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Executive Summary

Present climate models indicate that glacial episodes involving widespread ice cover in northern
Europe and North America will occur several times during the next 100 000 years or more, the
timescale often considered in the context of modelling the long-term behaviour of deep
geological repositories for long-lived radioactive wastes. In evaluating the consequences of
global climate change for the long-term safety of the waste disposal, it is necessary to
understand physical and chemical impacts on both the deep and near-surface geological
environment, the 'natural barrier' to the potential release of radionuclides from a repository.

Assessment of the long-term safety of radioactive waste disposal requires assimilation of
evidence for the impact of climate change and especially glaciation on the geosphere,
particularly in terms of its implications for:

• the distribution and stability of stress regimes
• groundwater flux and flow patterns
• groundwater chemistry
• thermal conditions

This workshop was intended to promote informal scientific discussion and the exchange of
information and ideas between a wide range of disciplines such as climatology, glaciology,
hydrology, hydrogeology, hydrochemistry, geochemistry, rock mechanics and structural
geology. Participants from outside the radioactive waste community were welcome. Of
particular need were palaeosignatures, direct observational information and models of the
impact of continental ice sheets and periglacial conditions on crystalline bedrock.

A number of broad conclusions were made at the end of the workshop discussions, as follows:

• A warm-based ice sheet will very probably pass across a number of potential repository
sites in northern Europe, Asia and Canada at least once within the next 150 000 years.
This appears to be irrespective of short-term, transient anthropogenic impacts on global
climate although it is very sensitive to sustained (long-term) modifications.

• However, the more detailed climate over the next 50 000 years appears to be highly
dependent on short-term atmospheric CO2 evolution. For example, the impact of high
atmospheric CO2 in the next 1000 years (as a spike which then decreases) will cause
poor development of northern hemisphere ice in contrast to a constant, low CO 2 which
will cause rapid development of ice. Thus, very different possible futures, including
delayed/reduced glaciation and early glaciation, should be considered.

• There will be consequent impacts on groundwater flux in the region of repositories sited
at depths of ~500m. We can currently make scoping estimates of these flux variations,
both generically and for specific sites. These flux variations will affect the calculated
radiological impacts of a repository. We shall need to look at them in 3-D. We may
need to consider them in siting a repository, or use siting to mitigate them.

• There will be significant hydrochemical variations in some regions of the geological
barrier. We are less able to scope these at present although we can define bounding
scenarios for performance assessment purposes.

• It is not possible yet to establish conclusively whether there will be any significant
mechanical impacts on the engineered barrier system or whether seismic events will
affect groundwater flow & chemistry.
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• Geochemical evidence, in particular fracture mineral data, is seen to be a key to
validation of hydrogeological and rock mechanical models.

• A time-dependent, climate-driven, evolving groundwater system and domain geometry
should be considered in safety assessments. However, the performance assessment
timescale of interest is different in each country and this will affect how this is done.
Performance assessment is involved in the full range of climate states and their
transitions and, possibly, in recurrence.

• When considering how to incorporate these processes into performance assessment, we
should use evidence from past change as indicative of future change and try to match
the style/methodology of models of past evolution directly to those of models of future
disposal system behaviour.

• We must be careful to identify and express the uncertainty in our assertions and results.

• We must be aware of the differences in the way in which separate expert groups
approach modelling of the impacts of glaciation on bedrock conditions (such as scale)
and should strive for greater communication between these groups.

The following broad requirements were identified for future evaluation of the impact of climate
change on repository performance assessment:

• Improved models of climate (atmospheric and ocean circulation and interactions) and of
thermo-hydrological-mechanical-chemical coupled behaviour of the repository-rock-
water-ice system.

• More data in several areas. For example, on present-day, sub-glacial hydrogeological
environments, palaeo-chemical indicators (fracture coatings, more detailed
hydrochemical zonation) and palaeo-seismic indicators.

• Performance assessment sensitivity studies to identify the magnitude and significance of
various potential impacts on specific disposal concepts and sites.

• Site-specific studies aimed at testing time-dependent models of past behaviour and
future evolution of glaciation and hydrogeology with the aim of eventual validation of
key aspects.

The workshop has highlighted the fact that there is a great deal of interest in the area of climate
change and its impact on the performance of a deep geological repository, but that there are still
many issues remaining that require further resolution. Prior to the workshop there had been
little opportunity for interdisciplinary discussion on the evaluation of time-dependent, climate-
driven repository evolution. There is much work going on in this field at present, but it is clear
that there is a need for continued work and coordination of effort in the future. Consequently,
there is scope for the creation of a Working Group on Climate-Driven/Time-Dependent
Repository Evolution.



Workshop on the Impact of Climate Change & Glaciations on Rock Stresses,
Groundwater flow and Hydrochemistry, Stockholm 1996

Preface

NKS (Nordic Nuclear Safety Research) is a voluntary cooperative body in nuclear safety and
radiation protection. Its purpose is to carry out Nordic research projects, thus producing
research results, exercises, information, recommendations, manuals and other types of
background material, to be used by decision makers and other concerned staff members at
authorities and within the nuclear industry.

The current four-year programme being undertaken by NKS comprises four major fields of
research: reactor safety; radioactive waste; radioecology; and emergency preparedness. A total
of seven projects are now under way within this framework. One of the topics studied has been
the effects of glaciation; thus the workshop on Glaciation and Hydrogeology organised by
NKS and reported in this document, continues this work.
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1. INTRODUCTION

The safety of deep geological repositories for radioactive wastes depends to a large extent on
our ability to site them so that the wastes are protected from gross perturbations to their
environment whilst the slow processes of radioactive decay take place. Burying wastes at
depth in stable rock formations has long been seen as the best way of removing them from the
dynamic natural and anthropogenic processes that will inevitably occur in the surface and near-
surface environment on a future time scale of thousands to millions of years.

Quaternary geology provides considerable evidence for the impacts of past climate driven
changes to the Earth's surface and it has long been realised that the present-day nature of the
northern hemisphere merely represents one, relatively benign state of a transient, cyclic climate,
dominated over the last million years by repeated glaciations. Over the next 100 000 to one
million years it is anticipated that this pattern will be repeated several times.

It is only in the last decade or so that we have been able to approach a consensus on what,
specifically, is likely to happen to climate on this timescale, to the extent that we feel reasonably
confident to predict when the next glaciations are likely to occur both in a fully 'natural' system
and one modified in various ways by human induced changes to the atmosphere. Over the
same period there has been a growing awareness that climate change might have impacts on the
deep geological environment, as well as the surface, and in ways mat might significantly affect
the evolution of a waste repository located several hundreds of metres below the ground.

In the past, safety assessments of repositories have concentrated on evaluating 'non-evolving'
groundwater regimes. The ability to make quantitative estimates of future climate state, coupled
with our growing ability to unravel past climate impacts on hydrogeology (so-called
'palaeohydrogeology') now means that these models can be upgraded to take account of the
likely time-dependent changes which it is believed will occur. These changes are likely to
affect, in particular, deep groundwater flow, chemistry and rock stresses.

Work to understand and quantify these dynamic impacts is beginning to expand rapidly in a
number of radioactive waste management programmes, both in performance assessment
projects and in site characterisation exercises, and a number of common questions are being
asked around the research and safety assessment groups involved. There are clearly widely felt
information needs and a challenging possibility to answer these questions by involving groups
working in climatology, glaciology and oceanography who hitherto have had limited input to
the environmental challenge of radioactive waste disposal.

This workshop provided the first opportunity to bring together some of these diverse interests
and to begin to explore the extent to which the performance assessors questions could be
answered and the extent to which quantitative estimates of climate impacts on a deep repository
could be made.
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2. WORKSHOP STRUCTURE

The workshop was designed to discuss various pertinent questions related to the impacts of
glaciations on rock stresses, groundwater flow and hydrochemistry in and around a deep
repository for long-lived radioactive wastes. The workshop was held in an informal
atmosphere, with the objective of promoting discussion and reaching interim conclusions via a
number of focussed workshop sessions. Participants contributed to the workshop via poster
and informal oral presentations and input to general discussion.

The structure of the workshop was as follows:

2.1 Day 1: Plenary Sessions, Introduction

The aim of the first day of the workshop was to introduce the background rationale and
information requirements for assimilation of climate change and glaciation effects into deep
disposal of radioactive wastes. Overviews on the requirements for deep disposal (Per-Eric
Ahlstrom, SKB; Bjorn Dverstorp, SKI and Neil Chapman, QuantiSci Ltd.) were followed by
keynote talks on the current state of the application of climate and glacial modelling to deep
disposal (Marie-France Loutre, UCL; Jean-Claude Duplessy, Centre des Faibles Radioactivity's
& Geoffrey Boulton, Edinburgh University). These overviews provided background on
current conceptual models for input to the subsequent workshop discussions.

2.2 Day 2: Discussion Group Sessions

Day 2 was the key day of the workshop, when pertinent questions regarding the reconstruction
of past climate changes and prediction of future climate change, in particular the impacts of
climate change and glaciation on bedrock conditions, were addressed by four separate session
groups:

(1) Climate Change and Quaternary Geology
(2) Hydrogeological aspects of Glacial & Periglacial Environments
(3) Hydrogeochemical aspects of Glaciation
(4) Tectonic aspects of Glaciation

Some of these groups combined at various points during the day (the Hydrogeology-
Hydrochemistry and the Hydrogeology-Tectonics groups). The sessions were held in an
informal atmosphere, with the objective of promoting discussion. All these group sessions
discussed both general and specific questions including, wherever possible:

• Direct observations
• Indirect evidence
• Models, scoping calculations & uncertainties
• Rates of processes and response times
• Implications for future research programmes

A few general questions to provoke discussion in all the sessions, and to be discussed during
Day 3 of the workshop, included:

Ql. What is the reliability of past climate reconstructions and future climate predictions? To
what extent can climatic sequences be simplified to obtain the first order drivers for
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bedrock conditions?

Q2. What are the driving forces for groundwater flow and what are the determinants of the
geochemistry of recharge and bedrock conditions? To what extent are they influenced
by climate?

Q3. How will successive glacial cycles affect the evolution of bedrock conditions? Does the
bedrock have a cumulative memory? Do transients exist today due to past glaciations?
Are there particular times during glacial cycles when the impacts on bedrock conditions
are greatest?

Q4. To what degree do we understand the significant mechanisms and effects. What are the
uncertainties involved? What evidence do we have?

Q5. What future research, in terms of direct observational evidence, indirect evidence and
modelling, is necessary in order to improve our understanding of climate change and
its effects? If additional observations are needed in present day glacial environments,
what are they?

Q6. How may climatic, glacial, hydrological, hydrochemical and tectonic (rock mechanical)
modelling be coupled?

Q7. How can one identify sites whose geology and location makes them more or less
susceptible to significant changes (e.g. in hydrogeology) caused by glacial forcing?

In addition to these questions, the separate groups also had access to a more detailed selection
of questions to facilitate discussion, as outlined in Appendix 3. As expected, only some of
these questions were addressed and many more questions were raised during the discussions.
Each workshop session included brief informal oral presentations as part of session
discussions, although the organisation of these presentations varied from session to session.
A more formal mode of presentation was by poster. Poster presentations also aided the transfer
of information between groups.

At the end of Day 2, selected members of each group prepared summaries to be presented
during the final day of the workshop.

2.3 Day 3: Plenary Sessions, Discussion and Conclusions

The final day of the workshop concentrated on the summary and discussion of the previous
day's discussions. Each session group summarised its findings at the beginning of the day and
subsequent discussions attempted to resolve as many of the issues raised as possible. These
summaries form the basis of the record of the session group discussions in Sections 3,4, 5 and
6. The plenary group discussions are recorded in Section 7.

Implications for future scientific and applied research were discussed and concluded upon
before the close of the meeting in the mid-afternoon. These are summarised in Section 8.

2.4 Day 4: Field Excursion on Deglaciation of the region south of
Stockholm

A one-day field excursion, led by Jan Lundqvist and Nils-Axel Morner, covered aspects of the
deglaciation of the Sodertorn Peninsula region south of Stockholm, the resulting sediments and
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the resulting seismic effects. A summary of the excursion can be found in Appendix 4.
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3. BACKGROUND TO WORKSHOP DISCUSSIONS (DAY 1)

The aim of the first day of the workshop was to introduce the background rationale and
information requirements for assimilation of climate change and glaciation effects into deep
disposal of radioactive wastes.

3.1 Background to Current Concepts of Deep Disposal

Presentations on the background rationale and information requirements for assimilation of
climate change and glaciation effects into deep disposal of radioactive wastes were provided by
P-E. Ahlstrom (SKB, Sweden) and B. Dverstorp (SKI, Sweden), as summarised in the
following sections.

3.1.1 Some Principles of Deep Geological Disposal of Spent Nuclear Fuel Waste in
Sweden (Per-Eric Ahlstrom, SKB)

The deep geological disposal of radioactive wastes is a common concept for all nations that
have extensive programmes for production of energy by nuclear power. The governing
principles for such disposal are broadly the same in most countries, but in detail they may vary
depending on local conditions.

General principles for radiation include:

1. The practise must be justified, the protection shall be optimized and the individual shall
be protected by dose limits.

2. In radiation protection Human health as well as nature with respect to conditions for
biological diversity and utilization of natural resources must be considered.

3. The radiation protection shall be independent of whether the doses arise today or in the
far future, whether inside or outside national boundaries.

4. The radiation protection in waste management and long-term disposal must be
equivalent to that in other in other radiological activities e.g. other portions of the
nuclear fuel cycle.
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Figure 3.1. Spent fuel radiotoxicity versus time.
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One difference between a repository for disposal of radioactive waste and other nuclear
facilities is that the very long-lived radioisotopes play a more important role in the protection
scenarios.

Figure 3.1 shows the decay of the radiotoxicity (for ingestion) of spent nuclear fuel as a
function of time for the radionuclides in spent nuclear fuel. The scale is relative to the
radiotoxicity of the amount of natural uranium ore mined to get the uranium in the fuel. Four
time periods can be distinguished:

1. 20 - 500 years - direct gamma-radiation dominates, considerable heat will give
increased temperature, the most toxic substances are Cs-137 and Sr-90 (and also Am-
241) of which Cs is more the moveable in groundwater.

2. 500 -10 000 years - high alpha-activity - toxicity (ingestion or inhalation) - dominating
nuclides are Am-241 + Pu-240.

3. 10 000 -100 000 years - still high alpha-activity - dominating nuclide Pu-239.
4. > 100 000 years - toxicity comparable to rich natural uranium ore - dominating nuclides

Ra-226 + daughters.

Both Am and Pu are fairly immobile in the geochemical environment prevailing in deep granite
and many other plutonic rocks.

The basic objective of the repository is to keep the radionuclides isolated from the biosphere for
the time period that they constitute a potential hazard to the environment.

In consideration of the long time span that a repository should provide protection, the following
or similar guidelines have been adopted in general:

1. The safety of repository should not be dependent on long-term monitoring or
surveillance. This does of course not exclude such monitoring for as long time as future
man may wish. But surveillance shall not be a requirement.

2. The design of the repository should not unnecessarily impair future attempts to change
the repository or to retrieve the waste.

3. The long-term safety shall be based on the multi-barrier principle so that the degradation
of one barrier does not substantially impair the performance of the other barriers.

4. The radiation doses to individuals from exposures shall be lower than 0.1 mSv/a for a
reasonably predictable time periods and after that the flow of radionuclides from the
repository shall be limited to a level corresponding to naturally occuring flows of
natural radioactive isotopes.

5. For unexpected extreme events the risk to a critical group shall be evaluated in
comparison to the risk at the dose level of 0.1 mSv/a.

The repository system meets these guidelines by applying the three safety functions:

• isolation
• retention/retardation
• dilution/dispersal

in that order. Figure 3.2 illustrates how the principles are applied in the KBS-3 concept. There
are a number of barriers tending to isolate (first line of defence) the spent fuel. Canister
(copper/steel) + buffer material + bedrock.

If the isolation fails and the fuel comes in contact with the ground water the barriers work in
order to retard and retain (second line of defence) the hazardous radionuclide. The fuel itself
has low solubility in ground water as well as the actinides. The buffer-clay prevents water

10
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movement and sorbes radionuclides. The rock has reducing chemistry, slow flow of water and
sorbes dissolved species.

cladding spent
nuclear
fuel

bentonlte
clay

uranium dioxide copper canister
fuel pellet with Inner steel

container

crystalline
bedrock

Figure 3.2. Safety barriers in the KBS-3 concept.

If a small fraction of radionuclides still manage to reach the biosphere - they will be diluted in
water coming from other areas than the repository. If it is a lake or a sea (instead of a well for
drinking water) the dilution will reduce the concentration further and the radionuclides will be
dispersed before they reach man. This factor (third line of defence) is however the least
important and also the one least accessible to control.

In order to assess the safety of the repository one must make a model of the repository system.
The models describe the physical and chemical processes that have some impact on the safety.
These processes must be estimated both in space and in time. To make the models we need
understanding. To apply the models and make a quantitative assessment we need data. Data on
the future can only be obtained by extrapolation of knowledge of the present and the past and
by scientific understanding of the system and the processes based on such knowledge.

In the safety assessment it is of course not possible to make a precise prediction of the future
development or of the events that might influence the repository system. Instead one has to rely
on a set of scenarios intended to bound the reasonably probable future development. You must
also assess the uncertainties and variability in the data used in your modelling. Some of the
scenarios in safety assessments should address scenarios that both may seem unreasonable and
improbable - the purpose is then to assess the robustness of the protection system against the
unexpected.

In the timeframe for which we must assess the safety of a deep repository located somewhere
in Northern Europe - climate change and another glaciation are certainly phenomena that must
be considered. SKB and other organizations involved in waste management therefore
encourages and supports the development of knowledge and understanding in this area.

11
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3.1.2 Assessment of Climate Change and Deep Geological Disposal of Spent
Nuclear Fuel Waste in Sweden (Bjorn Dverstorp, SKI)

The Swedish Nuclear Power Inspectorate, SKI, has recently completed a performance
assessment research project, SITE-94 (SKI, 1996). The project was set up as an assessment
of a hypothetical KBS-3 type repository for spent nuclear fuel, and used site-specific data from
SKB's site investigation at the Aspo Hard Rock Laboratory in southeastern Sweden. The
project was concentrated on developing methods for 1) analysing site-specific data 2) treatment
of scenarios and uncertainties, and 3) canister analysis. In the following paragraphs, some of
the findings concerning the treatment of long-term evolution of the repository system are
discussed.

SITE-94 has resulted in the development of a comprehensive methodology for structuring and
guiding performance assessments, for constructing scenarios and for defining calculation cases
for consequence analysis which take full account of the uncertainties involved. The geosphere,
the engineered barriers and the processes for radionuclide release and transport were viewed as
an integrated interdependent system, the Process System, upon which external events and
processes such as major climate changes may act.

Conceptual model and parametric uncertainties related to the description of the site were mainly
evaluated in a Reference Case assuming that present-day surface conditions prevail at steady-
state into the future. The impact of future climate evolution was analysed in a climate evolution
scenario (Central Scenario) specifying a sequence of time-varying boundary conditions for
glaciation cycles, sea level changes and permafrost events over the next 120 000 years. Any
prediction of future climate evolution is inherently highly uncertain and should rather be seen as
a means to identify major classes of phenomena that may have an impact on the performance of
a repository.

The rock mechanical evaluation of the Central Scenario comprised a quantitative time-dependent
analysis of mechanical and thermal loads owing to heat production in the repository, permafrost
and glaciation. The hydrogeological evaluation comprised time-dependent, large-scale
groundwater flow modelling, taking into account the changing surface boundary conditions
during the Central Scenario.

Analyses of the historic hydrogeological and geochemical evolution at the site provided an
important basis for the modelling of future behaviour. Large-scale, regional hydrogeologic
modelling of past groundwater flow provided plausible explanations for the salinity distribution
of the site and also provided plausible boundary conditions for the more detailed scale
modelling. Analyses of the origin of different groundwaters and the use of chemical imprints
enabled the formulation of a plausible model for different groundwater compositions in the site,
which did not conflict with current thinking on past groundwater movements. These analyses
increased the confidence in the groundwater composition used as input (via solubility and Kd-
values) for the radionuclide release and transport calculations.

