a lesser extent chloride. Sulphate, if present in sufficient quantity, and
organic acids (e.g. humic and fulvic), both natural and artificial, can also be
of importance. It is known that the presence of organic material in deep
groundwater stimulates sulphide production through microbial activity.
Furthermore, the organic substances are very stable and have been around in
the groundwater for a very long time (e.g. humic acids have been dated to 30
000 years BP), and only small amounts (in the order of 0.1 mg/L) are
necessary to significantly influence the chemical behaviour of, for example,
plutonium and amcricium, in the groundwatcr system.

In general, a clear picture of the processes involved has been obtained,
although the detail is lacking, and even though the processes arc complex, at
least most of the important parameters are known.
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Spent Fuel Stability.

Uranium dioxide is the favoured reactor fuel because of its suitable material
properties. Nothing much appears to happen to the ceramic UO, during
reactor radiacion; the material cracks because of thermal stress during
operation, but migration of fission products during temperature operation is
very limited.

Laboratory experiments using a representative granitic groundwater show that
uranium and the actinides are solubility limited and thus appear to saturate
quite quickly in solution. The initial stages of corrosion are dominated by the
so-called "instant release fraction" (i.e. the labile fraction which is
independent of matrix attack), which represents the rapid solubilisation of
cesium and iodine fission products that are released from the fuel matrix
during reactor operation. This instant release fraction, however, is limited in
extent to the order of a few percent of the fuel inventory. Other possible
corrosion processes, such as grain-boundary attack and matrix dissolution,
are being examined in the on-going programme.

It is difficult both to quantify corrosion rates and distinguish between these
processes because of the small magnitude of the measureable effects. Precise
analytical data are needed to quantify the corrosion behaviour and to define
with confidence the processes involved and their kinetics. Further model
development is required. However, the available results confirm the overall
stability of spent fuel in a repository groundwatcr environment.

Near-field.

In the repository concept it is assumed that the groundwater at waste package
depth will be reducing. With increasing depth, groundwater normally changes
in character from oxidising to reducing when oxygen, dissolved in surface to
near-surface waters, is increasingly removed, mostly by the redox reducing
capacity of ferrous iron present in solution (from the alteration of Fe-rich
mineral phases in fractures and in the bedrock). This mainly takes place in
the upper 50-100 metres, so that the repository bedrock groundwater volume
can be considered virtually oxygen-free. Under repository conditions,
however, radiolytic reactions arc expected to give rise to a localised oxidising
environment at the canister/groundwatcr contact, thus enhancing the
probability of fuel dissolution and leaching following canister corrosion and
breaching. However, if it is assumed that the resulting migrating redox front
will soon be contained within the near-field due to the buffering capacity of
the host bedrock, then reducing conditions in any case should prevail out into
the adjacent geosphcrc. To ensure an adequate buffering capacity around the
canister the suggestion to include extra ferrous iron in the bentonite has been
proposed. Although this is perfectly feasible, it may in turn destabilise some
of the other physico-chemical properties of the bentonite, rendering it less
efficient as a whole, and also less suitable to validate by using naturally
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occurring bentonite material (i.e. natural analogues).

Far-field.

Assuming the presence of dissolved corrosion products and spent fuel
leachates in the groundwater, transport away from the waste package can
progress either by flow (hydraulically determined) or by diffusion. At high
conductivity, flow dominates; at very low conductivity or near-stagnant
conditions, diffusion dominates. The transport velocity in a flow system is
further influenced by the tendency of the dissolved species to adhere or sorb
onto particles (e.g. colloids) which may have other physico-chemical
properties, or onto fracture mineral surfaces. This can significantly retard
some species, i.e. the radionuclides, and yet have only a minimal effect on
others, i.e. the stable toxic metals. As an example of ionic mobility, the
sulphate content in normal groundwaters decreases rapidly with depth, mostly
by absorption or through microbial activity at shallow levels and
consequently migrates much slower than the groundwater (l/20th). This
effect can be reproduced in the laboratory and, for example, provides an
important input, when modelling the mobility of different ionic species in the
groundwater cycle.