The results of the hydrogeological modelling of the Central Scenario suggest that the main
impact is a potential for infiltration of oxygenated glacial meltwater to repository depth in
connection with a glaciation cycle, which might affect the degradation of the engineered barriers
and the transport properties on the rock. Figure 3.3 illustrates the modelled time-evolution
(present day to 140 ka into the future) of groundwater flux, flow directions and shield brine
concentration at a point 500 m below the Aspo Island. The impact of a major glaciation can be
seen at around 60 ka (enhanced downward flow and reduced salinity). The exact effects of
such groundwater infiltration depends on the redox and pH-buffering capacity of the geosphere
and on the hydraulic properties of major fracture zones in the vicinity of the repository.

12
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Transport sensitivity studies suggest that time-dependent changes of groundwaater flow and
groundwater chemistry, in connection with a glaciation, may lead to significantly enhanced
releases of some radionuclides to the biosphere, primarily owing to reduced sorption capacities
and flushing effects. However, further development of radionuclide transport models are
necessary in order to fully quantify such transient effects.
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Figure 3.3. Time-evolution of groundwater flow and shield-brine concentration at a point
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0.001), b) direction of groundwater flow, c) shield-brine concentration as mass fraction of
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recharge, s = sea.
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The rock mechanical analysis did not suggest any significant deformation of the deposition
holes or the repository during any of the analysed events, although there is a need to pay
attention to the locally increased stress levels owing to repository heat and the significant glacial
load. Furthermore, the quality of the stability predictions may be questioned because of the
significant uncertainties associated with the rock mechanical models and the sparse site-specific
data available. The overall impact of the climate evolution on deep fracture behaviour is not yet
well understood.

In summary, the potential impacts of future climate evolution in the performance assessment
point to the need for better understanding of the uncertainties associated with climate modelling.
This is true, in particular, with regard to the time schedule and extent of future glaciations.
Further, in many cases better analysis tools and data are needed to be able to quantify the
impact of such time-dependent processes. Indirect evidence on impact of past climatic changes,
such as paleogeochemical data, may give clues as to the likelihood of, for example, deep
infiltration of glacial meltwaters and mechanical instabilities.

3.2 Scenarios, Climate Change and Requirements for Assessment

Neil Chapman (QuantiSci, UK) presented an overview of the main performance assessment
information requirements when evaluating the impacts of glaciations. Safety assessments of
deep radioactive waste repositories generally use rather simple models of the evolution and
behaviour of the system and make quantitative estimates of radionuclide releases out to periods
in the order of a million or more years.

There is an awareness that, over such periods into the future, climate change will modify the
basic conditions governing groundwater behaviour, especially where the region is glaciated
once, or several times.

However, time-dependent changes in boundary conditions or material properties used in
groundwater flow and radionuclide mobilisation and transport models are rarely treated
explicitly in safety assessments. A very few assessments (notably HMIP Dry Run 3 in the UK
and SKI SITE-94 in Sweden) have addressed a time varying system, whilst others have
developed simple scenarios of future climate states to evaluate potential changes in radionuclide
release rate or uptake mode. Most assessments continue to rely on a 'steady-state' (i.e. non-
evolving) model of groundwater flux and chemistry in and around the repository as the
mainstay of the safety estimates.

Based on a number of recent 'non-evolving' safety assessments of deep repositories (e.g.
Nagra Kristallin 1, SKB 91, SKI Project 90, Nirex 95) it is possible to extract a rather generic
understanding of the principal function of the geological barrier and the sensitivity of repository
safety to changes in this barrier which might be brought about by climate evolution and
glaciation.

Figure 3.4 shows these principal barrier roles as a function of time in a generalised fashion.
The relative importance of each is shown at different times after repository closure, but it is
stressed that the relative positions of these curves would change with waste type and disposal
concept.

14
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Rdle of the Geological Barrier as a Function of T ime after Disposal
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Figure 3.4. Generalised depiction of the relative importance of the various functions of the
geological barrier around a deep repository as a function of time after disposal (after Chapman,
1995).

It can be seen that the main functions of the geological barrier after a few thousands of years
are:

• to promote dilution of early releases of poorly sorbing radionuclides (such as 36C1 and
1291)

• to protect the engineered barrier system from dynamic changes

and, later and, generally, less significantly,

• to retard releases of long-lived radionuclides.
Confidence in the maintenance of each of these three functions is critically dependent on our
ability to establish or predict:

• the continued structural stability of the repository near-field
• very slow and relatively limited changes to groundwater chemistry in the near-field

(which implies low flow in this region)
• fluxes in the far-field
• the absence of preferential ('fast') pathways for release.

It can be seen that each of the factors in this list could be influenced by the impact of climate
change on the rock-groundwater system. In summary, it is clear that we need to know the
answer to two fundamental questions in order adequately to calculate the performance of the
repository in an evolving geosphere:

Q. How much do groundwater flow and chemistry change throughout the system and what
is their rate of change during the period over which the assessment is concerned?

Q. Can the engineered barriers of the repository be physically disrupted by climate driven
changes in the geological barrier?
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3.3 Current Concepts of Climate Modelling

Andre Berger (UCL, Belgium) was originally to have provided the keynote presentation on
current concepts of climate change and its application to radioactive waste disposal, but was
unfortunately unable to attend. Marie-France Loutre (UCL, Belgium) and Jean-Claude
Duplessy (Centre des Faibles Radioactivity's, France) kindly offered to present the keynote
presentation as two separate talks.

3.3.1 Climate Modelling: The LLN 2-D Climate Model

Marie-France Loutre spoke on the Louvain-la-Neuvre 2-D climate model (LLN), a two-
dimensional (latitude-altitude) sectorally averaged model of the northern hemisphere which
links the atmosphere, the ocean mixing layer, sea ice, ice sheets and their underlying bedrock
(Figure 3.5), developed by Berger and colleagues at the Institut d'Astronomie et de
Geophysique Georges Lemaitre, Belgium. It was noted that the model computes ice volume as
well as temperature variations.

Simulations show that the model is able to reproduce the main characteristics of the present-day
climate and general circulation. Used to test the Milankovitch theory, the LLN 2-D climate
model shows that orbital and atmospheric CO2 variations induce, in the climate system,
feedbacks sufficient to generate the low frequency part of the climatic variations over the last
two glacial-interglacial cycles, as shown in Figure 3.6. Except for variations with timescales
shorter than 5 ka, the simulated long-term variations of total ice volume are comparable to those
reconstructed from deep-sea cores. For the last 200 ka for example, the model simulates glacial
maxima of similar amplitudes at 134 ka BP and 15 ka BP, followed by abrupt deglaciations.

Snow field
. SitalaH •

*•.*.* Atmospheric dynamics tH'u _ .
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T. / " • : •

Sea ice

Figure 3.5. For palaeoclimatic simulations, the 2-D seasonal model is asynchronously
coupled to three 1-D models which simulate the dynamics of the Greenland, the American and
the Eurasian ice sheets into the LLN 2-D climate model. From Gallee et al. (1991).

Using different CO 2 reconstructions over the last two glacial-interglacial cycles, the model is
apparently not too sensitive to the glaciological timescale of the Vostok ice core. It is definitely
driven by the astronomical forcing, the CO 2 variations helping to produce a better amplitude in
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the long-term temperature and continental ice volume change and a more accurate southward
extension of the north american ice sheet. Sensitivity experiments of the LLN model to CO 2
have shown that the model is insolation-dependent.

For the future, as for the simulation of the past, three constant CO2 concentrations (210, 250
and 290 ppmv) were used as external forcing, along with the insolation, to simulate the ice
volume changes over the next 130 ka (Figure 3.7). No ice sheet can develop under the high
CO2 concentration (290 ppmv), whereas when the CO2 concentration is low (210 ppmv), the
ice sheets do not disappear over the next 130 ka. During the whole interval from 20 to 110 ka
AP, the difference between the ice volumes generated under a 210 and a 290 ppmv forcing
remains very large due to the very weak variations in insolation (which are unusual with respect
to the past 3 million years). This whole period is therefore one during which the climate
system is very sensitive to the atmospheric CO2 concentration.

?

20 40 60 80
Time (kyrBP)

100 120

Figure 3.6. Comparison of the LLN Model results for the last 120 ka with CO2 and
reconstructions from deep-sea cores. Lower plot: Simulated total ice volume derivation from a
present-day value assumed to be 30.5x106 km3. This is compared to the variation of the global
sea water oxygen isotopic ratio given by Labeyrie et al. (1987). These values are scaled and
plotted such that their maximum corresponds to the deviation from present-day of the last
glacial maximum total ice volume taken as 48.6x10$ km3 (Marsiat and Berger, 1990). Upper
plot: provides the long-term variations of the June insolation at 65N and of the Vostok CO 2
concentration (Barnola et al., 1987).
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For the future, if the atmospheric CO2 concentration of the last interglacial is used as a first
approximation, the resulting ice volume curve is shown in Figure 3.8 (based on the CO2 curve
from Jouzel et al., 1993; solid line). Inspection of the simulated ice volume shows that the next
'natural' glacial stage will occur at about 60 ka AP, following an exceptionally long interglacial
period, followed by a glacial maximum just after 100 ka AP and a rapid deglaciation leading to
disappearance of the northern hemisphere ice-sheets at 120 ka AP.

However, the LLN model has also been used to test the sensitivity of the climate over the next
few centuries to modifications in the CO2 concentration due to human activities, as shown in
Figure 3.8. Firstly, the Greenland ice sheet is assumed to have disappeared as an initial
condition for simulating the future. This extreme situation could perhaps result from the global
wanning related to some particular scenarios of future greenhouse gas increases. This
simulation shows that the system takes about 100 ka to forget the initial conditions. No ice is
present for the first 50 ka and the next glacial peak at 60 ka AP, although it still occurs, is
greatly reduced.

Two more reasonable CO2 scenarios are based on the IPCC scenarios (IPCC, 1996) where the
CO2 concentration increases from 296 ppmv to 750 ppmv or 550 ppmv over the next 150
years, decrease to 300 ppmv over the following 500 or 300 years, reaching the 1 ka
concentration of the Jouzel scenario. From Figure 3.7 it can be seen that both scenarios lead to
the melting of the Greenland ice sheet after about 6000 years. However, for the 750 ppmv
case, the Greenland ice sheet remains melted until about 50 ka AP and for the 550 ppmv case,
the Greenland ice sheet starts to build up again after about 15 ka AP. In both scenarios the 60
ka AP glacial still occurs, but it is less pronounced than in the 'natural' CO2 case.

Northern hemisphere ice volume (10* km9)
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Figure 3.7. Simulated ice volume using three different CO2 scenarios and and the orbital
forcing of the last 200 000 years and the coming 200 000 years.
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Thus, scenarios of the impacts of human activity over the next couple of centuries, as
determined using the LLN model, apparently lead to a progressive melting of the Greenland ice
sheet which disappears after 6 to 10 thousand years. This melting is due to a CO2
concentration which remains above 250 ppmv for a few centuries. The timing of this melting
will depend on the amount of atmospheric CO2 released and its lifetime in the atmosphere.
In all the analysed scenarios, the most significant changes occur over the next 100 ka and
particularly over the next 50 ka.

These results are based only on the response of the currently simple LLN model to insolation
and CO2 scenarios. Alternative scenarios including dust must also be considered and an
improved and extended version of the LLN model is required which considers both
hemispheres, three oceanic basins and a more realistic hydrological cycle.
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Figure 3.8. Berger et al. 's LLN 2D climate model of Northern Hemisphere ice volumes of
the last 200 000 years and 130 000 years into the future based on the natural CO 2 concentration
of Jouzel et al (1993) and a present day Greenland ice sheet compared to three alternative
scenarios: (i) the Greenland ice sheet is assumed to be totally melted but the natural CO2
concentration is used (dotted line); (ii) starting with the present day Greenland ice sheet, but
with a high level CO2 scenario (IPCC S75, dashed line); (iii) starting with the present day
Greenland ice sheet, but with a low level CO2 scenario (IPCC S55, longer dashed line). From
Berger, Loutre & Galtee (1996).
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3.3.2 Abrupt Climatic Changes

Having provided background to the current application of the LLN climate model to the
assessment of future, low frequency climate change, Jean-Claude Duplessy gave a
presentation on the nature and consequence of abrupt climate changes.

Although Milankovitch cyclicity is deemed to be responsible for major trends in climate, it is
apparent that many rapid changes are also known to have occurred in the geological record,
especially during the last 50 ka.

During the last glaciation, rapid temperature variations have been recorded in the mid and high
latitudes of the North Atlantic (Dansgaard-Oechger events, Bond cycles). Their magnitude is
close to 5-10°C and they develop in less that one century. They have been linked to massive
iceberg discharges resulting from ice cap instability.

This topic is discussed further in Section 4.

3.4 Current Concepts of Modelling of the Ice Sheet Hydrological
System

Geoffrey Boulton presented some background to the current state of glacial modelling and its
application to determination of future glaciations and their impacts.

Models have been developed which simulate the characteristics of modern ice sheets and those
which have occurred in the past, as constrained and tested by geological evidence. Such tests
suggest that relatively robust patterns of basal melting exist which are insensitive to all but a
few free parameters.

Meltwater present at the base of ice sheets may be discharged through channels at the ice/bed
interface or by groundwater flow following recharge, the balance between the two being
controlled by the permeability of the subglacial geological formations. It has been suggested
that esker systems, which probably reflect the presence of past meltwater tunnels, may
therefore be an index of the state of this balance.

Models which couple the ice sheet and subglacial hydraulic system may be applied to ice sheet
fluctuations in northern Europe and can thus be used to show systematic patterns of hydraulic
evolution (head, hydraulic gradient and flow vectors) for a particular site. An example of this
is shown in Figure 3.9.

The hydraulic evolution of and ice sheet and bedrock may also be associated with distinctive
changes in the geochemistry of recharge. It is therefore likely that systematic patterns of
subsurface hydrogeochemistry could be used as indexes of the long-term hydrogeological
characteristics of bedrock at a particular site.

Patterns of stress and associated features such as hydrofractures may also be associated with
ice sheets, and thus may be predicted for modelled ice sheets. Many features of ice sheets,
such as eskers and lobations/ice streams may be very transient and, if they exist in the future,
may create uncertainties in the modelling of future ice sheet behaviour and its impacts on the
bedrock at a particular site.
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Figure 3.9. (a) Simulated variation in the vertical velocity of groundwater at a modelled site
through the last two glacial cycles. Beneath the ice sheet, movement is predominantly
downwards as the ice sheet expands. Water movement is almost parallel to the ice/bed interface
during the glacial maximum and during decay. There is strong upward movement just beyond
the ice sheet margin, (b) The cumulative vertical displacement of groundwater from its original
position through the last two glacial cycles.

21



Workshop on the Impact of Climate Change & Glaciations on Rock Stresses,
Groundwater flow and Hydrochemistry, Stockholm 1996

3.5 Group Discussions: Day 2

The following sections summarise the discussions that were held in each of the group sessions
during Day 2 of the workshop and as summarised by the session group leaders on Day 3 of the
workshop. It should be noted that the detail of the discussions has not been recorded, only the
most pertinent themes are included.

The reader is referred to the abstracts submitted by participants for further details of their
individual input to the workshop. Appendix 2 includes a list of all the participants of each
group and Appendix 5 contains full abstracts of posters and verbal presentations.

The results of the inter-group discussions of the hydrogeology-hydrogeochemistry and
hydrogeology-tectonics groups are included in the most relevant group summaries, usually in
the summary of the group to which a question was posed.

Questions posed and answered during the discussions are included wherever possible in the
summaries and the full lists of questions identified prior to the workshop are listed in Appendix
3.
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4. CLIMATE CHANGE & QUATERNARY GEOLOGY

Session leaders: Svante Bjork (Copenhagen University, Denmark)
Jean-Claude Duplessy (Centre des Faibles Radioactivites, France).

4.1 Past and Future Climates

As a result of their discussions, it was concluded by the Climate Change & Quaternary
Geology Group that it is absolutely necessary to take into account the long-term evolution of
past and future climates in order to evaluate the future performance of a deep repository. The
group thought that this is a rather obvious conclusion based on what is known about past
climate changes. To illustrate this statement one can look at a palaeogeographic map of Europe
during the last glaciation some 20 000 to 25 000 years ago (Figure 4.1). This is only one of
several glaciations that are thought to have occurred during the last 400 000 years with a
periodicity of about 100 000 years.

Q. What is the reliability of past climate reconstructions?

Although this question was not considered in great detail, it is clear that there are many
uncertainties in the reconstruction of past glaciations. For example, there is still no consensus
for certain aspects (such as duration and extent) of the last Scandinavian glaciation.

40* s

Figure 4.1. Palaeogeography of western Europe during the last glacial maximum (Skinner &
Porter, 1987).

4.2 Present Scenarios for Future Climate Change

Many possible scenarios may be formulated for future climate change for input to performance
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assessments of radioactive waste disposal. For example, SKI has made an attempt to produce
a likely future scenario for southeastern Sweden (Figure 4.2) based on Milankovitch forcing
and different types of Quaternary geology records from the last glacial cycle, but omitting
anthropogenic effects. It is clear that this is just one possible scenario for future climate.
Further input from climate models and geological data is required in order to constrain and
develop a range of realistic scenarios for input to performance assessment.
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Figure 4.2. SKI SITE-94 Central Scenario. This is a future scenario based on combining
past and future Milankovitch forcing with geological data from the last glacial period. From
King-Clayton et al. (1995) (abstract in this volume and references therein).

4.3 Current Models for Climate Change

In general, models of the change in climate over the last century give a good picture of
observed changes in temperature. However, a complicating factor is the cooling effect of less
well-understood aerosols which may be able to change the pattern of climate change. During
the last decade several independent groups have produced different types of models (AGCM -
3D Atmospheric models) to increase the understanding of the complex climate system and the
more long-term changes. To test their validity they have often been run against palaeo-data.
Although most models are able to simulate the glacial climate well, particularly for the last
glacial maximum, many of the models have short-comings. This is obviously even more
pronounced for models of the future, and the more local a model is made, the more
uncertainties are involved.

Berger et aVs 2D-LLN climate model of Northern Hemisphere ice volumes of the last 200 000
years and 130 000 years into the future is one of the latest and most advanced models (see
Section 3.3.1). In contrast to most of the 3D climate models which perform 'snapshot'
calculations which compute the climate in equilibrium for different conditions, the 2D-LLN
code is able to compute time-dependent climate variations through a whole glacial period.
Apart from orbital forcing (insolation), it takes account of different IPCC CO2 predictions, as
well as the effect of a completely melted Greenland ice sheet. However, this model, in a
similar manner to all other climate models, has its short-comings. For example, we know that
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Greenland was covered by glacier ice during the last interglacial, which is something that this
model does not predict. The model, like many other atmospheric models, predicts an initial
glaciation phase 60 000 to 70 000 years into the future, followed by a major glaciation in
c. 100 000 years time.

4.4 Milankovitch Theory & Other Complexities

Q. How valid is the Milankovitch Theory in predicting climate changes - are there other
factors regulating it? What do we still not understand about the response to
Milankovitch forcing ?

There seems to be a general consensus today that, in spite of several complex feedback
mechanisms and relations between different parts of the climate system, Milankovitch forcing is
the main driving force of long-term climate change. This is shown by palaeoclimate data and
model simulations. The output of models such as the LLN model shows that although the
Milankovitch theory does provide the broad framework/trends of the first order, but there are
significant changes which are superimposed on these large-scale trends, some of which are
internally generated, affecting oceans and ice sheets (second order) and volcanoes/solar
variability etc. (third order).

Although knowledge about the climate system has increased significantly during the last
decade, we still have very restricted understanding of the complexities between different parts
of the system, as well as of the details of the climatic processes themselves. Figure 3.5
illustrates some of the main mechanisms involved in climate processes which were included in
the 2D-LLN model. Figure 4.3 shows a glaciation curve based on palaeoclimatic/geological
data for the last glaciation in Scandinavia. There are some differences between this curve and
the results of the LLN model shown in Figure 3.5.