From laboratory retardation/sorption experiments using a selection of
dissolved species, it has been possible to calculate a range of KD values
(distribution coefficients) for each tested species or tracer, and hence the
retardation rate. Experimentally based distribution coefficients are widely
used in repository safety performance calculations to predict groundwater
transport rates. But can they be relied upon? Do they adequately represent the
natural system? In response, it was pointed out that natural systems are
notoriously complex and the retardation rate of a dissolved species is
probably influenced by other mechanisms less well documented and
quantitatively understood, especially over long periods of time. These
mechanisms can include the direct precipitation of a new phasc(s) onto the
surface of a fracture mineral, removal from solution by ion-exchange, and
diffusion into mineral pores. There would appear to be an important
knowledge gap here which is important to fill. The repercussions arc not only
on those species which are being transported from the repository area, but
also on those which may enter the repository area at a much later stage, for
example, as the result of pollution.

Changes in Groundwatcr Chemistry.

Even though pH, redox potential, and the complex-forming anions largely
determine transportation kinetics, the introduction of saline water into the
repository area (during and subsequent to glaciation) will serve to increase
the number of competing ions in solution and this can have important
consequences for some components. For example, with more ions competing
for a restricted number of available surface mineral lattice sites, the overall
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sorption/retardation potential of the groundwater system is reduced as the
sites become rapidly occupied. Consequently, with time, the transport of the
other components is increasingly facilitated through the system. Furthermore,
the bentonite pack itself can become saturated with the saline components,
eventually allowing the 'free' passage of radionuclide species, rather similar
to an ion exchange system which no longer functions because of saturation.

In addition to the possible incursion of saline water, increasing population
and greater land use, both agricultural and industrial, could very well lead to
a steady pollution of the groundwater aquifers. Increasing quantities of
inorganic acids and organic substances are expected in the future and spring
waters close to Göteborg area already contain detectable amounts of oil
products.

Gas Flow Transport.

Gas flow has been named as a potential transport mechanism for radionuclide
and toxic elements in the far-field but little is known about the kinetics of
the process. The possibility of gas (Geogas) transporting heavy elements such
as gold, arsenic and lead, has been studied for some time in relation to base
metal prospecting. There is little doubt that gas flows via fracture systems
through the earth's crust and that metallic anomalies have been found to
result from this process. In New Zealand, gold concentrations have been
located at the surface of a 200 m thick lava layer which overlies a known
deposit of gold. Traces of gold have been detected in surface gases that have
passed up through the formation. Although all evidence points to only very
small amounts of transported metallic components, which may be considered
insignificant in a safety assessment analysis, there is also the added potential
of iodine and bromine in the repository context which may be transported at
much greater rates. An evaluation of this transport method is presently being
carried out.

Present Status.

In general, adequate qualitative input data now exist for those chemical
parameters which describe processes and phenomena that explain, under
differing hydrogcological environments, the long-term cL "mical behaviour of
the various species and elements. It is also now possible to isolate particular
parameters and predict their long-term effects and also to know which of the
other less important parameters can be ignored. However, it is still not
possible to quantify all the processes and predict their long-term
ramifications. This is mostly due to the dynamic nature of most groundwatcr
environments; a state of equilibrium is rarely achieved and model
calculations cannot therefore be therrr .'ynamically based. Calculations to
model the mobility and transport of ionic species arc even more
underdeveloped, having only recently been considered. In general, however,
substantial progress has still been made over the last ten years or so, even
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though predictive modelling within the required timescales still poses a major
problem.

Changes in the groundwater chemistry from now to the next ice-age caused
by environmental pollution or as a result of glaciation in the far-future, could
have serious consequences for repository safety. For example, some of the
chemical parameters now used as model input may change significantly, with
possible adverse repercussions on corrosion rates, spent fuel stability and
groundwater transport mechanisms.

4.4. Human Factor.

(Based mainly on contributions by C. Thegerström and A-M. Thunbcrg).

The planning strategy of a repository site to safeguard against future
encroachment by mankind was reviewed, and the recommendation that
planning should involve similar systematic, logical and far-sighted safety
predictions as demanded by the other performance assessment scenarios, was
stressed. Everything possible should be done to minimise the probability and
consequences of inadvertent intrusion. However, deliberate intrusion, for
example to achieve access to the plutonium, poses a problem which cannot
be influenced. It is only to hope and trust that mankind will be sufficiently
scientifically and technically advanced and wise to conduct such an exercise
safely and for peaceful reasons.

Human encroachment into a waste repository, for example, by exploratory
drilling for water or minerals, to dispose of toxic waste, or to retrieve the
waste and copper canisters for exploitation etc., is an immediate concern until
the next glacial period. The estimated transition period to a maximum
glaciation is expected to last 50-60 000 years. This is a substantial length of
time bearing in mind the present historical record of mankind (5-10 000
years). Some leading questions relevant within such a time frame are: 1) can
we predict the sociological and intellectual development of mankind?, 2) will
overpopulation pose a serious problem?, 3) will our knowledge and expertise
to deal with nuclear problems become defunct?, 4) is it possible to warn
future generations about the radioactive waste problem, and how can we keep
them informed?