1000 Yr>
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Figure 4.3. Glaciation curve of the last glaciation cycle in Scandinavia, after Lundqvist
(1992), based on palzeoclimatic/geological data. Horizontal scale represents a transect across
Scandinavia from north Sweden to continental Europe.
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Q. How well can the climate change models simulate the past. How can climate models be
improved by data from the Quaternary? What implications do the results have on
predictions of future climate changes?

Q. How big are the uncertainties in modelling results, considering/not considering all
relevant factors?

This degree to which climate models can simulate the past can only be assessed by comparison
with observational data and with the results of other models. This is beginning to be done by
various organisations such as PAGES/IGBP, WGNE/WCRP and the 1992-1998 PaUeoclimate
Modelling Intercomparison Project (PMIP) with respect to the LGM (Last Glacial Maximum).
Different AGCMs (Atmospheric General Circulation Models) are/will be forced by the same
boundary conditions to study the mechanisms of climate models and to evaluate climate
models. Proxy-data such as lake levels and vegetation are/will be used. However, comparison
is not easy, for a number of reasons:

• There is a need to make sure that data comparisons are legitimate, for example, when
model boundary conditions are prescribed from the data. There may be uncertainty as
to the validity of data available {e.g. the marine temperature record).

• Ideas/models can be disproved because they are not supported by the evidence, but it is
far more difficult to prove ideas/models (e.g. greenhouse wanning presents a problem
of detection).

• Data/model comparisons may be difficult since the system is never in equilibrium.

• One can never eliminate uncertainty due to natural variability of the climate.

• Is it possible to run models over, say 100 year timescales through transitional
periods/state changes ie. 'chaotic changes'? (A question from the geologists)

• The sensitivity of models to parameterisations.

• Models sometimes disagree between themselves or have large error bars.

• Data are not always very accurate (e.g. qualitative rather than quantitative and their
spatial and temporal coverage is not global).

• Time calibration is also a challenge, for example for cross-correlation between data.

With regard to the Louvain-la-Neuvre (LLN) model, the model is very sensitive to the albedo
of snow/sea ice, particularly during deglaciation. The model is designed to reproduce the past
but also tries to understand the processes involved. Feedback loops (e.g. via bedrock) in the
model are very complex. What will happen to the Greenland Ice sheet (a mesoscale effect) is
something that cannot be answered using the LLN model alone - other models are needed.

4.5 Improving Models and the Need for Time-Dependent Simulations

Increasingly detailed palaeoclimatic records increase the demands on climate models. However,
they also provide a better opportunity to test the validity of the models. For example,
modelling of mean annual temperatures at the last glacial maximum (LGM) compared to today
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(Figure 4.4) gives fairly reasonable outputs compared with the fossil records. Recent data
from the tropics, however, suggest that these regions were cooler during the LGM than
previously believed.

Comparisons between models also show that they are sensitive to different parameters (e.g.
aerosols, cloudiness). Comparison between nineteen different GCM models shows that some
are more sensitive than others to changes in cloudiness parameterisations (Figure 4.7).
Another example is that most ocean models are over-sensitive to freshwater forcing (such as
caused by ice melt input into the oceans) compared to the real world. It is therefore very
important that the models can depict the effects of significant environmental/climatic changes.
The growing awareness that many of the major climatic changes occurred rapidly and during
fairly chaotic climatic conditions, and not all during states of equilibrium (which models are
based on), increases the need for time-dependent 3-D models as well as a good carbon cycle
model. It will, however, take several years before such models can be run. Before such
modelling is performed more detailed data concerning periods of climate change should be
analysed to give some clues on processes and feedback mechanisms.

-30 0 30
LONGITUDE

Figure 4.4. A model comparison between mean annual temperatures of the last glaciation
and today.

4.6 Anthropogenic Changes

Q. Can human activities perturb the climate system over timescales longer than centuries
and can they trigger internal perturbations?

4.6.1 Century Timescale

It has been shown that the effects of anthropogenically induced greenhouse forcing on climate
will not disappear until some centuries after 'greenhouse' gas emissions have stopped (e.g. the
IPCC scenarios to 2100). It has also been shown through modelling that the coming 50 000
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year period, with its relatively weak Milankovitch forcing, is sensitive to different CO2
scenarios. A difference of 40 ppm in atmospheric CO 2 values may be the difference between
an early and late future glaciation (Figure 3.6).

Another possibility is that a global warming, caused by the greenhouse gases, may lead to
increased melting of ice in polar areas and/or increased precipitation in higher latitudes. In the
lack of any strong Milankovitch-forcing, such freshwater forcing may severely disturb the
ocean conveyor belt (Figure 4.5) by reducing deep water formation and northwards heat
advection, for example in the North Atlantic, leading to an early 'super' glaciation.

Figure 4.5. The global thermohaline heat conveyor belt circulation. From Broecker &
Denton(1990).

4.6.2 Geological Timescale

Anthropogenic processes must also be considered over longer timescales. There are many
potential scenarios which may be identified and these must be tested. For example, the
Louvain-la-Neuvre (LLN) model is very sensitive to the different CO 2 scenarios used and there
is no international basis for constructing emission scenarios over such long timescales. A
'probable' or 'possible' scenario is delayed/reduced glaciation. However a 'not impossible'
scenario is early glaciation through freshening of the N Atlantic Ocean. 2-D models such as
LLN are the only models which can be used on these timescales.

4.7 Downscaling Models from Global to Local/Regional Scale

It is recognised that there is a need to develop techniques to 'downscale' from the global scale
to the regional scale, in order to enable provision of climate information in a form suitable for
input to radiological assessment models of repositories at a national, regional or site-specific
scale. A number of factors are relevant:
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• the time period evaluated in a safety assessment is likely to vary from country to
country, e.g. in the UK 'detailed' information is required to 100 ka AP;

• rather more site-specific data may be required such as average monthly temperature
/precipitation;

• the representation of climate in models may be continuous or discrete
(snapshots/succession of climate states).

It is useful to assume that the same local conditions will recur whenever the same conditions
recur in the large-scale record. The local 'snapshots' can be defined using instrumental
analogues or by downscaling information from large-scale models.

Climatologists have adopted three different approaches to downscale the relatively coarse GCM
scale to the finer scale required for impact assessment:

• statistical linkages,
• physically based linkages using circulation classifications to describe the large-scale

climate, and
• nesting a finer-scale limited area model within a GCM (e.g. as used by USDOE).

For all approaches one needs to be satisfied that the coarse-scale model can realistically
simulate the variables used in downscaling and that the resulting scenarios are plausible, ie.
validation (for past and present conditions) is vital. For the first two approaches, one needs to
assume that the relationships between the model and observations will be unchanged in the
future.

Issues that arise from a statistical approach to downscaling include:

• What is the best choice of model-based predictor variables? ie. Those best simulated by
the model or those which best explain present-day/past climate?

• What is the applicability of the regression equations to future conditions? ie. How does
the variable range for the calibration period compare with the range for the application
period?

• Is it possible to incorporate the effect of detailed changes not represented in the coarse
model? e.g. for Sellafield, to incorporate the effect of the shut-down of the Gulf Stream
and the establishment of a Fennoscandian glacial anticyclone. It is possible that detailed
changes can be incorporated that are not represented in the coarse model (the coupling
approach is based on this idea) - the questions is, how does one couple global/regional
models.

Downscaling is never more accurate than the underlying model. For example, we know that
global warming would have a long-term effect on the Greenland ice sheet and ocean currents.
Thus, one must ask if downscaling methods are valid when underlying changes may be so
large? The problem is that climatologists need to provide more information.

4.8 How Fast are Climate Changes?

Q. How fast are climate changes - what is the evidence? How valid are the rapid changes
we see at the end of the last glacial for future scenarios?
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Although Milankovitch cyclicity is deemed to be responsible for major trends in climate, it is
apparent that many rapid changes are also known to have occurred in the geological record,
especially during the last 50 ka. During the last glaciation, rapid temperature variations have
been recorded in the mid and high latitudes of the North Atlantic. Their magnitude is close to
5-10°C and they develop in less than one century. It is very likely that many of the most
significant climate changes we see in the palaeoclimatic record of the last glacial cycle, the
Heinrich events, Dansgaard/Oeschger oscillations and the late glacial stadials (Figures 4.6),
were caused either by sudden freshwater pulses due to calving of icebergs or the gradual build-
up of freshwater in sensitive oceanic areas.

Iceberg discharge will inject freshwater into the surface waters of the North Atlantic which
enhances stratification and reduces flow of the oceanic conveyor belt (Figure 4.5), which
drives the transport of warm surface water to the high latitudes of the North Atlantic. This
causes a significant cooling in both the North Atlantic and adjacent continents, but also in
tropical areas.

Rapid climate variations may also have occurred during interglacial conditions, but these
climate changes, which developed in the absence of major continental ice sheets, are still poorly
known.

Even shorter-term events can also have a high impact on the short-term climate. For example,
volcanic eruptions may result in 2-3% (or more) less light and a drop in temperature of a few
tenths of a degree (or more) over a few years.
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Figure 4.6. Vegetation changes in Florida during the second part of the last glaciation,
caused by so-called Heinrich events (H1-H5) documented from marine sediments and ice
cores. From Grimm et al. (1993).
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Thus, it is likely that the high frequency climate system observed in the past could be repeated
in the future. However, the predictability of future changes is uncertain. The difference
between today's situation and, for example, the last deglaciation period, with its oscillating
climate (Figure 4.7), is not only the fairly large amounts of ice that were present during
deglaciation, but also the very strong Milankovitch forcing of that time, which repeatedly
brought climate back onto the 'right track'.
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Figure 4.7. The oscillating behaviour of the climate system during the last deglaciation.
From Bjorketal. (1996).

Q. Is there a signature of short-term events at depth (or just at the surface)? How do
responses occur? Is there a long-term memory of the bedrock?

There seems to be a great deal of uncertainty associated with the deeper response of the bedrock
to very rapid changes in climate. Such events are often recorded in the geological record as
sedimentary layers (e.g. Heinrich Layers), but the deeper response of the bedrock (ie.
hydrogeological and geochemical) to these changes in climate is not clear at the present time.

4.9 Summary - The Remaining Key Questions, Issues & Potential
Solutions

The following key questions and issues still remain to be answered:

Ql. How finely balanced is the climate ?

Q2. How susceptible is the ocean to freshwater forcing during periods of weak
Milankovitch forcing ?

Q3. Is it possible that freshwater forcing can turn the present climate into a glacial mode,
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and if so, what is the time aspect of such a mode change?

Q4. Is it possible to establish critical boundary conditions for future climate changes and is it
possible to understand any warning signals in the climate system?

Q5. Is it possible that global warming, anthropogenically induced climate changes, are able
to induce in the climate system modification large enough to have long-term
consequences on the climate? For example, to induce partial or total melting of
Greenland and Antarctica ice sheets, deep ocean circulation changes, or unrecoverable
albedo/vegetation changes.

Q6. How do we downscale models? Is it possible to use GCM output (from existing/new
simulations) as an intermediate step? How sensitive are the downscaled scenarios to the
choice of method/other user choices? How can uncertainties be represented?

In order to answer many of these questions more research and data collection are necessary.
The group thought that increased research on regional/global Holocene climate patterns and
changes and the underlying processes behind such oscillations should be emphasised. It was
stressed that ocean models and coupled ocean-atmosphere models must be improved and tested
against gradually more detailed Holocene records. One of the most important tasks is to
validate the sensitivity of ocean models to freshwater budgets. As there seems to be a close
relationship between atmospheric 14C changes and climate, the influence from sun irradiance
(solar activity) on climate change was also discussed. It was, however, agreed that it has
theoretically only a small influence on the global heat budget. We should, however, not
exclude the possibility that it may be a (poorly understood) trigger to larger scale changes.

The application of the current knowledge of future climate changes was also addressed. In
defining inputs/scenarios for long-term future model simulations, factors such as changes in
natural CO2, sulphate and greenhouse gases should be considered. However, the mechanisms
involved are not fully understood, so the only current possibilities are to re-use past change,
'predict' changes, or prescribe changes in some other way. There is also some mismatch in
what safety assessment modellers want and what climatologists can provide, but one can make
the best use of what information is currently available by identifying areas of broad consensus,
areas which are still controversial and areas of uncertainty.

In contrast to most of the 3D climate models which perform 'snapshot' calculations which
compute the climate in equilibrium for different conditions, 2D models such as the 2D-LLN
code are able to compute time-dependent climate variations. These models therefore have the
greatest application to the generation of scenarios of future climate change for input to
performance assessments.

The view held by the group was that climatologists can provide information on "possible"
futures appropriate to assessment studies in the form of first order changes (based on orbital
theory); scenarios which should include delayed/reduced glaciation and which are legitimate to
represent as sequences. Second order changes (internal to oceans/ice sheets) are difficult to
incorporate into sequences. Third order changes (volcanoes/solar variability) cannot be
incorporated into sequences, but it was considered that they are likely to be less important for
repository safety assessments.

It was concluded finally that a 'worst case' climate scenario could be an early glaciation
characterised by high frequency Heinrich event-type oscillations in, for example, the Baltic
Basin. This would cause an unpredictable (and dramatic) picture of ice sheet development and
glacial loading and unloading.
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5. HYDROGEOLOGICAL ASPECTS OF GLACIATION

Session leaders: Geoffrey Boulton (University of Edinburgh, UK)
Ghislain de Marsily (Paris VI University, France).

5.1 The Impact of Climate Change on Hydrogeology - Procedure

Q. Will future climate change have an impact on hydrogeology? If so - how?

The response to this question must be: Can we simulate the hydrogeological response to past
climate change? If we can do this, we increase our confidence that we can estimate future
response.

The way in which the impact of climate can be addressed is described in Figure 5.1. A climate
model will provide information on the surface boundary conditions for groundwater flow.
These in turn define the recharge chemistry and the physical response of groundwater to climate
change. This response should allow a prediction of the physio-chemical state of the
subsurface. Past climate/geological data must then be used to validate the model.
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Figure 5.1. Outline of a procedure adopted to determine the impact of climate change on the
groundwater system.

In response to such a procedure, one asks:

Q. Does climate change matter? If so, which attributes of future change need to be
incorporated into Performance Assessments?

It is this question which is addressed in the following sections.
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5.2 Driving Forces for Groundwater Flow: Glaciers & Ice sheets

5.2.1 Mass Balance

In general terms, it is the availability of excess water which will determine the topographic head
distribution and the drainage regime of a hydrological system. These in turn drive the recharge
flux into the bedrock.

Q. What is the mass balance of the hydrogeological system? Do melting rates directly relate
to the mass of water in the groundwater system? Do peak melting rates occur at the
glacial maximum?

Peak melting rates do not necessarily reflect the peak of glaciation - the spatial position with
respect to melting zones at the base of an ice sheet is more important. The key factors in
driving the groundwater flux are the hydraulic gradient and the capability of the bedrock to
allow flow of water (e.g. Boulton, Caban & van Grissel, 1995).

In a glacial regime characterised by the presence of an ice sheet (glacier) there are a number of
factors which combine to form the driving forces of groundwater flow as described below.

5.2.2 Limiting Head and its Predictability

It is considered that the errors involved in the prediction of the limiting head are likely to be
relatively small with respect to other uncertainties. An understanding of ice sheet geometry is
very important with respect to the determination of limiting head since the thickness of ice may
be considered to represent be the upper possible limit of head. For example, if an ice sheet
were to extend outwards from above a more solid crystalline bedrock to over more deformable
sediments, the geometry of the ice sheet (its surface slope and thickness) may change
significantly as shown in Figure 5.2. Hence the limiting head would be expected to differ
laterally. A schematic head profile for a warm-based ice sheet is shown in Figure 5.3.

Ice

Bedrock

Soft, deforming sediment

Figure 5.2. An example of the effect of the substrate on the geometry of an ice sheet and
thus its limiting head.

Other features such as 'ice streaming' may also have a significant effect on the geometry of an
ice sheet. Melting at the base of an ice sheet will first take place where the ice is at its thickest
(e.g. in topographic valleys). In these zones streaming of the ice may occur and ice lobes may
develop. However, the impact of such ice streams on the hydrogeological regime beneath is
poorly understood.
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Figure 5.3. Section of a warm-based ice sheet (of which there could be many variances)
showing a hypothetical head profile. From SKB (1996).

Drawdown below the limiting head may be likely to occur due to the presence of both transient
features related to the dynamics of the ice sheet and to more permanent features related to the
geometry/geology of the site itself, such as:

• Meltwater Tunnels

A significant transient feature is recognised to be the formation of sub-glacial meltwater tunnels
which would have the effect of locally drawing down the limiting head, as indicated in Figure
5.4. There is general agreement that eskers represent the past existence of meltwater tunnels.

Meltwater tunnels are likely to be transient features, but the time periods involved are not well
known or understood. It may be that such features are relatively stable (and hence predictable)
during the retreat phase of a glacial episode, but are not predictable between successive glacial
periods.

From examples in Germany (given by J. Piotrowski, University of Kiel, abstract in this
volume) and at Sellafield (given by J. Heathcote, ENTEC, UK, abstract in this volume) it
seems that a large fraction (e.g. 75%) of the meltwater beneath a glacier is drained by these
meltwater tunnels; if they significantly reduce the head beneath a glacier to the ground
elevation, they may reduce the recharge to a very small amount.

• Tunnel Valleys

There is rather limited knowledge of these features, which represent subglacial (or proglacial?)
excavation of the substrate/bedrock, but examples have been documented from the North Sea,
North Germany and North America. The preserved tunnels are generally in the form of deep
valleys 50-200 m deep and 1000-2000m wide. Such tunnels have not been found in shield
areas. These features would also be expected to drawdown local hydraulic head in a similar
way to tunnels.
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Figure 5.4. A vertical section transverse to ice flow, 1.5 km from the glacier margin
(Breidamerkurjokull, Iceland). It shows the glacier surface, the glacier head and maximum and
minimum elevations of groundwater heads measured in boreholes B1-B10. Between B5 and
B7, a subglacial channel exists which draws down groundwater heads (Boulton, Zatsepin &
Maillot, in press).
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Figure 5.5. An example of the change in head and effective pressure related to the presence
of aquifers beneath an ice sheet. From GS Boulton (pers. comm.).
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• Substrate

A long-term effect on the limiting head would be the presence of a variable substrate beneath
the ice sheet. For example, an aquifer may be present beneath part of an ice sheet, the rest of
which is underlain by less permeable rock. The result of this feature would be to reduce the
local head, but also to increase local head gradients and the complexity of their distribution.
Such a feature would be expected to be stable over longer (geological) periods of time and
should be easily determined as a result of site investigations at any particular site. A schematic
example is shown in Figure 5.5. Alternatively, less transmissive bedrock would tend to
increase the local head.

5.2.3 Zones of High Head Gradient & Complex Head Patterns

Zones of high head gradient may thus occur with respect to features such as tunnels, variable
permeability of the substrate and with the margins of ice sheets where surface slopes are
highest. Complex head patterns are likely to be associated with these features. This highlights
the requirement for understanding and modelling of ice sheet behaviour and the resultant
groundwater system in 3-D. Eskers, which are generally agreed to be the geological relics of
past sub-glacial tunnels, have complicated geometries and tortuous paths which would be
poorly represented in only 2-D models.

5.2.4 Mountain/Lowland Contrasts

The contrast between the bulk effect of an ice sheet on the hydrogeological system in a
mountainous region and in a more lowland position, is significant and is depicted in Figure
5.6.

Pre-glacial

Glacial

Valley
glacier

(a) Low topography - Plain (b) High topography
- mountainous

Figure 5.6. Schematic diagram to show the possible difference between the impact of an ice
sheet on a lowland (plain) setting as opposed to a highland (mountainous) setting. The thicker
line in each case defines the upper bound to the limiting head.
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In a lowland setting of low relief, an ice sheet will impose a greatly modified head profile on
the original head profile defined predominantly by the land surface. The new head profile will
be dominated by the surface gradient of the ice sheet. However, in a more mountainous area,
an ice sheet will preferentially fill in valleys and thus tend to smooth-out the topography.
Obviously, the more short-term effect of an ice sheet margin passing over a site may be very
different. However, for most of its lifetime (post-margin advance and pre-retreat) a thick ice
sheet may impose a lower, less complex head gradient on the area than the one present in a
non-glacial situation. This effect appears to be supported if one compares the Sellafield
(Cumbria, UK) and Aspo (SE Sweden) sites. Site investigations appear to show that the
Sellafield site, which has a moderate topography, has a less apparent glacial meltwater
component at depth than the Aspo site which has a low topographic relief.

5.2.5 Measurement of Hydrogeological effects at Glacier Margins

The evolution of annual discharge at the margin of a the Breictamerkurjokull Glacier (Iceland?)
has been examined by an Edinburgh University group. Some interesting features and
processes have been recorded, as depicted in Figure 5.7 and it is important that studies like
these continue.

-400 m-

December

Frozen ground

head

January

Supercooling of
uprising basal
melt (delta D =
-95 to-105)

Late Autumn

Surface melt

Basal melt swamped
by surface melt
(delta D = -45 to -60)

Figure 5.7. The evolution of annual discharge at the margin of a the Breidtamerkurjokull
Glacier (Iceland) as examined by an Edinburgh University group (G.S. Boulton, pers.
comm.).

Outters (Royal Institute of Technology, Stockholm, abstract this volume) has also tried to
measure the stress field and the permeability of ice in a small glacier in northern Sweden,
Kebnekaise, and found conductivity values of around 2xlO-6 m/s, which were perhaps
representative of ice close to the melting point.
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5.3 Driving Forces for Groundwater Flow: Permafrost

The development of permafrost may also have a significant effect on the hydrogeological
regime of a site. A number of features should be considered with respect to the impact of
permafrost:

5.3.1 Permafrost Permeability

The permeability of permafrost should be considered to be time-dependent and not equivalent to
zero. It may also vary with temperature. Permafrost will thicken and thin with time. There
was no consensus within the group as to the actual permeability of permafrost, due to a paucity
of information! Scoping calculations of the role of permafrost in the recharge of aquifers in a
sedimentary basin (Paris Basin, Certes et al, abstract this volume) was made assuming that
permafrost permeability was 10% of the initial soil permeability. The results indicated a large
influence on recharge. Piotrowski (abstract this volume) assumed permafrost permeability to
be of the order of that of clay silts.

It was thus suggested that future research should focus on the mapping of permafrost
permeability beneath glaciers and in front of glaciers.

5.3.2 Continuous verses Discontinuous Permafrost

The impact of continuous permafrost (frozen ground with no unfrozen gaps/taliks) on the
hydrogeological regime is expected to be different to that of discontinuous permafrost (frozen
ground punctuated by unfrozen taliks). Continuous permafrost will tend to block recharge and
discharge of groundwater and encourage large-scale groundwater flow systems.
Discontinuous permafrost will tend to subdivide a more regional flow system by allowing
water to recharge and discharge via taliks. The discontinuity of permafrost will be controlled by
various features such as the presence of lakes, rivers and salt domes which 'bum' holes in the
permafrost.

5.3.3 Control on Groundwater Dynamics

Permafrost may affect groundwater dynamics in many ways. The presence of a permafrost
layer will tend to drive groundwater flow deeper than it would otherwise penetrate. Infiltration
of surface waters is likely to be reduced.

(a) Head profile due to (b) Head profile due to
sub-glacial permafrost permafrost extending pro-glacially

Figure 5.8. Schematic representation of just two ways in which permafrost may affect the
head profile associated with an ice sheet.
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The presence of permafrost will affect the distribution of zones of recharge and discharge by its
continuous/discontinuous nature and also by its distribution with respect to an ice sheet. For
example, the presence of permafrost at the margin of an ice sheet (in the proglacial zone and
beneath the outer part of the ice sheet) will have an effect on the location of recharge beneath the
ice sheet and the discharge ahead of the ice sheet. Head profiles related to two possible
situations are shown in Figure 5.8. Zones of potential recharge and discharge and associated
groundwater flow lines for the latter situation (b) are shown in Figure 5.9. Frozen ground may
also develop beneath the centre of an ice sheet, thus inhibiting potential recharge in this portion
of the subsurface.

Points of discharge
controlled by gaps in
permafrost

Permafrost

Groundwater flowlines

Figure 5.9. Schematic profile of a warm-based ice sheet with development of permafrost and
associated groundwater flow.

Voss (abstract by Provost et al, this volume) presented a scoping calculation of groundwater
flow beneath a hypothetical ice sheet in a 2-D cross section between Norway and Poland,
taking into consideration the density effects of brines and assuming that the groundwater
recharged into the bedrock dissolves salts and progressively becomes saturated. A full glacial
cycle was simulated and age and salinity of the groundwater was compared to present day
salinity distributions.

5.3.4 Impact on a Repository

One view may be that the impact of permafrost on the magnitude and nature of groundwater
flow in the vicinity of a deep geological repository may be considered to be a moderately
beneficial factor in the evolution of a repository (by reducing recharge and by forcing
groundwater deeper and increasing the length of flow paths). However, the large uncertainties
relating to factors such as the discontinuity of permafrost and associated recharge/discharge
points and its hydraulic properties introduce many problems and uncertainties in the modelling
of future climatic effects on a repository.

Scoping calculations of the depth of permafrost for the SITE-94 glaciation scenario, with or
without the influence of heating from the repository waste, can be found in King-Clayton et al
(1995) and summarised in King-Clayton et al. (abstracts in this volume).

5.4 Present-Day verses Past/Future Ice Sheet Behaviour

A particular aspect that must be remembered in the use of present day data in reconstruction of
past and future European ice sheets concerns the very different nature of most ice sheets
currently present on the earth's surface (e.g. the predominantly cold-based Antarctic ice sheet at
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temperatures of -30°C, see abstract by Lehtimaki & Ruotoistenmaki, this volume) compared to
those which are believed to have been present during the last glaciations of western Europe
(warmer-based at temperatures of -15°C). Thus, caution must be exercised when data collected
from the present-day Antarctic Ice Sheet are used to verify our understanding of past and
future glacial processes.

5.5 Hydrogeological-Hydrochemical Modelling

Variable density 2-D hydrogeological modelling of the Scandinavian region (Provost et al., this
volume) has made a first attempt at the modelling of the effects of a glacial cycle on subsurface
groundwater flow and density. However, attention was brought to the danger of:

(a) dramatic simplifications being made when using 2D rather than 3D (e.g. the omission
of ice streaming effects/tunnel flow),

(b) the coupling of brines and flow - do we really understand how the two are related?

A 'fluid population' method (Svensson et al., this volume) of calculating the composition of a
fluid through time may be applicable to the modelling of the change in the chemistry of
subglacial and Baltic-type waters with time. However, this type of model is in an early stage of
its development and is yet to be tested with realistic input data.

5.6 Remaining Uncertainties

The are a number of areas in which uncertainties are introduced in the consideration and
modelling of glacial effects on hydrogeology:

• Estimations: Determination of the properties of the rock mass rely heavily on
estimates/simplifications of parameters such as permeability, rock mass geometry and
fracture geometry and behaviour. The time duration of the impacts of predicted climate
changes on bedrock conditions is also uncertain.

• Theory & models: The theory of tunnel valley formation is poorly understood. The
scale, transience and repetition of such features is not known with confidence. Models
for the response of discontinuities in the bedrock to glaciation are lacking.

• Experimental/Field Evidence: There is little/uncertain field evidence to support or
clarify the processes behind the formation of tunnels and tunnel valleys. There is also
uncertainty relating to the chemistry of recharge waters. In, addition, there is a paucity
of permafrost field data.

• Geological evidence of past behaviour: There are various uncertainties
concerning the reconstruction of past glaciations. The timing, extent and impact of
glaciations are still unresolved. This should be considered by the climatologists and
Quaternary geologists.

5.7 Requirements for Future Research

5.7.1 Local Environmental Change verses Global Climate Change

An improvement in the understanding of the relationship of the evolution of local/regional
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environmental change (sea level changes, ice sheet formation, permafrost development,
temperatures, precipitation etc.) to global climate change is required.

5.7.2 Hydrogeological & Geochemical Evidence

The large-scale (km) transmissivity of the bedrock is a rather large uncertainty in the
determination of the hydrogeological response of the bedrock to glacial forcing. The
measurement and understanding of smaller scale fracture transmissivities (m) and the
distribution of transmissivity in space and time needs to be addressed.

Characteristic geochemical signatures accompany certain hydrogeological processes and
situations. Thus, various hydrogeological predictions/reconstructions could be substantiated by
geochemical measurements and data. However, there is likely to be a significant bias of
geochemical data resulting from the scale at which one collects the data. e.g. at a site/regional
scale one may expect to find a distribution of geochemical indicators representing the
penetration of glacial waters into the bedrock, whereas, at the scale of an individual fracture,
there may be complex patterns around a fracture due to matrix diffusion effects. In addition,
the latter zonation may vary from fracture to fracture depending on the transmissivity of the
fractures (which may also change with time).

5.7.3 Present-Day Environments

The hydrochemistry of modern glaciers and permafrosted areas requires more research. It
should be possible to use geochemical tracers such as stable isotopes, noble gases and
anthropogenic tracers to look at subglacial hydrology. The transience of drainage in modern
glaciers is also of interest since it may provide a clearer picture of the transience of past and
future ice sheets. In order to resolve some of the uncertainties in the understanding of
permafrost distribution and permeability, future research should focus on the mapping of
permafrost permeability beneath glaciers and in front of glaciers. An evaluation of permafrost
continuity in relation to climate/physiography is also required.

5.7.4 Coupled Modelling

It has been recognised that coupled modelling is vital if a clearer understanding/representation
of the impacts of glaciation and climate change are to be achieved. There must be a coupling of
climate models, models of ice sheet loading and hydrogeological and rock mechanical models,
as depicted in Figure 5.10. The coupling between climate change and ice loading is relatively
well understood and represented by models, but the other couplings are not.

5.8 Main Conclusions

The following key conclusions were made by the Hydrogeology group:

• The thickness of the ice sheet in Scandinavia was between 2.2 to 2.8 km, the
uncertainty of this estimate is not considered to be too large.

• Beneath the ice sheet, the hydraulic head is influenced by the presence of meltwater
tunnels, and may thus not be equal to the elevation of the ice. It is however not known
how transient features are. They are probably stable during ice retreat, but what
happens during ice advance?

• If a sedimentary aquifer exist beneath the ice sheet, it will strongly influence the
meltwater recharge.
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Figure 5.10. Schematic representation of the coupling of climatic/glacial models and its
impacts.

• The topography of the ground also influences the groundwater flow.

• The presence of permafrost also influences groundwater flow, its permeability is non
zero, and varies with the temperature. It may be continuous, or discontinuous. It
controls the geometry of the flow pattern. It may have an effect on the flushing down of
saltwater.

• The geochemistry of groundwater recharge depends if the melting ice comes from the
top of the glacier at the center, or if meltwater permeates through the ice sheet. The delta
18O content, etc, would be different.

• The permeability of the basement rock beneath an ice sheet will be a function of
effective stress and fluid pressure. Fracturing, hydraulic fracturing, opening and
closing of joints need to be estimated, at the large scale (kilometres, for continuous
media approximations) and at the small scale (metres, where discrete models are
needed). Validation of relationships between permeability and stress/pressure are
needed (measurements in present day systems, or validation using environmental
tracers)

5.9 Remaining Questions

A few additional questions posed during the discussions, but which were not fully discussed,
are listed below (see Appendix 3 for other questions posed prior to the workshop):

Q. What is the scale of meltwater tunnel features likely to be? How transient will tunnels
be - days, months, years, hundreds of years or more? Are such features stable during
the retreat phase of a single glacial episode, but not stable between different glacial
periods?

Q. What would be the impact of ice streams on a repository beneath ?
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Q. What are the cumulative effects of such glaciations on the hydrogeology, geochemistry
and rock mechanical properties likely to be? How significant is this for PA?

Q. Which hydrodynamic and glacial models are suitable to help support/interpret
hydrogeochemical observations such as:

the apparent stability of deep brines
the complex mixing of different groundwater types in the upper 500 m or so
(and down as far as 1000 m)
the absence of any obvious geochemical record from ca. 25 000 to 75 000 years
BP.
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6. HYDROGEOCHEMICAL ASPECTS OF GLACIATION

Session Group leaders: John Smellie (Conterra AB, Sweden)
Shaun Frape (Univ. Waterloo, Canada).

6.1 Conceptual Models

The discussions of the Hydrogeochemistry group were initialised by considering some pre-
existing conceptual ideas on the pre-glacial, glacial and post-glacial phases of glacial evolution
and the impact it may have on the hydrogeochemistry of groundwaters. The conceptual ideas
are summarised in Figures 6.1, 6.2 and 6.3.
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Figure 6.1. Conceptual ideas on the hydrogeochemical conditions related to pre-glacial
conditions. Aspects of the hydrogeochemistry which may be sensitive to surface conditions,
and hence provide some evidence/signature of surface conditions, are circled.

6.1.1 Pre-glacial

The model depicts fractures zones extending to depth. Brines exists at depth which mix to some
degree with the fresh and brackish waters above by advection/diffusion. Processes of
weathering/precipitation, water rock interactions and groundwater mixing will all contribute to
the chemistry of the groundwaters and fracture minerals.

6.1.2 Glacial

Under glacial conditions, represented by the presence of permafrost and migration of an ice
sheet across the site, the position of the brine interface may be expected to change. It may be
most likely to be pushed down as glacial waters are introduced into the groundwater system,
but the possibility of it rising is also considered. Dissolution/precipitation of fracture-coating
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minerals would be expected to accompany any changes in the position of the brine interface and
penetration of more dilute, oxidising glacial waters. The presence of permafrost and saline
lakes must also be considered in their impact on groundwater chemistry.

Advance/retreat
of ice

Saline
lakes v Glacier

Permafrost

Upward
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Groundwater
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Redox conditions
Dissolution/pptn 1
Groundwater mixing J

• FRESH/BRACKISH

BRINES/BRACKISH

BRINES

Regional
flow?

Figure 6.2. Conceptual ideas on the hydrogeochemical conditions related to the glacial
period. Aspects of the hydrogeochemistry which may be sensitive to surface conditions, and
hence provide some evidence/signature of surface conditions, are circled.
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Figure 6.3. Conceptual ideas on the hydrogeochemical conditions related to the
deglaciation/post-glacial period. Aspects of the hydrogeochemistry which may be sensitive to
surface conditions, and hence provide some evidence/signature of surface conditions, are
circled.
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6.1.3 Deglaciation/Post-Glacial

The post-glacial situation may be characterised by marine transgression, the presence of glacial
lakes (such as formed by damming by ice during deglaciation) and deposition of till/marine
sediments. Near-surface stress relief related to isostatic rebound may cause fracturing or
reactivation/opening of fractures. Glacial waters previously recharged to depth may begin to
rise to the surface and be discharged. Isostatic recovery may cause deep brines to resume their
pre-glacial position.

6.2 Geochemical Evidence for Permafrost

In theory, it is likely that a zone of more saline waters will develop beneath permafrost which is
'pushed' down as the permafrost grows and thickens. As discussed by the hydrogeologists, it
is also likely that permafrost will inhibit groundwater recharge and discharge which may be
reflected in the geochemical signatures of a site. One would therefore expect relevant signatures
(reflecting low recharge and perhaps, saline waters?) could be preserved in fracture minerals.
However, following discussions by the group, there appears to be no clear geochemical
evidence for the past existence (or not) of permafrost at sites investigated by the group, or that
at least none has been identified. One possible, indirect, line of evidence for the presence of
permafrost in various Scandinavian sites, is that there are no reliable data from 25 000 BP -
75 000 BP to verify that recharge occurred during this period. One may therefore suggest that
the bedrock could have been sealed during this period (ie. by permafrost) and thus recharge
was inhibited.

6.3 Geochemical Evidence for Glaciation

In theory, it is expected that during the transgression of a site by a warm-based, mid-latitude ice
sheet, dilute, oxidising waters will penetrate into the bedrock underlying the ice sheet. Rates of
recharge and volumes of dilute waters are expected to be greater than the present day for most
sites and thus the glacial waters would be expected to penetrate to great depths, perhaps
displacing any deep brines downwards.

6.3.1 Chemistry of Glacial Recharge

The chemistry of glacial recharge waters is likely to be characterised by high dissolved oxygen
and distinctive isotopic compositions such as delta 18O, 14C etc. Figure 6.4 shows the 18O
compositions for the Breidtamerkurjokull Glacier (Iceland). Current ideas of glacial melt
dynamics predict the possibility of very light ISO (up to around -30 %o) recharge signatures.

There is no palaeoevidence of such low ISO cold climate recharge signatures; the lowest values
so far observed in Scandinavia are around -18 to -20 %o. However, this mismatch is likely to
be due to mixing of very light recharge waters with heavier groundwaters.

6.3.2 Penetration of Glacial Waters

Q. The variation that would be expected in hydro/geochemistry would be related to (a) the
introduction of new and different recharge waters and (b) the perturbation of pre-
existing deep saline water masses. Are such effects found?

Glacial waters are found as a component of groundwaters in many sites. However, there is
little evidence to support or contradict the perturbation of deep saline waters.
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Figure 6.4. 18O compositions of ice, snow, meltwaters for the Breidtamerkurjokull Glacier
(Iceland).

Scoping calculations (abstract by Glynn et al., this volume) suggest that oxic glacial waters
could penetrate to typical repository depths (500-1000 m) within 1500 years, a time period over
which continued sub-glacial recharge could persist.

The kinds of evidence that would suggest that deep penetration of oxidising waters has
occurred would be:

• low delta '80 and delta D waters at depth
• non-hydrothermal iron oxy-hydroxides coating fractures
• lack of pyrite along conductive fractures
• Characteristic CaCC«3, delta 13C and delta 18O compositions
• SO4, delta 34S indicative of sulphide oxidation.

The measurement and collection of noble and other gas data was also suggested by the group as
a method to estimate palaeogroundwater recharge temperatures.

However, there is evidence for the presence of 'glacial' waters to depths of at least 400 m in
many sites which are known to have been affected by the last glaciation. Such evidence has
been found at Outokumpo, Finnsjon and from the Canadian Shield.

However, in many sites the presence of physico-chemical barriers such as density variations
and sub-horizontal fractures may inhibit the penetration of glacial waters (e.g. Finnsjon,
Sellafield) and it may be difficult to differentiate between these effects and genuinely reduced
glacial effects (such as smaller/shorter duration glaciation).

6.4 Geochemical Evidence for Mixing

A key issue in the determination and interpretation of the hydrogeochemical impact of climate
change involves the determination of the mixing of groundwater components which have arisen
from a number of sources, such as glacial meltwater, deep brines, seawater etc.

The following parameters are seen to be key parameters in determining the mixing of waters:

• 180 & 2H (deuterium) - depleted cold climate signatures.
• 37C1 & other parameters (e.g. Br, Cl) - Baltic Sea signatures.
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Various aspects
sources:

of fracture mineralogy may be key to the degree of mixing of groundwater

Fracture minerals may record multiple events in the form of compositional zoning (such
as of calcite in Figure 6.5).
Isotopic signatures
Trace element signatures

A key difference between the mineralogical record and the hydrochemical record is that
mineralogy may reflect more than one glacial cycle as discrete signatures (e.g. zones), but that
water chemistry may be a composite of many glacial cycles, probably dominated by the most
recent events. Thus, the persistence of hydrochemical signatures is a factor which has to be
considered, but is not clearly understood at the present time.

Quaternary Calcite

1 mm

Figure 6.5. Schematic representation of zoned Quaternary calcites (Sellafield). Fluid
inclusions within such zoned Quaternary calcites are depleted and of low temperature, and are
often interpreted as representing a glacial signature. Dates from these calcites suggest an age
around the end of the last glaciation.

Using conventional methods, the identification of mixing events may be very difficult, since
many different processes and sources may result in a similar hydrochemical signature. Thus, a
higher level of resolution is required.

The proportions of waters of extreme end-member compositions may be determined by the
method of multivariate analysis or principle component analysis (see abstract by Larksoharju &
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Skarman, this volume). Based on a specified Reference Water, the proportions of extreme end-
member components can be calculated. The compositions of sources and sinks can also be
determined.