Predicting the development of mankind is fraught with uncertainty. For
example, the rigorous monitoring and control of a near-surface low to
intermediate waste repository site requires a strong social infrastructure with
adequate resources and know-how. It is often presumed that future
generations will be equally, if not more, technically knowledgeable and
competent than now. However, what would happen if the present trend of
coupling resources, knowledge and technical advancement did not continue to
develop? Mankind may find itself in a position, because of natural disasters,
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war, overpopulation etc. of having to make resource priorities, perhaps to the
detriment of repository safety.

History has shown that national boundaries change and new leaderships,
some responsible, others less so, have come and gone. Shall future
generations be capable of handling the responsibility of radioactive waste?
We have a revealing example from the 1950's in Siberia were the USSR, a
technically advanced society, both then and now, was apparently not capable
of handling safely the surface storage of high-level radioactive waste.
Normally not considered to be a complicated technical problem, subsequent
leakage has resulted in major environmental contamination. There was
certainly sufficient knowledge in the USSR at that time, but not at the right
place or at the right moment. However, there appears to be a general
optimism regarding future development and social structure which is reflected
in the safety performance assessment analyses in both the French and USA's
low to intermediate waste programmes. In these countries active institutional
control is only considered to be dependable for 300 years and 100 years
respectively, compared to an overall required timeframc of 10 000 years for
the waste. It is assumed in the USA that no deliberate, systematic or
permanent repository encroachment will occur after these respective periods,
but inadvertent random intrusion cannot be excluded. If this should happen,
then there should be adequate information archived and accessible so that
encroachment can be stopped in time. The Canadians consider a full 10 000
years in their safety analyses for high-level waste, even though few seriously
believe that human encroachment will be a problem.

Regarding inadvertent drilling into a final high-level waste repository site,
extrapolation studies based on present-day drilling programmes have been
carried out in Holland and Finland which show a minimal risk pattern for
incursion. However, with such predictions and futuristic extrapolations in
general, projected population increases, with the inevitable demand on natural
resources such as land, water and minerals, must also be seriously taken into
account. The present construction of SFR at Forsmark, some 100 km north of
Stockholm, underlines how some potential encroachment problems can be
avoided by careful insight and planning. By constructing the site under the
sea floor, the chances of future generations drilling for domestic groundwatcr
resources in the sea bed are much less than on land.

Finally, one is dealing with the next 300 to 3 000 generations. Information
may be lost, the repository whereabouts may be forgotten. How can future
generations be warned and reminded? Such implications for the immediate
future have been studied in detail by the USDOE (United States Department
of Energy) and various types of warning signs have been proposed using
different languages and symbolic forms to convey the message. In the long-
term, present language patterns will undoubtedly undergo major development
changes and it is not known whether future generations will be able to
decipher present attempts to inform and warn them of the danger. Other
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suggestions include warning signals when any of the engineered barriers are
threatened by drilling or excavation.

4.5. Alternative Disposal Concepts.

(Based mainly on contributions by E. Eriksson, D. Gee, I. Grenthe, J.
Lundqvist, N-A. Mörner, L. Nordström and A-M. Thunberg).

A closed final repository for spent nuclear fuel has been chosen to
permanently isolate the waste products from the environment and the public
until levels of radioactivity reach natural background values, estimated to
take one million years. There has been some debate as to the integrity of the
host rock, as to whether it will withstand the seismic activity expected to
follow the next glaciation, or whether the groundwater chemistry will
suddenly change and jeopardise the stability of the canister, spent fuel and
bentonite buffer pack. Furthermore, by isolating the waste, will it become
forgotten with time and be inadvertently encroached by human activities in
the future?

One favoured alternative was an open repository. On the positive side, this
would provide ready access for monitoring, repair and transport to other sites,
whether for safety or security considerations. The fact that the repository
would be at or near the surface and easily accessible, should be an assurance
to future generations to be continuously aware of the danger, and therefore
easier for them to accept the responsibility for its continued safety. Also, any
technical and/or scientific advances that would add to the safety of the waste
could be implemented without too much problem. On the negative side, there
is the security risk and one should not too quickly forget the problems in
Siberian mentioned above. Moreover, in the not too distant future
Fennoscandia will probably be largely covered once again by a thick ice-cap,
thus placing a near-surface open repository at greater risk to both tectonic
and hydrogeochemical effects. Until such times, however, there can still be
hydrogeochemical problems if the open system is to be placed at such a
depth that it is necessary to continuously remove collected groundwater from
underneath the repository. At shallow depths, an artificial increase in the
local hydraulic gradient will result, with the added probability of introducing
a greater component of near-surface derived water which could ultimately
change the overall groundwater chemistry in and around the repository. The
so-called Dry Rock Deposition (DRD) method has been named as a possible
solution to rock saturation and hydrogeochemical problems, providing an
artificial conductive crush zone around the waste package to provide
hydraulic isolation.