6.5 Deep Brines

Q. Do we believe that dense brines exist at depth in all terrains and at what depth ?

It was concluded by the group that brines occur at depth (1000 - 2000 m) in all basement
regions. J. Heathcote (UK) mentioned the presence of brines even in the Chalk. Deep brines
are characterised by being:

High density of up to 1.28.
Anomalous with respect to seawater composition
Generally of low temperature origin
Old (beyond most methods of dating)
Not lithologically constrained

Q. Can the stability of these brines be disrupted by glacial activity?

Deep brines are generally considered to be stagnant. Modelling has suggested that, once
established at depth, a brine is very stable and is difficult to flush out. However, it is possible
that brines may move in response to glaciation and tectonics and their upper portions may mix
with other waters above the brine. The nature of this upper boundary is also uncertain - it is
not clear whether it is a diffuse interface or a sharp transition.

Although there appears to be little/no current evidence to answer the question posed above, it is
suggested that evidence for movement of brines could be provided by:

• fracture minerals
• isotopic signatures
• multivariate analysis.

6.6 The Role of Fractures

Another important consideration in the determination of the hydrogeochemical impacts of
climate change, is the role of fractures in transmitting groundwater and thus the geochemical
signatures of past water movements and chemistries that may exist in fracture-coating minerals.

Q. Is there any evidence of fracture clogging having occurred?

There is palaeoevidence of fracture infilling/clogging, especially by calcite, where there are
observations of several generations of precipitation representing specific geoclimatic events
(e.g. Outokumpo, Finland; Finnsjon, Sweden; Sellafield, UK; see Figure 6.5). Potential
'clogging' in these cases is a response to calcite oversaturation in the groundwaters at depths
determined by the rate of isostatic recovery. Isostatic recovery largely controls the dynamic
evolution of the groundwater systems and the water/rock geochemical interactions.

Q. Is there geochemical evidence of the influence of faults/fractures on hydrogeology?

Fracture infills would be expected to display characteristics of any glacial waters that may have
penetrated. It would be expected that under glacial loading there would be a tendency for
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fractures to close. In the periphery of the ice sheet or at a forebulge, there may be a tendency to
open fractures due to bending stresses. This may be characterised by the age and nature of
characteristic fracture fills. However, there does not appear to be any evidence to support or
contradict this at present.

6.7 Conclusions & Requirements for Future Research

It was concluded by the group that fracture minerals are potentially the most dependable archive
of past geoclimatic events. There was general agreement that future research, whilst not
forgetting the traditional hydrochemical studies, should concentrate more on the following:

• fracture mineralogy,
• mineral separation methods,
• micro-analytical and dating techniques.

The persistence and transience of hydrochemical signatures (water compositions) with respect
to mineralogical signatures is a factor which has to be considered.

Following the discussions and as a result of the data currently available, it was suggested by
the hydrogeochemists that the most suitable location for a deep repository would be in deep
brines and confined by sub-horizontal fracture zones.

6.8 Remaining Questions

In addition to the questions posed prior to the workshop, listed in Appendix 3, the following
questions were raised during the discussions with the Hydrogeology Group, but were not
addressed fully during the discussions:

Q. What is the effect of flow on density?

Q. May geochemistry be coupled to permeability ?

There is a coupling; high permability leads to greater mixing of different groundwater types
along the groundwater pathways and less dependence on water/rock interaction. Low
permeability leads to greater rock/water interaction. Thus, sampling from low permeability
horizons should result in a groundwater which is more representative of the bedrock depth
being sampled. The way in which geochemistry affects permeability also requires
consideration, particularly with regard to the effect that changes in hydrochemistry due to
glacial recharge may have on permeability (via possible changes in precipitation/dissolution).
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7. TECTONIC ASPECTS OF GLACIATION

Session leaders: Ove Stephansson (Royal Inst. of Technology, Sweden)

Robert Muir-Wood (EQE International Ltd., UK)

The discussions of the Tectonics Group fell largely into three areas:

• Generic issues
• Evidence of 'tectonic' processes through the glacial cycle
• Modelling and model validation.

7.1 Generic Issues

7.1.1 The Starting Conditions: Pre-Glacial

Changes in tectonic state can only be evaluated in respect to knowledge of the starting
conditions. Thus, Sweden was taken as the region around which discussion could be focussed.

Sweden largely lies within the Baltic Shield, a cratonic area of cold thick lithosphere.
Deformation rates in the absence of glacial loading and unloading are expected to be very low.
The Norwegian continental margin gives some evidence of continuing tectonic compressional
deformation, but at rates lower than existed around 10 million years ago. Across much of
Sweden it is likely that the 'pristine' (pre-glacial) tectonic state was compressional. This is
supported by data from stress measurements (Amadei & Stephansson, 1997).

7.1.2 Ice Sheet Loading

The role of ice-sheet loading and unloading in affecting crustal tectonics reflects a compound of
the following factors and how they interfere with the pre-existing stress-state. These include:

• ice sheet load
• fluid pressure connected to the crust
• visco-elastic strain accompanying isostacy.

It is also critically important to consider the rates of these processes. For example, changes in
ice sheet load and fluid pressure have the potential to be very rapid while visco-elastic rock
strain may take tens of thousands of years to recover.

Tectonic activity involves both continuous and discontinuous processes. It is generally the
discontinuous processes (e.g. faulting and earthquakes) which gain the most attention. Change
in volumetric strain is a 'continuous' tectonic process which is largely accommodated by
changing dilation of fractures. On the other hand, when shear strain exceeds fracture strength
there will be a sudden episode of permanent displacement. The magnitude and extent of these
fault ruptures will be determined by the magnitudes and volumes of shear strain accumulation.

In a compressional tectonic regime glacial loading is unlikely to lead to any shear failure during
the existence of the ice sheet. However, stress rotation at certain depths and azimuths around
the ice sheet is a possibility if the strain fields interfere appropriately.

7.1.3 Frictional Drag, Erosion & Deposition

Frictional drag at the base of the ice sheet and changes in load accompanying erosion of the
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bedrock and deposition of glacial sediments were not considered to be significant by the group.
However, this assumption should be substantiated further.

7.1.4 Hydraulic Response to Glacial Loading/Unloading

The hydrogeological response of the lithosphere to loading by an ice sheet will be a function of
a number of factors:

• Compressibility of rock/sediment
• State of virgin stress
• Compressibility of water
• Time-dependent permeability anisotropy (e.g. dilation and/or shear of fractures)

The concept of strain is very important when considering the hydraulic response of the bedrock
to glacial loading and unloading since during rebound the crustal porosity may increase. There
is also evidence for widespread shear failure in Sweden which involve significant changes in
strain and fluid displacement. Flow distribution may change and also the conductivity of
fractures.

The change in fracture conductivity with time is dependent on a number of factors:

• the timing and duration of loading/unloading stress/strain (which may be very dynamic
with, for example, sea level changing at 15-30 cm/yr and ice moving at 200-300m/yr).

• the orientation of fractures in a network
• the nature of fractures in a network (which are open, closed, filled etc)
• the partitioning of stress within a fracture network.

Another factor to be taken into account is that fracture zones are not necessarily more
conductive than the surrounding rock, but that this tends to be the case (e.g. there is evidence
for eskers following major fractures).

A 'hydro-joint' (Figure 7.1a) is a fracture whose void space is a product of dilation. The
separation of the walls of the fracture and hence the hydraulic conductivity are expected to be
generally consistent along the fracture. The distribution and connectivity of void space within
the plane of the fracture is likely to be isotropic. Hydro-joints are therefore considered to be
easy to characterise from a few intersections. Hydro-joints are elastic and their void space
responds to the local stress-field. Hence, hydro-joints do not possess 'memory' for past
stress-fields although their properties will change in response to variations in effective stress.

Figure 7.1a. A depiction of a hydro-joint formed due to dilation.

A 'hydro-fault' (Figure 7.1b) is a fracture whose void space is a product of shear. The
separation of the walls of the fracture and hence the local hydraulic conductivity are likely to be
very variable. Where the hydro-fault (post-dating mineralised infill) has undergone significant
displacement the distribution of void space is likely to show a fractal character, while the
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connectivity of void space within the fault will tend to be highly aligned orthogonal to the slip-
vector. The properties of hydro-faults will be difficult to constrain from a small number of
borehole intersections, although their variability my be a diagnostic. From such intersections it
may be possible to assume some distribution of properties. The properties of a hydro-fault will
not vary significantly with respect to the effective stress, but only to renewed displacement, As
displacement is generally not reversible, hydro-faults possess long-term memory (conditional
on rates of mineralisation) of past fault movement (and tectonics).

It should be noted that it is very difficult to relate the definitions of hydro-joints and hydro-
faults to the Scandinavian/Baltic area, for example, since there have been so many changes in
the stress regimes over the past 2 billion years and thus in the activity (initiation and
reactivation) of fractures.

It is not possible to assess how the population or properties of flowing fractures will change
under glacial loading and unloading until the pre-existing stress-state and the origin of the
fractures has been understood. Shear fractures reflect past displacement events along faults.
Hence, the deformation history of the rockmass affects the hydrogeology of the rockmass prior
to glaciation.

Figure 7.1b. A depiction of a hydro-fault formed due to shear displacement.

The manner in which the tectonic and asthenospheric viscoelastic strain fields interfere with the
loading and hydraulic changes associated with glaciation has the potential to alter the number
and orientation of fractures open to fluid flow. The critical question is: How is strain
partitioned on fractures? Where the partitioning concentrates strain on the more widely spaced
and widest (and hence weakest) fractures, the significant changes in hydraulic conductivity may
result.

The current fracture-flow hydrogeology of Sweden reflects a complex interaction of both past
episodes of fault displacement and other processes that have yet to recover from the effects of
glacial loading. Thus one has to beg the question: What is the 'pristine' pre-glacial
hydrogeology?

7.1.5 Key Periods

Two key glacial phases appear likely to dominate the tectonic input required for modelling long-
term repository performance through a glacial period:

• the period around the time of glacial advance over a site, and
• the period immediately around deglaciation.

In the period around the time of ice advance, high fluid pressures, extension associated with a
forebulge and a relatively small ice-load may combine.

54



Workshop on the Impact of Climate Change & Glaciations on Rock Stresses,
Groundwater flow and Hydrochemistry, Stockholm 1996

2.5fcmi

vertical
velocity

mm/yr

12

8

4

O
-A

D 500 1O00 1500 20(

\ * 13,000
years

i i

2

1
strain

10E-4

80

60
m 40

20

0

-20

km from
Ice-sheet
centre

5 0 0 1000 1500 2000

cumulative horizontal strain
500 1000 isoo 2000

total horizontal
change In distance
from the centre

500 1000 isoo 2000

x 10E-9/
horizontal
strain-rate ^

500 1000 1500 2000

Figure 7.2. The horizontal strain field of rebound (from Gasperini et al., 1991). Ice sheet is
removed at time, To years.
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Around the time of deglaciation, high radial compressional strains associated with lithospheric
downwarping and the release of tectonic strain accumulated during a lengthy period during
which shear-strain release was inhibited by the ice sheet load, are likely to result in dilational or
shear failure on appropriately oriented faults and consequent earthquake activity. Rapid release
of vertical stress may lead to dilation of low-angle fractures. These processes may lead to
significant changes in crustal porosity (with consequent fluid transients) and permeability.

An example of the horizontal strain field during rebound is shown in Figure 7.2.

7.1.6 Siting of a Repository

Siting a repository intended to endure an ice-age requires consideration of the impact of the
stress-strain, shear displacement and hydrogeological changes that will accompany ice-sheet
loading and unloading with respect to the particular rock structures in the vicinity of the site.

7.2 Field Evidence for Tectonic Events During the Glacial Cycle

The spectacular field evidence for major reverse fault displacements dating from the time of the
last deglaciation in northern Fennoscandia is now well established (e.g. Stanfors & Ericsson,
1993; Olesen, 1995). Other evidence for permanent shear displacement may be derived from
stress observations and from hydrological evidence.

It is likely that a large number of other lesser features in the same region were also active at this
time. Recent evidence of soft-sediment deformation in varved sediments formed immediately
following the deglaciation of the Stockholm area could suggest the presence of significant
earthquakes elsewhere in Sweden (see abstract by Troften & Morner this volume, and Field
Excursion section). However, it is recognised that further work is required to map and date
these features to identify what they are revealing about failure or reactivation of existing
discontinuities in the crust accompanying deglaciation.

Certain boulder caves across Sweden may also reveal processes associated with shallow stress
relief or even localised shear strain (see abstract by Sjoberg and Field Excursion section).
However, further work is required to indicate to what depth these features can be found, and to
establish better rock mechanical models for their origin.

There is also some evidence from rock platforms along the Norwegian coast and from certain
outcrops in Sweden that there has been fracture dilation accompanying post-glacial rebound.

In mountainous regions landslides are associated with he retreat of glaciers. Vinard (abstract,
this volume) presented a case study in Wellenberg, Switzerland, where the unloading of the
rock by glacial melting/landsliding can still be detected by abnormally low water pressures at
the centre of a low-permeability marl layer.

7.3 Modelling

7.3.1 Input to Models

It is apparent that the glaciologists (or climatologists) and hydrogeologists are able to provide
the following information to rock mass models:

• Periodicity/occupancy of ice
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• Ice volume and ice geometry
• Water pressure head (and thus effective stress) which depends largely on the nature of

the ice sheet - ie. whether it is cold-based or warm-based, as shown in Figure 7.3.

It was noted by the tectonics group that the low head/high effective stress condition related to a
cold-based ice sheet is the case that is generally modelled by them. It would appear that this is
the most conservative approach with respect to generation of large absolute stresses, but that
the warm-based model may be significant in terms of high groundwater pressures tending to
induce low tensile strengths of fractures etc. The warm-based model is actually considered to
be a more realistic representation of past and future European/Scandinavian glaciations by
glaciologists and hydrogeologists. Thus, it is clear that a spectrum of possiblilities should be
considered.

7.3.2 Types of Model

There are three main types of models which may be utilised in the determination of the effects
of ice sheet loading and unloading:

• Viscoelastic models of asthenosphere-lithosphere strain.
• Hydro-mechanical models of fluid pressure/loading/regional strain.
• Models of strain distribution during deglaciation.

Viscoelastic models need to be run for the whole of Fennoscandia of the stress changes and 3D
strain accompanying ice-sheet loading and unloading. For siting purposes, the results of
models for shear strain levels in the crust should be validated with neotectonic and
palaeoseismic evidence across Fennoscandia.

Warm-based ice sheet Cold-based ice sheet

Heads similar to ice sheet
elevation, but may vary locally
(due to cold-based parts and
tunnels etc)

Heads lower
than ice sheet elevation,
bedrock effective stress high.
Substratum compressed 1 to 2

2
1

Figure 7.3. Sections of cold-based and warm-based ice sheets (of which there could be
many variants) which could provide input to rock mass models.

Regional hydrogeological models need to incorporate a more sophisticated understanding of the
changes in crustal porosity, permeability (and permeability anisotropy) likely to result from the
stress and strain changes mat are predicted to accompany ice sheet loading and unloading.

Hydro-mechanical models of the effects of fluid pressure and ice sheet loading on the
behaviour and conductivity of fractures need to be run. The results from the visco-elastic
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models should then be incorporated.

Models should consider the rates of change of all these processes. Particular effort should be
given to modelling the hydrogeological impacts of strain release likely during deglaciation.

In the area of rock mechanical response of the subsurface to glaciation, there is a need to create
more accurate pictures and models of large and smaller scale volume strain using appropriate
continuum models and models of fractured rock. The dynamic properties of the whole system
must ideally be incorporated as part of a coupled system. Therefore, there must be an increased
understanding of the coupling involved. Rock mechanics in connection with glaciations should
be considered at two scales:

• Large Scale (100's km): This may be considered as the loading and unloading of
continuous media involving volumetric strain, fracturing, hydraulic fracturing and
opening/closing of faults.

• Small Scale: On a smaller scale rock mechanics may be treated in terms of the affect on
a discontinuous media which must be represented by discrete models which can locally
couple fracture behaviour and allow local validation.

However, it was apparent from workshop discussions between the Hydrogeology Group and
the Tectonics group, that these groups tend to approach rock mechanics at two different scales.
The hydrogeologists tend to consider rock mechanics on a large scale (continuous media)
whereas the structural geologists/rock engineers tend to look at the problem at a smaller scale
(discontinuous media). It appears that this lack of common ground results in a loss of vital
communication and consistency between these two groups. During these inter-group
discussions the following questions were raised:

Q. If one wishes to couple ice loading, water pressure and lithospheric compression, what
is the appropriate model for fractured rock in order to describe the nature of the rock
mass and the response of the rock mass to stress?

The concept of strain is very important since during rebound the crustal porosity may increase.
There is also evidence for widespread shear failure in Sweden which involve significant
changes in strain and fluid displacement. Flow distribution may change as well as the
conductivity of fractures. Rock mechanics can currently combine both fracture network and
discrete fracture models, but there is a need for modelling tools to handle the effect of the
effective stress state in fracture network and discrete fracture models.

Q. If the magnitude and direction of principal stresses changes one would expect fracture
conductivity to change - How should one model the stress/strain response to this?

This is not a simple problem and would involve the definition of an effective stress -
permeability relationship. Such a relationship is dependent on knowledge and understanding of
the initial genesis of the fractures involved, (e.g. there have been some models developed for
the effect of stress on tunnel openings at Stripa, but they have not been very successful because
the initial fractures were not related to tunnelling). Simple shear stress experiments on a single
rock fracture are still very difficult and there is a lack of understanding of the mechanisms
involved in the hydro-mechanics and even less understanding of the thermo-hydro-mechanical
effects (Stephansson, 1995). The system is very complex and it may be better to work in an
equivalent porous medium where the understanding is greater!

The hydrogeology group responded that the scale of the modelling may be very important.
Fractures may not need to be included at a large scale, but at the local scale they may be
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important. There may be a need to use generic models since 'realistic' models are too
uncertain. However, discrete fractures could be represented at the small scale if the data are
available.

The general conclusion was that the modelling of the rock mechanical and associated
hydrogeological impacts of glacial loading/unloading is in its very early stages. It may be most
appropriate to look for and use generic models that help us understand the relevant processes,
mechanisms, patterns and parameter changes.

7.3.3 Model Validation

Models should be evaluated using site-specific data (e.g. Stephansson et al., 1996). Validation
methods include a combination of:

• neotectonic evidence
• stress measurements and stiffness determinations (in particular around fractures

potentially subject to shear strain)
• hydrogeological evidence of apertures created by shear strain
• hydrochemical evidence of water chemistry and mineralisation of fractures both

currently flowing and predicted to have been flowing during the glacial cycle.

Particular attention should be given to exploring and resolving complexity, including the
existence of pipe-like apertures on faults and separate reservoirs of water of different origins
within the rock mass, as these may help to reveal how the conductivity of faults and fractures
has changed through the glacial cycle.

7.4 Conclusions & Requirements for Future Research

In conclusion, it is clear that further work needs to concentrate on:

• Modelling, particularly in the area of rock mechanical response of the subsurface to
glaciation where there is a need to create more accurate pictures and models of large and
smaller scale volume strain using appropriate continuum models and models of
fractured rock. Greater consistency between hydrogeological and rock mechanical
models is needed.

• Field and subsurface investigation of features indicative of changes in rockmass
hydrogeology (particularly fracture properties) and the strain relief through the glacial
cycle.

7.5 Remaining Questions

Few of the questions originally compiled for the Tectonics Group prior to the workshop, were
addressed during the group discussions. These questions are listed in Appendix 3.
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8. FINAL WORKSHOP DISCUSSIONS (DAY 3)

A number of summary questions were asked to provoke the final discussions between all the
groups during the last day of the workshop, as follows:

Q. How deep do the flux/chemistry impacts of glaciation extend? How spatially variable
are they in different geological formations? Can we avoid these impacts by choice of
site or repository depth ? Would 800m be better than 500m and should we target stable
brine zones? Do we need to avoid them anyway?

Generally there appears to be low confidence in the understanding of the scale of processes
involved and the spatial organisation of these processes. The likelihood and nature of short-
circuiting of flow is uncertain. One opinion is that since so much glacial meltwater is produced
(more than the capacity of the bedrock) some water must penetrate the bedrock and the water
will go as deep as the permeability of the bedrock allows. In the north of Sweden faults occur
with high discharge potential and flow paths to great depths (what depths?).

There is good geochemical evidence for the penetration of glacial waters down to depths of
400m, but penetration to greater depths (1000 m) is largely speculative, although depths of 800
m have been recorded associated with fracture zones. However, it is realised that many present
observations of oxygenated waters are limited due to poor data and that there is likely to be a
tendency for chemical signals to get weaker with depth.

There may be pressure effects, such as the drawdown associated with present underground
laboratories and mines, that provide some form of analogue for the possible pressure loading
effects during glaciation. One should be aware that there are considerable pressures (absolute
stresses) involved at depths of 500 - 1000 m even without the effects of ice loading.

However, is a large quantity of recharge and high groundwater flow rates a good or bad thing?
High flow rates and large water volumes may provide a good dilution potential. For example,
sensitivity modelling at Sellafield has suggested that a medium flow may actually be optimal in
terms of calculated risks. Thus, it is necessary to consider the sensitivity of the system to
different variables.

The nature of the bedrock, particularly with respect to the presence of fracture zones, is a very
important consideration. It is generally considered that low angle/sub-horizontal fracture zones
will have a significant control on the flow system. During loading by an ice sheet, these
fracture zones may tend to close.

Hydrofracturing is a process which may be significant. The orientation and dip of fractures
with respect to the direction of movement and profile of an ice sheet may also be significant
(e.g. fractures dipping with the ice sheet thickness gradient may be more optimal?).

Q. Geochemistry (hydrochemistry; fracture coatings) provides the key evidence for
conditions at repository depths. Have we got adequate techniques to obtain all these
data and does the requirement for such information feature prominently enough in site
characterisation programmes? (Hydrochemical sampling; fracture coating analysis).

Many of the appropriate techniques are available, but there is a need for a technique to
undertake micro-dating of fracture coatings on a small scale. Experience of micro-analysis or
relevant samples is increasing, but one must be aware of the danger that the scale of analysis
does not become so small that the interpretation of the results becomes meaningless. Generally,
we have only a limited amount of relevant data at present and more information from sites is
needed.
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Q. How do we validate our models of deep flow and chemistry by field observation
linked to 'blind' prediction from evolutionary models? Is anyone planning to do this at
any site? If not, why not!

There is a need for data on the groundwater system beneath ice sheets and glaciers, but,
although there have been many investigations involving the drilling of ice sheets, such
boreholes extend only into the top few cm or metres below the ice. Drilling at the GISP2 drill
site at Summit Greenland penetrated 1.55 m into the bedrock beneath 3050 m of ice (e.g. Gow
and Meese, 1996). Some limited water chemistry data have been collected from such subglacial
extensions of boreholes into ice streams in western Antarctica and indicate that the waters are of
similar isotopic compositions to the ice sheet. However, geophysical measurements (reflectors
and electromagnetic measurements) do exist which provide some information on bedrock
conditions and permafrost thicknesses. Some boreholes have extended slightly deeper, 10-15 m
into the bedrock, beneath the Matanuska Glacier in Canada and beneath Breidtamerkurjokull
Glacier in Iceland. From these boreholes it is inferred that water masses are characteristic of
basal and upper glacier waters.

However, it must be remembered that Antarctica may not be a good analogue for past and
future Scandinavian/European ice sheets, due to its cold-based characteristics.

There is potential for a great deal of exciting data to come out of such investigations, but at
present they are in their very early stages.

Three boreholes are currently being drilled in Greenland and a suggestion was made that future
drilling exercises such as these should be geared to the exploration of subglacial bedrock
conditions as well as within-ice exploration and sampling. It was suggested that thinner ice (c.
200-400 m) should be drilled. The possibility of sub-ice drilling was going to be pursued by
Per Holmlund (University of Stockholm)1.

The distribution of salinity and brine prediction was also identified as a current weakness in
models, which will require some form of validation.

It was also noted that 'validation' may be a misleading term. Many of the glacial and climate
models are still in their very early stages of development and this should be recognised.
Models, boundary conditions and input geochemistry can be set up for sites to model past
change and compare to the present day situation, but these are still preliminary exercises and
they cannot be considered to hold all the answers, but perhaps just improve our understanding.

A further question was raised about the validation that can be undertaken of the rather more
complex aspects of water flow such as deep regional flow, local tunnel flow and discontinuous
events and related movements. Do we understand these processes? If or once we do, what are
we actually interested in for assessment purposes? The answer to this question was not clearly
addressed.

Q. What is likely to happen to climate in the next 50 000 years? Can the LLN model
simulate parts of the future that are not included in the past and also test against the

1 Subsequent to the workshop, the following information was obtained by Per Holmlund: Concerning
the ongoing drilling at NorthGRIP, the Danish group, led by Dr. Gaus Hammer, have indicated that it is not
possible to modify their ice coring drill to a bedrock corer. However, they would be interested in supporting
(not financially) a project where another drill is used. EPICA groups will be drilling at Dome C in the next 3
years and could provide another opportunity.
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past ? Over the last 2 Ma there has been a very broad spectrum of possibilities. Are
there any of these which are considered to be a problem with respect to determining the
future safety of a deep geological disposal site? It is these sensitivities that should be of
most importance to PA.

The LLN model can be validated against both the past and present - and does relatively well for
both. However, it is difficult because the range of possible scenarios is very broad and there is
a need to incorporate physical processes rather than rely on analogues.

There appear to be significant contrasts between the impacts of different CO2 evolutions in the
near future according to the LLN modelling. For example, the impact of high CO2 in the next
1000 years (as a spike which then decreases), will cause poor development of ice in contrast to
a constant, low CO2 which will cause rapid development of ice. Thus, very different possible
futures including delayed/reduced glaciation and early glaciation should be considered. These
are not predictions of the future, only plausible scenarios. It is the sensitivity of the system to
these possible scenarios that should be of most importance to performance assessment.

Q. Is post-glacial seismicity hydrogeologically significant at repository depths in fractured
basement rocks? Is it likely to have any mechanical impacts on the engineered barrier
system? There is often an implicit assumption that post-glacial faults are reactivated
features along pre-existing tectonic faults - is this always the case?

There are good examples of post-glacial faults in Sweden, but little or no research has been
undertaken on the hydrogeological and rock mechanical impacts of such faults. More research
is needed in this area, particularly with regard to the depth and permanency of the impacts.

The cyclicity and cumulative impacts of the strain effects of glacial loading and unloading must
be more clearly understood - they are not at present.

It was also noted that the hydraulic pressures generated beneath ice sheets may cause
channelling in the bedrock, ie. a feedback mechanism between the hydraulic conditions and the
properties of the rock. There is evidence for this in unlithified sediments (e.g. piping in
proglacial sediments, Breidtamerkurjokull Glacier; Hydrogeology summary, Section 5), but no
evidence was known of for lithified or crystalline rocks although it was suggested that the oil
industry may be a source of relevant information.

Q. What do we learn from regional hydrogeological and geomechanical models compared
to site-scale models? How relevant to repository conditions are the former, especially
when they are in 2-D?

Results from regional models are needed as boundary conditions to site-scale models. 2-D
models are presently used for generic studies. Site-scale models and in particular site-specific
models need to be 3-D.

Q. The effects of dilation on unloading and consequent effects on porosity and flow are not
well known. Do we need to put more effort into coupled thermo-hydro-mechanical-
chemical models of ice-bedrock-groundwater interactions? Where can we get the data to
test them? Can we just get away with bounding flux and chemistry estimates? (Until
there has been more PA consequence analysis we may not know).

In the fields of rock mechanics and rock engineering studies of coupling are restricted to
thermo-hydro-mechanical processes as in the DECOVALEX project. There is a strong need to
to include the hydrogeo-chemical aspects to simulate the ice-bedrock-groundwater interactions
in future performance assessments of deep geological repositories.
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9. GENERAL CONCLUSIONS & SUMMARY

9.1 Summary

A number of broad conclusions were made at the end of the workshop discussions, as follows:

• A warm-based ice sheet will very probably pass across a number of potential repository
sites in northern Europe, Asia and Canada at least once within the next 150 000 years.
This appears to be irrespective of short-term transient anthropogenic impacts on global
climate although it is very sensitive to sustained (long-term) modifications.

• However, the more detailed climate over the next 50 000 years appears to be highly
dependent on short-term atmospheric CO2 evolution. For example, the impact of high
atmospheric CO 2 in the next 1000 years (as a spike which then decreases), will cause
poor development of northern hemisphere ice in contrast to a constant, low CO 2 which
will cause rapid development of ice. Thus, very different possible futures including
delayed/reduced glaciation and early glaciation, should be considered.

• There will be consequent impacts on groundwater flux in the region of repositories sited
at depths of ~500m. We can currently make scoping estimates of these flux variations
both generically and for specific sites. These flux variations will affect the calculated
radiological impacts of a repository. We shall eventually need to look at them in 3-D.
We may need to consider them in siting a repository, or use siting to mitigate them.

• Beneath the ice sheet, the hydraulic head will influenced by the presence of meltwater
tunnels, and may therefore not be equal to the elevation of the ice. It is however not
known how transient such features are, particularly during ice advance. If a
sedimentary aquifer exist beneath the ice sheet, it will strongly influence the meltwater
recharge, as will topography.

• The presence of permafrost also influences groundwater flow, its permeability is non
zero, and varies with the temperature. It may be continuous, or discontinuous. It
controls the geometry of the flow system. It may have an effect on the flushing down of
saltwater.

• There will be significant hydrochemical variations in some regions of the geological
barrier due to the recharge of glacial meltwater and possibly permafrost effects. We are
less able to scope these at present although we can define bounding scenarios for
performance assessment purposes.

• The permeability of the basement rock beneath an ice sheet will be a function of
effective stress and fluid pressure. Validation of relationships between permeability and
stress/pressure/fracturing are needed (measurements in present day systems, or
validation using environmental tracers)

• It is not possible yet to establish conclusively whether there will be any significant
mechanical impacts on the engineered barrier system or whether seismic events will
affect groundwater flow & chemistry.

• Geochemical evidence, in particular fracture mineral data, is seen to be a key to
validation of hydrogeological and rock mechanical models.

• A time-dependent, climate driven, evolving groundwater system and domain geometry
should be considered in safety assessments. However, the performance assessment
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timescale of interest is different in each country and this will affect how this is done.
Performance assessment is interested in the full range of climate states and their
transitions and, possibly, in recurrence.

• When considering how to incorporate these processes into performance assessment we
should use evidence from past change as indicative of future change and try to match
the style/methodology of models of past evolution directly to those of models of future
disposal system behaviour.

• We must be careful to identify and express the uncertainty in our assertions and results.

• We must be aware of the differences in the way in which separate expert groups
approach modelling of the impacts of glaciation on bedrock conditions (such as scale)
and should strive for greater communication between these groups.

9.2 Conclusions: Requirements for Future Research

The following broad requirements were identified for future evaluation of the impact of climate
change on repository performance assessment (see Sections 4-7 for detailed requirements
compiled by each workshop group):

• Improved models of climate (atmospheric and ocean circulation and interactions) and of
thermo-hydrological-mechanical-chemical coupled behaviour of the rock-water-ice
system.

• More data in several areas, for example on present-day sub-glacial hydrogeological
environments (e.g. drilling in bedrock beneath the ice and permafrost), on palaeo-
chemical indicators (fracture coatings; more detailed hydrochemical zonation) and on
palaeo-seismic indicators.

• Validation of relationships between permeability and stress/pressure and chemistry are
needed (measurements in present day systems, or validation using environmental
tracers)

• Performance assessment sensitivity studies to identify the magnitude and significance of
various potential impacts on specific disposal concepts and sites

• Site-specific studies aimed at testing time-dependent models of past behaviour and
future evolution with the aim of eventual validation of key aspects.

9.3 What Next?

The workshop has highlighted the fact that there is a great deal of interest in the area of climate
change and its impact on the performance of deep geological repository. Prior to the workshop
there had been little opportunity for interdisciplinary discussion on the evaluation of time-de
climate-driven repository evolution. There is much work going on in this field at present, but it
is clear that there is a need for continued work and coordination of effort in the future.
Consequently, there is scope for the creation of a Working Group on Climate-Driven/Time-
Dependent Repository Evolution.
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A3.1 General Questions

What is the reliability of past climate reconstructions and future climate predictions? To
what extent can climatic sequences be simplified to obtain the first order drivers for
bedrock conditions?

What are the driving forces for groundwater flow and what are the determinants of the
geochemistry of recharge and bedrock conditions? To what extent are they influenced
by climate?

How will successive glacial cycles affect the evolution of bedrock conditions? Does the
bedrock have a cumulative memory? Do transients exist today due to past glaciations?
Are there particular times during glacial cycles when the impacts on bedrock conditions
are greatest?

To what degree do we understand the significant mechanisms and effects. What are the
uncertainties involved? What evidence do we have?

What future research, in terms of direct observational evidence, indirect evidence and
modelling, is necessary in order to improve our understanding of climate change and
its effects? If additional observations are needed in present day glacial environments,
what are they?

How may climatic, glacial, hydrological, hydrochemical and tectonic (rock mechanical)
modelling be coupled?

How can one identify sites whose geology and location makes them more or less
susceptible to significant changes (e.g. in hydrogeology) caused by glacial forcing?
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A3.2 Group (1) Climate Change and Quaternary Geology

Session leaders: Andre Berger & Svante Bjork

A. Past Climates

1. What is the reliability of past climate reconstructions?

2. How fast are climate changes - what is the evidence? How valid are the rapid
changes we see at the end of the last glacial for future scenarios?

B. Astronomical Theory

1. How valid is the Milankovitch Theory in predicting climate changes - are there
other factors regulating it?

2. How well can the climate change models simulate the past. How can climate
models be improved by data from the Quaternary? What implications do the
results have on predictions of future climate changes?

C. Modelling Climate

1. How big are the uncertainties in modelling results, considering/not considering
all relevant factors.

2. What is the role of anthropogenic changes on the timing of future climate
changes with regard to:
a. century timescale
b. geological timescale
c. global to local (regional) scale prediction

D. Future research, and implications for other groups

1. What future research, in terms of direct observational evidence, indirect
evidence and modelling, is necessary in order to improve our understanding of
climate change?

2. What information is of use to other groups?

a. To what extent can climatic sequences be simplified to obtain the first
order drivers for bedrock conditions (groundwater flow, chemistry and
stress)?

b. What are the uncertainties in evaluating the durations and extents of
different climate regimes and features such as ice sheet thickness,
permafrost thickness, relative sea level etc.

3. What information is required from other groups?
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A3.3 Group (2): Hydrogeological aspects of Glaciation

Session leaders: Ghislain de Marsily & Geoffrey Boulton

A. What are the driving forces for groundwater flow beneath:
(a) Glaciers?
(b) Permafrost?

Some associated questions:

1. What are the most powerful climatic drivers of groundwater flow? To what
extent can climatic sequences be simplified to obtain the first order drivers for
flow? (also considered by Climate group).

2. What are the uncertainties in evaluating the durations and extents of different
climate regimes and features such as ice sheet thickness, permafrost thickness,
relative sea level, (also considered by Climate group).

3. Can we be confident of the ice sheet basal thermal regime and the distribution of
associated permafrost? How are melting and non-melting regimes best
modelled?

4. What are the controls on groundwater heads beneath ice sheets?

5. What is the subglacial effective stress distribution? (also considered by
Tectonics group)

6. Do hydraulic connections exist between the surface and beds of ice sheets?
Does it matter?

7. What is the permeability of permafost? What is the effect of discontinuous
versus discontinuous permafrost?

8. Is frost heave and other periglacial processes significant?

9. Is glacial erosion and deposition significant?

10. To what extent does the geochemistry of recharge change during glacial cycles?

B . What are the impacts on subsurface water flow?

1. Do glacial regimes generate groundwater flow regimes which are quite different
from those of the present?

2. Are there generic patterns of groundwater flow characteristic of different
climatic regimes during glacial cycles? For ice sheets (glaciation and
deglaciation)? For permafrost? For sea level changes?

3. What is the role of deep saline water masses - is their presence related to
glaciation?

4. To what depth do we expect climatic change to drive changes in groundwater
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circulation?

5. What contrasts in flux and velocity do we expect between rock masses in which
Darcian flow can be assumes and those in which fracture flow dominates? Do
we have adequate fracture flow models?

6. How will the pattern of recharge and geochemical variation depend on rock
mass behaviour?

7. What sort of response times to changes in sea level, ice sheet development and
periglacial conditions do we need to consider for changes groundwater flow and
hydraulic pressures in crystalline bedrock? Does the rock have a cumulative
memory?

B*: Conceptual models involved in the determination of the impacts of
hydrological and geochemical conditions during climate change. (Joint
session with Geochemistry Group)

To what extent does groundwater flow and the geochemistry of recharge change during
glacial cycles?

a. What are the current conceptual models for groundwater conditions during
glacial cycles? Are there generic patterns of groundwater flow characteristic of
different climatic regimes during glacial cycles that impact geochemical
conditions at repository depths and shallower during:
(i) the initiation of glaciation/permafrost,
(ii) the period of glaciation,
(iii) at the end of glaciation/during initial isostatic rebound,
(iv) sea level changes?

b. To what extent does the geochemistry of recharge change during glacial cycles?
How do these features provide evidence to support or contradict current
conceptual models of groundwater flow?

C*. Characterisation of rock structure and the impact of climate change on
rock structures, (considered in conjunction with the Tectonics Group)

1. Are stress, deformability and permeability coupled? What effect does the
effective stress distribution beneath ice sheets have on permeability?

2. Are ice sheet generated strains and fractures important in determining
groundwater flow response to glaciation?

3. How is the spatial variation in permeability likely to respond to glaciation.
a. How do the number, relative conductivity and orientation of f r ac t u re s

vary through the glacial loading/unloading cycle?
b. How does this affect their transmissivity ?
c. Do changes in temperature affect fracture apertures and hence

their transmissivity?

4. Do stresses rotate between glacial and non glacial periods?
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a. What effect does this have on permeability anisotropy?
b. Is there a cumulative memory?
c. What is the role of permanent strain?
d. What is the role of transient effects in hydrogeology that follow

strain release?
e. Where and when in the glacial cycle can one predict significant

changes in hydrogeology?

5. How likely is it for fault reactivation, hydraulic fracturing and seismic pumping
to occur in crystalline rock due to glaciation and to what depths? What are the
implications for groundwater flow and chemistry?

6. How may glacial and tectonic (rock mechanical) modelling be coupled?

7. What is the evidence to validate these conceptual models?
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A3.4 Group (3): Chemical aspects of Glaciation

Session leaders: Shaun Frape and John Smellie

A . What are the main processes that determine the geochemistry of recharge
and groundwater? To what extent are they influenced by climate?

1. What are the most important climatic controls of groundwater chemistry? To
what extent can climatic sequences be simplified to obtain the first order controls
for flow and geochemistry?

2. To what extent does the geochemistry of recharge change during glacial cycles?

a. What evidence exists for geochemical changes when surface waters
recharge directly into the bedrock (e.g. sea water, cold climate recharge,
ice melt etc.)?

b. What is the timing and/or mechanisms for such recharge or mixing
scenarios?

c. What is the depth of penetration?

d. What is the role of the host rock geochemistry in modifying glacial
recharge chemistry?

B*: Conceptual models involved in the determination of the impacts of
hydrological and geochemical conditions during climate change.

1. What are the driving forces for groundwater flow and what are the determinants
of the geochemistry of recharge and bedrock conditions? To what extent are
they influenced by climate?