Other mentioned alternatives were to place the waste at depth in regions of
the world not expected to be affected by glaciation and earth movements.
The Sahara was named as a possibility, but within recent geological time
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there is evidence to show that this region has had a much more humid
climate than now, characterised by thick forestation and extensive lake
systems. Furthermore, large-scale aquifers exist at fairly shallow depths.
Australia was also named, known to have been largely free from glacial
activity for at least 1 000 (XX) years.

As an encouragement to consider alternative waste forms, spent nuclear fuel
(containing plutonium) vs. a high active glass form (largely plutonium-free)
were also brought up for discussion. It is argued that with the latter waste
form, where a major component of concern is not present (i.e. plutonium),
acceptable levels of radioactivity should be achieved within a much shorter
timeframe (2(X)0 years?) which would effectively negate any glacial scenario
considerations in repository performance assessment. However, the problem
related to the presence of technetium, neptunium and cesium etc. would also
have to be solved.

For many repository issues the key question is whether the integrity of the
bedrock can be trusted more than mankind, particularly future generations.
The general consensus of opinion supported the former (but not without
strong reservations) motivated by a willingness to safeguard human integrity.

5. CONCLUSIONS.

One of the main objectives of this seminar was to identify those safety
disposal questions for which there is, or will be, a definitive answer, and to
establish the degree of uncertainty surrounding those questions which still
cannot be satisfactorily answered.

Of the four main issues discussed, the bedrock stability, the canister stability,
spent fuel leaching, dissolution and mobility, and the human factor, the
largest degree of uncertainty seems to surround future human development
and its responsibility in a world more preoccupied with overpopulation,
various forms of environmental pollution and changing socio-political
patterns. Shall future generations be able to accept the responsibility of
guaranteeing the continued safety of the disposed radioactive waste? This
responsibility is much more critical for the low to intermediate waste forms,
where disposal will be near or at the surface as a constant reminder. For the
deep disposal of high-level spent fuel, however, 500 m of bedrock coupled
to the multibarrier system is expected to exempt future generations from any
large degree of responsibility. However, much distrust persists.

Some uncertainty also surrounds the stability of the bedrock during and
subsequent to glaciation. There is a necessity to study analogous polar and
subpolar environments more closely, to continue to evaluate the present
evidence of post-glacial readjustments (e.g. ncotcctonic fault zones) and to
extend the database of rock stress/strain measurements to aid site selection.
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Integrated coupled modelling, drawing together several different components
(e.g. mechanical effects, thermal load, hydraulics etc.), is complex but
essential, and has yet to be successfully carried out. There are many
indications that support the integrity of the bedrock as a whole, for example,
that post-glacial movement is largely accomodated by the 'deformation
barriers', i.e. by the reactivation of older established fault zones rather than
the formation of new fractures. Furthermore, recorded surface seismic
activities in the range of 7-8 Richter do not appear to pose a serious threat at
repository depths.

Under projected hydrogeochemical repository conditions, laboratory and field
studies support the long-term reliability of the engineered barrier system.
Even in the event of canister corrosion and leakage, there exists a clear
picture of what the most important chemical parameters are and which
chemical processes are involved. However, because of the dynamic nature of
most groundwater environments, a state of chemical equilibrium is apparently
rarely reached, thus precluding model calculations based on thermodynamic
principles. In addition, transport model codes for different ionic species are
even more complex. More development of modelling codes would seem to
be indicated in these areas.

An important question is what will happen if the groundwater chemistry
changes, either due to the incursion of saline water, resulting from
glaciation/deglaciation, or as a result of accumulating industrial/urban
pollution in the near-future. At the moment, a great deal of trust is being put
on the natural buffering capacity of the bedrock, and its ability to control the
pH and redox potential, the two most important parameters in determining
the behaviour of the chemical species. This was shown, however, to be an
area of uncertainty. What could conceivably happen with the incursion of a
changing groundwater chemistry at depth is that some of the model input
chemical parameters now used may change significantly, with possible
adverse effects on canister corrosion, the efficiency of the bentonite barrier
and spent fuel stability.