2. Conceptual models and evidence: To what extent does groundwater flow and
the geochemistry of recharge change during glacial cycles?

a. What are the current conceptual models for groundwater conditions
during glacial cycles? Are there generic patterns of groundwater flow
characteristic of different climatic regimes during glacial cycles that
impact geochemical conditions at repository depths and shallower
during:
(i) the initiation of glaciation/permafrost,
(ii) the period of glaciation,
(iii) at the end of glaciation/during initial isostatic rebound,
(iv) sea level changes?

b. To what extent does the geochemistry of recharge change during glacial
cycles? How do these features provide evidence to support or contradict
current conceptual models of groundwater flow?

B . What are the impacts of climate change on subsurface flow and
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geochemistry?

1. Do glacial regimes generate groundwater chemistry regimes which are quite
different from those of the present?

2. What is the role of physical parameters such as temperature and pressure, as
well as recharging atmospheric gases (e.g. O2) on modifying the pre-existing
geochemical regime during glacial cycles?

3. Are there generic patterns of groundwater flow characteristic of different
climatic regimes during glacial cycles that impact geochemical conditions at
repository depths and shallower during (a) the initiation of
glaciation/permafrost, (b) the period of glaciation, (c) at the end of
glaciation/during initial isostatic rebound, (d) sea level changes

4. What is the role of deep saline water masses - is their presence related to
glaciation?

5. To what depth do we expect climatic change to drive changes in groundwater
circulation and geochemistry?

6. What is the likelihood and effect of recharge to depth with oxygenated waters?

7. How will the pattern of recharge and geochemical variation depend on the soil
layer and on rock mass behaviour?

8. What sort of response times to changes in sea level, ice sheet development and
periglacial conditions do we need to consider for changes groundwater flow and
chemistry in crystalline bedrock? Does the rock have a cumulative memory?
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A3.5 Group (4): Tectonic aspects of Glaciation

Session leaders: Robert Muir Wood & Ove Stephansson

A. What are the determinants of strain and stress conditions in the upper
crust? To what extent are they influenced by glaciations (ice sheet
loading and unloading and the accompanying changes in sea levels,
erosion levels etc)?

1. What would be the current tectonic state of, say, Fennoscandinavia, in the
absence of Quaternary glaciations? Strain rate? Stress field? Localised strain
release? Role of active faults?

2. What is the effect of glaciation on the existing models of stress state in the
earth's crust?

3. Are there any processes that communicate stress and strain other than by
loading/unloading and fluid pressures as a result of glaciations? What are the
effects of topographic changes?

4. What are the conditions of loading and unloading of ice sheets? What are the
likely impacts of forebulge development on stress?

5. What is the significance of cold and warm-based ice sheets on the
communication of fluid pressures and effective stress distribution?

6. What is the role of asthenospheric movements on crustal stess and strain?

B . What are the impacts of glaciation on bedrock conditions. How does the
upper crust respond to changes in stress and strain throughout the
glacial loading and unloading cycle?

1. How do the glacial and tectonic stress and strain field interfere?

2. Do stresses rotate between glacial and non glacial periods? Is there a cumulative
memory? Where and when can one expect permanent strain and deformation?

3. What is likely to be the response of fracturing at various scales (major faults and
fractures etc). How will fractures respond, what are the controls, and where
will the significant response be?

4. Is glaciation-induced/enhanced fracturing confined to the near-surface? What is
the estimated depth of disturbance (plucking) beneath an advancing ice sheet?

5. How does the local crustal structure affect the response? Are there particular
geological settings which are excessively susceptible to stress & strain changes?

6. How does one find evidence to test and develop models of changes in stress and
strain through the glacial loading/unloding cycle?

a. How does one validate and quality control inferences from
observations?
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b. Evidence of surface faulting
c. Evidence of palaeoseismicity
d. Evidence from rock mass fracturing near-surface
e. Evidence from palaeohydrology

C*. How does the conductive structure of rock masses change through
climatic cycles, particularly in reponse to changes in stress and strain
during the glacial loading/unloading cycle? (considered in conjunction with the
Hydrogeology Group)

1. Are stress, deformability and permeability coupled? What effect does the
effective stress distribution beneath ice sheets have on permeability?

2. Are ice sheet generated strains and fractures important in determining
groundwater flow response to glaciation?

3. How is the spatial variation in permeability likely to respond to glaciation.
a. How do the number, relative conductivity and orientation of f rac tures

vary through the glacial loading/unloading cycle?
b. How does this affect their transmissivity?
c. Do changes in temperature affect fracture apertures and hence

their transmissivity?

4. Do stresses rotate between glacial and non glacial periods?
a. What effect does this have on permeability anisotropy?
b. Is there a cumulative memory?
c. What is the role of permanent strain?
d. What is the role of transient effects in hydrogeology that follow

strain release?
e. Where and when in the glacial cycle can one predict significant

changes in hydrogeology?

5. How likely is it for fault reactivation, hydraulic fracturing and seismic pumping
to occur in crystalline rock due to glaciation and to what depths? What are the
implications for groundwater flow and chemistry?

6. How may glacial and tectonic (rock mechanical) modelling be coupled?

7. What is the evidence to validate these conceptual models?
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Glacial-geological part of the Sodertorn excursion
April 20,1996

By J.Lundqvist and L.Brunnberg
Department of Quaternary Research, Stockholm University

During the Younger Dryas cold event, which ended roughly 10. 300 radiocarbon years BP the
deglaciation of Scandinavia was temporarily interrupted. All around Scandinavia incl. Russian
Karelia the corresponding ice-marginal line is marked by large moraines known as, for
instance, the Ra Moraines in Norway and Salpausselka in Finland (Fig. 1). In southern Sweden
the ice margin at that time was situated across the country as the so-called Middle Swedish
Ice-Marginal Zone (Fig. 2) which reached the Baltic coast 60 kilometers south of Stockholm.
In southwestern Sweden moraines are well developed but in the southeastern part of the
country no real moraines occur. Instead, the line can be seen as large glaciofluvial deltas and
kame fields. The deltas together form a discontinuous line, and between them the geological
maps show a concentration of till. This is hardly noticed in the field, but on the maps there is a
zone where outcrops of the Precambrian bedrock are less abundant than just north and south of
it. Since till is marked with blue and bedrock with red on the maps the zone is visible as a blue
band.

In some cases a thin cover of till upon the deltas indicates an advance of the ice margin. Also
reworked glacial deposits within the zone bear witness of the glacial activity. However, the
advance cannot have been extensive. In the clay-varve chronology there is no sign of any
readvance. Probably there were short oscillations of the margin rather than one big readvance.

During the excursion we visited the easternmost of the deposits belonging to the Younger
Dryas line, the so-called Oren at the southern tip of the peninsula Sodertorn. East of the Oren
deposit the line traverses some islands, but there it is less well defined. The Oren is a broad but
low ridge extended in west-east. It reaches only 20 m above the sea-level. The thickness,
however, is great. According to seismic soundings the maximum thickness of gravel and sand
is about 25 m, but these sediments are underlain by till, probably with some content of sorted
layers, down to about 100 m below the sea-level.

The deposition of the Oren delta marks the latest part of the Younger Dryas stadial. It has been
dated with clay-varve chronology to older than 11.320 years BP which corresponds to c.
11.800 uncalibrated radiocarbon years BP. However, since we do not know how long the ice
margin maintained this position it might represent the entire Younger Dryas and even a longer
time.

The upper layers of the deposit is now reworked by abrasion during the isostatic uplift of the
land. The boulders and cobbles which are seen on the surface are all littoral sediments. The
redeposition has taken place in the last three millenia.

After the climatic amelioration in the latest Younger Dryas the retreat of the ice margin
increased rapidly. This is clearly indicated by the clay-varve chronology. The receding margin
in southwestern Sweden opened the connection between the fresh-water stage, the Baltic Ice
Lake, hitherto occupying the southern part of the Baltic basin. The Baltic now became
connected with the open ocean, the Yoldia Sea stage. During a part of this stage the water in
the basin was saline. The inflow of saline water affected the sediments deposited in the Yoldia
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Sea in a way which is not yet clearly understood. The glacial clay changed character and its
colour changed from brown to gray. This as well as the clay-varve chronology were
demonstrated at the site Oren by means of cores taken at a place called Tottnas 10 km north of
Oren.

The clay which is called brown has brown winter layers with an organic carbon content of c.
0,15 % (percent of weight). The gray clay, which overlies the brown, has much thicker varves
with dark gray winter layers and an organic content of c. 0.30 %. The increase in carbon
content has been interpreted as an influence from a weak marine ingression into the Baltic
basin. The final drainage of the Baltic Ice Lake must have been approximately
contemporaneous with this colour change in the clay. The strong marine ingression with
marine bivalves and increased carbonate content is recorded some 300 years later. The only
indications of marine environment has so far been the finds of some brackish-marine diatoms
(e.g. Campylodiscus clypeus and C. echeneis) found in the gray clay.

The climatic amelioration at the end of Younger Dryas and beginning of Preboreal implied an
increased meltwater discharge and transport of sediments. The effect has been accumulation of
very large glaciofluvial deposits known as "malmar" in the area south of Stockholm. One of
them, Palamalm; was visited during the excursion. Sections in a large gravel pit show sandy to
stony sediments. The deposit may be considered a delta, but it never reached to the water level
of that time. Its surface is now situated 80 m above the present sea-level, which is about 50 m
below the level of the Yoldia Sea in which the deposition took place.

The delta has a very complex structure. There are cores of very coarse, stony gravel, while the
main volume is more sandy gravel or pure sand. Small faults and other disturbances are
frequent and kettle holes occur on the surface. These features indicate that deposition took
place in a near-glacier environment. When the ice margin and buried ice blocks melted down,
movements occurred which affected the sediments. No clear glaciotectonic structures have
been observed. Palamalm was deposited during c. 50 - 70 years according to the clay-varve
chronology which gives an idea about the rapid deposition in this phase of the deglaciation.

Upon the surface of Palamalm there are large boulders. These may have been transported by
icebergs and are partly concentrated by abrasion during the isostatic uplift. However, since the
amount of littoral sediments is not very great and the kettle holes are still unfilled the abrasion
cannot have been very extensive.

A very important issue is the effect of the isostatic uplift in terms of seismic activity. There are
different opinions in this respect and during the excursion we had the opportunity to see and
discuss some relevant features presented by Nils-Axel Morner.
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Troms»-lyngen

Fig 1: The Younger Dryas margin of the Scandinavian ice sheet. From From Andersen ct al.
(1995, Fig. 1).
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Fig 2: The Middle Swedish icc-marginal Zone. According to L.Brunnbcrg.
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THE SODERTORN EXCURSION: PART II

Paleoseismicity and Neotectonics

Nils-Axel Morner, Per Einar Trdften, Rabbe Sjoberg & Hans Wigren

Paleogeophysics & Geodynamics, Kraftriket 24, S-10691 Stockholm
tel. 7906771; fax. 7906777, e-mail, morner @ pog.su.se

In our presentations at the symposium, we have demonstrated that there is a
wealth of evidence of neoseismotectonics and paleoseismics all over Sweden.
During this excursion, it will only be time to visit some sites in association
with the glaciological part of this excursion. The fracture system at Erstavik
and its associated triple events of varve deformation (e.g. Morner & Trbften,
1993) cannot be included in the program. Nor can a visit to the Bromma region
where rock fracturing and a possible young fault occur (e.g. Morner, 1985,1988).
The remarkable boulder cave of Gillberga Gryt (Sjoberg, 1994) lies too far to the
north. (A separate trip to this site may be arranged on Sunday for those
specially interested). The excellent new liquefaction structures in the road cuts
at Taxinge and Ryssjobrink lie too far to the west of Stockholm. Instead, we
will concentrate our part of the excursion to a few sites on central Sodertoni.

After the finding of the clear liquefaction structures that could be referred
to a major earthquake which occurred in the autumn of varve 10,430 BP, our
interest turned to similar structures elsewhere. In the geological map
description, we found a photo from Olivelund which seemed to show lique-
faction structures. During the autumn 1995, we investigated this pit and a
series of cuts along the new road south of Vasterhaninge. Excellent structures
of liquefaction, varve deformation and seismites were found. Most of those are
now gone. We will show what can be reached and cleaned up today. There are
a number of bedrock caves and deformed rock surfaces on Sodertorn. Not the
most outstanding examples, but, at least, something to investigate and debate;
especially the associations of sedimentary deformations and bedrock deforma-
tions.

89



Workshop on the Impact of Climate Change & Glaciations on Rock Stresses,
Groundwater flow and Hydrochemistry, Stockholm 1996

2 km

The Sodertons Excursion Part II localities
in the setting of the regional eskersystems (dotted areas). There are 4.3 km
between Olivelund and Lovsjon, and 12 km between Lovsjon and Berga.

Olivelund:
Lovsjon:
Berga:

gravel pit
bedrock hill
road cut

liquefied silt & sand
fractured bedrock
deformed varved clay
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Locality 1: The Olivelund gravel pit
This gravel pit represents the distal part of the esker deposition. The

material primarily consists of sand and silt (with some gravel and a few larger
blocks). The silt/sand alternations provid good conditions for liquefaction if
shaken at a stage when the deposits were still saturated with water. Water-
escape at the time of emergence is likely to generate more horizontal flows.

In the pit, there are numerous examples of different kinds of water-escape
of the type known as liquefaction (e.g. Cakmak & Herrera, 1989). On the whole,
this pit is a excellent archiev of this type of structures. It will probably become a
standard locality for future geological excursions on Sodertorn.

We see the larger deformations from water escaping upwards. The same is
seen in the small scale. We can see beds that seem to have vibrated (e.g. a silt
with small-scale anastomosing-layering). In some places the courser gravel
grains and a block seems to sunk to the bottom of a layer (i.e. vibrated down).
Small-scale faulting frequently occurs. In one case there was a larger down-
faulted pocket-structure (Morner, 1996).

Our interpretation is; excellent examples of liquefaction (i.e. water-escape
due to ground shaking by a major earthquake).

We are investigating similar structure at Turinge-Ryssjobring (Morner,
1996), at Billingen (Morner & Troften, 1993), in Uppland, along the coast of
southern Norrland and along the Swedish west coast.

Fig. 1. Some structures previously observed in the Olivelund gravel pit.

91



Workshop on the Impact of Climate Change & Glaciations on Rock Stresses,
Groundwater flow and Hydrochemistry, Stockholm 1996

Locality 2: Lovsjon bedrock cave
Sjoberg (1994) gave a general account of the rock caves in Sweden and their

possible origin in neoseismotectonics. We don't have any real outstanding
example of this on Sodertorn. The bedrock between Olivelund and Berga is
full of structures of young and fresh appearance, however, where we could
stop and philosophy about possible causation mechanisms. At the eastern
shore of lake Lovsjon, there is a larger structure (no. 2088 in the catalogue of
Swedish caves). It is illustrated in Fig 2 (a map made for spelological reasons).

The bedrock is heavily fractured and large pieces have moved out of
primary position. Even the stoss-side is affected by this. The big blocks have
moved lake-wards along dipping bank-plains. But what was the force?

fracturing + gravity sliding?
ground-shaking?
water-pressure?
glacial push?
gas-pressure?
stress-release after ice-loading?

The whole setting of blocks, fractures and dislocations should be considered.
What could be the origin?

glacial tectonics? - hardly
neoseismotectonics? - well, yes, of course
other processes (water, gas, stress)? - yes, very well so

This place is excellent for discussions. We don't think this locality (on its own
merits) could provide conclusive information on the causation mechanism. In
the setting, close to localities 1 and 3, it is, of course, tempting to think in terms
of seismotectonics.
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Fig. 2. Locality 2. Sketch map of the bedrock "cave" at Lovsjon (drawn by C.
Ortvall, SSF-archiev, no. 2088). Some fracture-lines have been added bv us.
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Locality 3: The Berga liquefaction and varve deformation
This site represents the southern part of the poster presented by Troften &

Morner. All along the new road, we had exceptionally good exposures of
various types of varve deformations. Much of that material was presented at
the symposium. Today we will investigate some of the structures left.

The whole area just south of the road-bridge to Berga, constitutes of highly
deformed varved clay. The road pits revealed varves that were often standing
vertical instead of horizontal (i.e. some 90° deformation). The total clay bed
was at least 6 meters thick (up to 20 m just south of our pit).

Just north of the road-bridge, there are heavily deformed varves. We can
observe liquefaction structures, shaken and contorted varves, varves that are
cut and faulted, crumbled varves, etc.

Further to the north we have counted at least 113 varves in a sequence that
was affected by the deformation. If the deformation refer to one single event,
this must hence have occurred at least 113 varves after the deglaciation of this
area. At Musko and Orno to the SE, there are very thick sandy silty varves with
eroded clay pebbles in the varve -1073 (in De Geer's old system) or varve
10,430 BP in the the revized chronology (Brunnberg, 1995). I have earlier
proposed that those varves represent paleoseismic seismites (Morner, 1985). It
is, hence tempting to suggest a correlation between those seismites and the
deformations at Berga.

Just south of Berga both myself (Morner, Larsson & Lide"n, 1972) and
Nilsson (1953) have varve sequences used for chronological purposes. In our
old core, we noted some deformation. In our chronology, the Berga site was
deglaciated 220 varves before the ingression of saltwater at varve -1073 (202
varves before according to Nilsson). This gives, at least, a rough fit with the
>113 varves counted in the road pit north of Berga. At present, we cannot give
any exact, on the varve, date, however.

We may also speculate about the location of a possible epicenter. The
deformations recorded in the Olivelund-Berga region are quite strong. At the
same time we are convinced that the old E-W fault (Stockholm-Narke)
moved and suffered a major paleoseismic event in the autumn 10,430 BP
(Morner, 1996). We are still trying to decipher wether these represent one and
the same event or two separate events.
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Dalaro road (6
Liquefaction structures in silt

Lovhagen
» Earthslide cutting down into
glacial varves.

« Deformed varve-sequence.
> "Flame structures" in silt/sand
caused by liquefaction.

Ribbylund
1 Liquefaction structures in silt/sand
(similar to Turinge).

1 Varvedclay record with several
deformation levels.

\

Solslatt
• Differential liquefaction in silt and clay.

1 km

) Ahrunn,
£.'!? * Fragmented and wavy (vibrated ?) varves

(paleomagneticaly studied).
Liquefaction structures in silt/ sand.

Berga
* Heavily deformed and liquefied clay and silt.

Fig. 3. Locality 3. Course of the new road along which we have investigated
several sections (1-6) exhibiting different forms of varve deformations. Today,
we will study what is left at the southernmost part at Berga (point 1).
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Localities 1-3: A summary

We have now investigated three quite different sites; one liquefied gravel
pit, one deformed bedrock and one heavily deformed clay sequence. Naturally,
we interprete them as expressions of one and the same process; a major past
earthquake. The details of sites 1 and 3, hardly leave any other conclusion. Site
2 is much less conclusive. The three sites form an interesting unit which we
are happy to demonstrate and discuss with you.

Similar cases can be presented form other part of Sweden. It has taken us a
long time, step by step, to piece these things together (with very limited
funding). It is our hope that a better funding will allow us to present all this
material before the end of this millennium.
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Hydrochemical Impacts of Past Glacial Cycles

A H Bath, H G Richards and N A Feast
Golder Associates (UK) Ltd, Nottingham

It is well established that groundwaters contain hydrochemical 'signatures' of the
hydrological conditions at the time of recharge. The stable isotopic composition of water and
the concentrations of dissolved atmospheric gases both reflect the temperature of the recharge
environment Combined with isotopic residence times, e.g. from carbon-14, studies have
focused on the correlation of these climate signals with independent palaeoclimate evidence.
A further interpretative step is involved in attempting to deduce how the groundwater system
might have responded to changing climate, specifically to glaciation. This involves testing
hydrogeological models by simulation of hydrochemical conditions, e.g. salinity or stable
isotopic distribution, and comparison with observed data.

This paper will summarise the background to these hydrochemical measurements and their
interpretation. Uncertainties arise from alternative interpretations of variability and also from
the small number of calibration in natural systems. Hydrochemical signatures corresponding
to cold climate are usually attributed to late Pleistocene climate deterioration at the last
glaciation. However the groundwater 'legacy' of earlier glacial cycles is unclear.