Is there a definitive answer? With today's techniques the geological
environment of the repository can be defined and its behaviour predicted with
much confidence, assuming the existing environment remains stable. Thus in
the short term (a few hundreds to thousands of years) the situation is
optimistic. In the longer term perspective, it is necessary to further
investigate the evidence of the geologically recent past to predict future
changes and then model the latter. Much has been successfully done, but is it
enough to approach the confidence levels necessary to convince both the
scientific community and the public?
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The Swedish nuclear power
programme

After the 1980 referendum on nuclear power, the Riksdag decided that nuclear power in
Sweden would be phased out no later than the year 2010 and that the number of reactors
would be limited to twelve. Since 1985, these reactors have all been in operation at the
nuclear power plants in Barsebäck, Forsmark, Oskarshamn and Ringhals.

Different kinds of radioactive waste
Different kinds of radioactive waste are generated during the operation of
a nuclear power plant - low-level waste, intermediate-level waste and
high-level waste.

LOW- AND INTERMEDIATE-LEVEL WASTE

Low- and intermediate-level waste arising from the continuous operation of a nuclear
power plant are known by the common name of reactor waste. Reactor waste consists of
scrap material and metal, protective matting, clothing and suchlike which are used within
the controlled areas of the nuclear power plants. This waste also consists of filter material
which is used lo trap radioactive substances in the reactor coolant. The radiation level of
low-level waste is so low that it can be handled without any particular safety measures and
so it is packed in plastic bags or sheet metal drums. However, certain protective measures
are required when handling intermediate-level waste. This waste is cast in concrete or
asphalt.

In the spring of 1988, SFR (the final repository for reactor waste) was taken into
service. SFR is located under the seabed near to Forsmark nuclear power plant. The
utilities plan to deposit all reactor waste as well as low- and intermediate-level waste from
decommissioning in SFR.

HIGH-LEVEL WASTE

High-level waste mainly consistsof spent nuclear fuel, i.e. fuel elements in which so many
of the fissile atoms arc spent that the elements can no longer be used. However, the spent
fuel still generates heat on account of its radioactivity and must be cooled. The fuel is,
therefore, stored in special pools filled with water in the reactor building for at least one
year. The fuel is then transported by a specially built ship, called Sigyn, to CLAB (the
central interim storage facility for spent nuclear fuel), located close to Oskarshamn
nuclear power plant. CLAB was taken into service 1986. Since the radiation level is very
high, the fuel is transported in specially built containers. The walls of the containers arc
made of thick steel so as to shield the personnel and surroundings from harmful radiation
and to protect the fuel from damage.

The fuel is then placed in storage pools in an underground room at CLAB where it will
be stored for at least forty years. During this time, the radioactivity and the heat generated
by the fuel will decline thereby facilitating handling and disposal of the fuel.



THE NATIONAL BOARD FOR SPENT NUCLEAR FUEL

One of the main tasks of the National Board for Spent Nuclear Fuel (SKN) is to review
the utilities' research and development programme for the management of spent
nuclear fuel and for the decommissioning of the nuclear power plants. The Board also
supervises the way in which the utilities carry out the programme. In order to
accomplish this task, The Board keeps abreast with international research and
development work within the area and initiates such research that is important to its
own supervisory functions. The research conducted by the Board is both scientific/
technical and sociological in nature. The results from this research are published in
the SKN Reports series. A list of published reports is available at the end of each
publication.

Another of the Board's main tasks is to handle issues concerning the financing of

costs within the area of nuclear waste. Each year, the Board estimates the size of the

fee to be paid by the utilities to cover the current and future costs of waste

management. The proposal on fees for the coming year is reported in SKN PLAN,

which is submitted to the government before the end of October.

The Board is also responsible for seeing that the public is granted insight into the

work on the safe disposal of spent nuclear fuel. The Board will continually issue short

publications on this matter in the series, DISPOSAL OF SPENT NUCLEAR FUEL.

The following publications have so far been issued:

1. Comments on the research programme for 1986. (In Swedish)

2. (Now replaced by number 5)

3. How do we choose a suitable site for a final repository? (In Swedish)

4. Radioactive waste: technology and politics in six countries. (In Swedish)

5. This is how nuclear waste management is financed. (In Swedish and English)

6. Evaluation of SKB's research programme 89. (In Swedish)
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