The Pleistocene history of recharge to English groundwater systems has been influenced by
cycles of glacial, periglacial, boreal and temperate conditions (Nirex, 1995). Periglacial and
boreal conditions probably dominated over time, and are therefore expected to have been the
dominant recharge environment Stable isotopic and dissolved gas compositions of
groundwater in a sandstone aquifer have been attributed to climate changes associated with
the late Pleistocene glaciation (Bath et al., 1979). A more speculative additional
interpretation has related chloride and chlorine-36 isotope variations to changes in
hydrometeorological conditions (Andrews et al, 1994). Glacial climate signals appear to
varying extents in other English aquifers.

Site characterisation investigations at Sellafield, in northern England, have included
hydrochemical measurements. These are making an important contribution to establishing a
conceptual model for the groundwater system, and to understanding how the system has been
influenced by glacial processes. Deeper groundwaters in the potential repository zone show
palaeoclimate signals in stable isotope and dissolved gas compositions with respect to those in
shallow groundwaters (Bath et al, 1995). Broadly, this reflects contrasting transmissivities
and expected differences in gross residence times. Other hydrochemical data are evidence of
mixing between groundwater masses from different sources which may extend back beyond
the last glacial cycle. Mixing effects have to be considered in comparing data with the
palaeoclimate record and with data from aquifers. Uncertainties in the recharge response to
climate and in the response of the pre-existing groundwater system to glacial cycles are
tackled by integrating a wide range of hydrochemical and modelling methods.
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Modeling Future Climate for Disposal of Radioactive Waste
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The LLN climate model is a two-dimension (latitude-altitude) sectorially averaged model of
the northern hemisphere which links the atmosphere, the ocean mixed layer, the sea ice, the
ice sheets and their underlying bedrock (a global model including the deep-ocean circulation
and a carbon cycle is in development). Simulation shows that the model is able to reproduce
the main characteristics of the present-day climate and general circulation. Its response to a
CO2 doubling (~ 2°C) lies in the lowest range of sensivity of the equilibrium general
circulation models, but is in full agreement with the transient simulation made with
atmosphere-ocean GCNfs.

Used to test the Milankovitch theory, the 2-D LLN model shows that orbital and CO2
variations induce, in the climate system, feedbacks sufficient to generate the low frequency
part of the climatic variations over the last glacial-interglacial cycles. This model clearly
shows that long-term changes in the Earth's orbital parameters lead to variations in the
amount of solar radiation received at the top of the atmosphere, which in turn act as a
pacemaker for climatic variations at the astronomical frequencies, through induced albedo-
temperature and greenhouse gases-temperature feedbacks. In order to demonstrate the
ability of the model to generate the 100 kyr cycle, the transient response of the climate
system to both the astronomical and CO2 forcings was simulated over the last 800 kyr. It is
particularly significant that spectral analysis of the simulated northern hemisphere global ice-
volume variations reproduces correctly the relative intensity of the peaks at the orbital
frequencies as seen in SPECMAP data. Except for variations with time scales shorter than 5
kyr, the simulated long-term variations of total ice volume are comparable to that
reconstructed from deep-sea cores. For the last 200 kyr for example, the model simulates
glacial maxima of similar amplitudes at 134 kyr BP and 15 kyr BP, followed by abrupt
deglaciations. Using different CO? reconstructions over the two last glacial-interglacial
cycles, the model seems to be not too sensitive to the glaciologjcal time scale of the Vostok
ice core. It is definitely driven by the astronomical forcing, the CO? variations helping to
produce a better amplitude in the long-term temperature change and a more accurate
southward extend of the northern american ice sheet. For the Middle and Late Pleistocene,
the atmospheric CO2 concentration was reconstructed from a regression between Vostok
CO? data and the marine oxygen isotope values. The results of the simulation suggest that
the amplitude between glacial and interglacial stages was increasing, the interglacials were
related to high eccentricity and the northern hemisphere mean temperature has slightly
increased.

For the future, if the CO2 concentration of the last interglacial-glacial cycle is used, the next
"natural" glacial stage is happening at about 60 kyr AP, is followed by a glacial maximum
just after 100 kyr AP and by a rapid deglaciation leading to an interglacial and the
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disappearance of the northern hemisphere ice-sheets at 120 kyr AP. But the LLN model was
also used to test the sensitivity of the climate of the next centuries to a modification of the
CO2 concentration related to human activities. Different experiments have been designed
using fixed CO2 concentration as well as a simple scenario for the evolution of the
atmospheric concentration over the next 5 kyr. These experiments showed that such
increases in the CO2 concentration might lead to the total melting of the modeled Greenland
ice sheet in the next few thousand years. The timing of this melting will depend upon the
amount of atmospheric CO2 released and upon its lifetime in the atmosphere. The influence
of such a behaviour upon the response of the climate system to the orbital forcing over the
next 120 kyr is investigated.
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Occurrence of Glacial Meltwater in the Crystalline Bedrock of the
Central Part of the Fennoscandian Shield

Runar Blomqvist
Geological Survey of Finland, SF-02150 Espoo, Finland

Shaun K. Frape
University of Waterloo, Waterloo, Ontario, Canada N2L 3G1

During a national survey of deep groundwater, several tens of boreholes, originally made
for exploration purposes, were studied with respect to groundwater chemistry and for
various isotope systems. In some of the studied sites groundwaters with distinctly lower
518O values were recorded compared to values for present precipitation. The light 518O
values were attributed to recharge during cooler climatic conditions than those prevailing at
present (Blomqvist et al. 1988, 1993, 1995a, b). Bodies of relatively small 518O depleted
groundwater occurred sporadically among isotopically heavier groundwaters. In some cases
borehole groundwaters displayed distinct stratification with respect to 518O values, revealing
an isotopically light groundwater body between isotopically heavier groundwaters, as at the
Palmottu Natural Analogue Study Site, or within the stratified arkosic sandstone at Pori. In
other cases the isotopically light groundwater body was clearly controlled by a dominant
fracture zone within the surrounding bedrock, as in the case of the brackish groundwater in
Outokumpu region, or the 518O depleted groundwater was located deep in an active mine
along minor fracture zones (e.g. in Vihanti mine). Typically, the isotopically light
groundwater bodies form only a minor part of the groundwaters of each of the studied sites.

The depths of the isotopically light groundwater bodies vary considerably. Close to the
Baltic Sea, isotopically light groundwaters have been recorded from 100 m downwards
whereas in eastern Finland, at Outokumpu, the <518O depleted groundwater is located within
a regionally dominant fracture zone at a depth of 400 m. In the Vihanti mine the
isotopically light groundwater body was detected at a depth of 750 m.

The chemical compositions of the 5l8O depleted groundwaters are quite variable, and
bicarbonate, chloride and sulphate has been recorded as the dominant anion. The
isotopically light groundwaters are typically fresh or brackish and the lack of saline (IDS
> 10 000 mg/1) or highly saline groundwaters seem to be a characteristic feature of the
518O depleted groundwaters. With respect to chemical composition, the isotopically light
groundwaters frequently deviate from the composition of the neighbouring groundwater
bodies, simple mixing usually being the most likely process. The isotopically light sulphate
rich groundwater at Palmottu, however, seems to be indicative of significant oxidation
processes as well. Based on simple mixing calculations of isotopically light glacial
meltwater with groundwaters reflecting 61SO values for present climatic conditions, an
approximate mixing ratio of 1 to 1 can be obtained for the extreme 618O values of the
sulphate-rich groundwater at Palmottu (Fig. 1).

The paper will present a current review of the mode of occurrence of the 518O depleted
groundwaters of the Central part of the Fennoscandian Shield.
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Fig. 1. 52H and 518O values for various groundwaters at the Palmottu Natural Analogue
Study Site in Finland.
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Modelling the Ice Sheet Hydrological System and its Application to the
Disposal of Radioactive Waste

G S Boulton
Department of Geology and Geophysics, The University of Edinburgh, Grant Institute,

King's Buildings, Edinburgh, EH19 3JW

Numerical models of ice sheet behaviour which successfully simulate the characteristics of
modern ice sheets are also able to simulate the geological-inferred behaviour of ice sheets
which have extended from time-to-time over the middle latitudes of the northern hemisphere.
Models which have been independently constrained and tested by geological evidence suggest
relatively robust patterns of basal melting which are insensitive to all but a few free parameters.

Meltwater at the base of ice sheets may be discharged through channels at the ice / bed interface
or by groundwater flow; the balance between the two being controlled by the hydraulic
transmissivity of subglacial beds. It is suggested that esker systems are an index of the state of
this balance. Models which couple the ice sheet and subglacial hydraulic system, when applied
to ice sheet fluctuations in northern Europe, show systematic patterns of hydraulic evolution.
Patterns of head, hydraulic gradient, and flow vectors through glacial cycles are simulated for
geohydrological models of glaciated northern Europe.

The patterns of movement of groundwater through such cycles can also be associated with
distinctive changes in the geochemistry of recharge. As a consequence, we expect systematic
patterns of subsurface hydrogeochemistry which reflect sequences of surface environments and
the driving forces which they have imposed on the groundwater system. It is possible to use
such data as indexes of the long-term hydrogeological characteristics of bedrock in the vicinity
of potential repository sites.

Patterns of stress associated with extension and contraction of large ice sheets can also be
simulated and patterns of shear hydrofractures predicted. Many well known structural
characteristics of sediments and bedrock in glaciated areas may be attributed to large scale
patterns of glacially-induced stress.

Using hindcasting techniques, it is possible to estimate the long-term evolution of the
environmental system and its impact on groundwater in such a way as to define scenarios
which are appropriate to safety assessments incorporating different levels of detail.
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Paiaeohydogeology Applied to the Assessment of Deep Nuclear Waste
Repositories - A Feasibility Study in Relation to the Sellafield Region, UK

G. Boulton, Edinburgh University, UK

Z A Gralewski, RM Consultants, UK

R Mackay, Newcastle University, UK

D Ross, WS Atkins, UK
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Modelling the Signal of Long-term Environmental Change in the Geochemistry
of Groundwater - an Approach to Testing of Models of Long-term Rock Mass

Properties

G S BoultonL D Read? and D J Ross?

1 Department of Geology and Geophysics, The University of Edinburgh, Grant Institute,
The King's Buildings, West Mains Road, Edinburgh, UK

2 RMC Limited, Suite 7, Hitching Court, Abingdon Business Park, Abingdon, UK

3 W S Atkins Environment, Woodcote Grove, Ashley Road, Epsom, Surrey, UK

The sequence of environments in the earth's recent past, which have characterised the evolution
of the surface above potential repository sites is now more-or-less well known. Changing
surface environment leads both to changes in the forcing function for groundwater flow and in
the aeochemistry of recharge waters. The organisation of groundwater geochemistry and the
geochemistry of many joint precipitates can be expected to reflect long-term environmental
forcing functions and the conductive structure of sub-surface rock masses.

In principle, if the forcing functions can be reconstructed, some aspects of groundwater and
rock mass geochemistry could be used to test hypotheses about the conductive structure of rock
masses.

This approach is currently being explored as part of the HMIP research programme associated
with a potential repository at Sellafield in north-west England. A simplified environmental
series for the last 200,000 years is used to drive groundwater flow, modelled by utilising an ice
sheet model and the NAMMU groundwater model. A simple model of glacial cycling is then
used to reconstruct some aspects of the isotopic geochemistry of recharge and a
one-dimensional advective / diffusive model is used to predict resultant geochemical patterns in
groundwater.

This is primarily a scoping exercise designed to evaluate the magnitudes of geochemical
impacts in order to establish whether a sampling programme could be devised to test
assumptions about rock mass properties.
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Glaciation Modelling in Safety Evaluation of Radioactive Waste Disposal: Experience
from the EVEREST Project.

C. Certes, P. Baudoin, F. CuisiaL D. Gay
IPSN / DES, BP 6,92265 Fontenay-aux-Roses - France

A. Levassor
ENSMP / CIG, 35 rue Saint-HonorS, 77305 Fontainebleau - France

In the framework of the European project EVEREST, a study of the transport of radionuclides
from a nuclear waste repository was perfonned with particular emphasis to the sensitivity of
radionuclide concentration to parameter values and scenario definition hypotheses. The
Institute of Protection and Nuclear Safety (IPSN) contributed to the project for both
sedimentary and granite formations. As part of the evolution scenarios, the effects of climatic
changes were addressed. The resulting changes in water flow were modeled using the
transient time code NEWSAM for the sedimentary site and the steady state code MELODIE
for the granite. All radionuclides transport calculations were done with MELODIE using a
succession of steady states in a stepwise fashion to represent the evolution of transient heads
resulting from climatic changes.

The sedimentary site is supposed to be located in the Paris basin. Modelling was carried out
at both regional (Paris basin) and local (repository) scales. The results from the regional scale
modelling were used to define local scale boundary conditions. For flow calculations, a
succession of two cycles, each consisting of two glaciation - deglaciation episodes (a Wurm
type and a Riss type) was assumed. The glaciation period is characterised by the settlement of
a continuous permafrost over a 300 m thick layer below surface level and a decrease in sea
level (-120 m for the glaciation of the first period, -140 m for the second). The permafrost
directly affects the hydraulic properties of the layers it occupies and is assumed to stop fluxes
to the surface. However, rivers of high order are considered linked to taliks allowing
groundwater discharge. The results show non-negligible effects of climatic changes on the
behaviour of the hydrogeological system. A specific response is observed for each model
layer and in the long term the aquitards act as efficient pressure seals and control the
behaviour of the system. Due to the successive cycles, steady state conditions are not reached,
and a downward trend in hydraulic head can be noticed from a cycle to the following, mainly
resulting from an asymmetry in the appearance and disappearance of a glaciation event.
Transport calculations were perfonned for the first two glaciations for the radionuclides with
shortest transfert times. The effect of the glaciation in terms of activity fluxes from the
geosphere to the biosphere, is only important for deep well scenarios, where an increase by a
factor from 2 to 3 can be seen. For distant outlets, results show a very limited influence of the
glaciations: maximum outputs are delayed and slightly lower.

The granite site is supposed to belong to an intrusive massif spread over 300 km3. The effects
of a WQrm - type glaciation were assessed under the following hypotheses: the glaciation
occurs from 25 000 to 75 000 years after present time; a 100 m-thick permafrost takes place
instantaneously and steady state flow conditions are assumed. Because of the lack of recharge
from the surface, local flow was negligible and only regional flow was considered. The
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regional flow is drained north-westward and south-westward to the sea by two large rivers.
The piezometric conditions which were used during glaciation were calculated from the
regional gradients associated with a -120 m-withdraw of the sea. From the modelling, it can
be seen that the resulting fluxes at the repository depth (SOO m) under a glaciation period are
10 to 20 times lower than for present climatic conditions. However, the effects of a glaciation
on radionuclide transport and activity release at the gcosphere-biosphere interface are very
limited. During the glaciation period, no activity can be released at the outlets due to the
permafrost. Once the permafrost has disappeared, the activity releases for long lived
radionuclides are nearly equal to their level before glaciation. Because of the very low flow
occurring during glaciation and given the relative short time it lasts, everything acts as if the
whole system had been frozen for a limited time.
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A Numerical Model on Permafrost Growth and Decay

Georg Delisle
Bundesanstalt far Geowissenschaften und Rohstoffe (BGR), Stilleweg 2, 30655 Hannover,

Germany

The extent and the thickness of the permafrost layer in Northern Germany during the last
glacial stages is a matter of speculation in the literature. Our ever increasing knowledge of
the mean annual temperature variation in the northern hemisphere since Eemian times by
the investigation of ice cores, deep sea sediments and the analysis of lake sediments
(pollen, isotope studies) offers now a sufficient basis to calculate the evolution of
permafrost growth and decay numerically. The main factors influencing this process are:

- variation of the mean annual temperature
- material parameters of the near surface sediments
- regional terrestrial heat flow
- presence of saline groundwater.

The influence of these parameters on permafrost development and decay, in particular, the
potential role of lakes and rivers to prevent permafrost development under their beds will
be discussed.

The presence of salt domes, typical for Northern Germany, modifies substantially the
regional heat flow distribution. Salt domes, serving as preferred pathways for terrestrial
heat flow, show frequently a twofold increase in q over their top. This effect and the
presence of saline groundwaters, which usually cover the salt structure, reduces the speed
of development and the attainable thickness of the permafrost layer.

A set of graphs will be presented illustrating the time dependence of permafrost growth
and decay for ,,typical North German" soil conditions assuming different realistic climatic
scenarios. The development and decay of permafrost calculated for a vertical 2-D-cut
through a model landscape including a river and a lake will be presented. It will be shown
that permafrost in northern Germany should have reached during the last glacial -
depending on the soil type - a thickness of no more than 75 to 90 m. The numerical
simulation suggests the development of mostly discontinuous permafrost implying that the
regional groundwater flow was not disconnected from the surface waters.

REFERENCES
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Cryogenic Fractures in Salt Domes in Northern Germany?

Georg Delisle
Bundesanstalt fur Geowissenschaften und Rohstoffe (BGR), Stilleweg 2, 30655 Hannover,

Germany

A paper postulating the existence of cryogenic fractures in North German salt domes was
first published by Bauer (1991). This theory was based on the observation of

- healed cracks in various salt domes crosscutting the main structural trends down to a
depth of 600 m,

- fracture filling by clay derived from neighboring sediments with fossils of Mesozoic to
early Tertiary age.

This theory was then tested by analyzing fluid inclusions in healt cracks of the salt dome
Bokeloh/Germany (Delisle & Dumke, 1996). Measured 518O-values of -11 to -15 and 5D-
values of -65 suggest an origin of formation for the fluids during a time of climatic
deterioration and support further the thesis of the cryogenic origin of rehealed cracks in
salt domes.

Modelling the subsurface temperature field during a climatic deterioration demonstrates
the rapid advance of the cold front through the well conducting salt of the salt domes. At
the same time the advance in the surrounding rocks is impeded due to the lower thermal
conductivity and the development of permafrost.

When did the cracking and the downward migration of the fracture fluids start? The fluid
inclusions suggest that the groundwater had already aquired a ,,cold stage" isotopic
signature before it entered the salt dome. Clearly, the penetration process did not occur in
an early stage of climatic deteriation. Particular favourable conditions for the creation of
cryogenic fractures existed during an advance of an ice sheet over the salt structure. The
pressure increase exerted by the ice sheet on groundwater (and/or basal meltwater of the
ice sheet?) is a likely candidate responsible for forcing fluids through salt structures, whose
masses should be at this time - due to the cooling process - under tensional stress.

REFERENCES
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Abrupt Climatic Changes : What they are and what they do

Jean Claude Duplessy
Centre des Faibles Radioactivites

Laboratoire mixte CNRS-CEA
91198 Gif sur Yvette cedex

Abrupt climatic changes have been detected in both the marine sediment and
polar ice paleoclimatic records. During the last 150,000 years (the last climatic
cycle), rapid temperature variations have been recorded over Greenland and in
the mid and high latitudes of the North Atlantic Ocean during the last
glaciation (Dansgaard-Oeschger events, Bond cycles). Their magnitude is close to
5-10°C and they develop in less than one century. A detailed study of the North
Atlantic sediments shows that these events are linked to massive iceberg
discharges which resulted from the instability of the continental ice caps which
covered both Canada and northern Europe.

The main effect of the iceberg discharge is a freshwater injection into the surface
waters of the North Atlantic Ocean at the location of winter convection and
deep water formation. This injection enhanced the stratification of the water
column and reduced the flow of the oceanic conveyor belt, which drives the
transport of warm surface water to the high latitude of the North Atlantic. As a
consequence, a significant cooling occurred in the North Atlantic and over the
adjacent continents, but the climatic change had a much larger impact and
affected tropical areas.

The geological record indicates that rapid climatic variations occurred also
during interglacial conditions. They affect both the temperature and the
hydrological cycle over the continents, in particular in East Africa, where rapid
changes in lake levels have been detected in phase with changes of the North
Atlantic surafce salinity. These climatic changes, which developed in the
absence of major continental ice sheets, are still poorly known and have to be
studied in more details. Among the mechanisms which may be responsible for
such variations are :
- sea ice discharge from the Arctic Ocean,
- changes in the precipitation/evaporation ratio over the high latitudes of the
North Atlantic.

The high frequency of the climate system must be understood in order to
evaluate the future behaviour of a deep repository.
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Reliability of Past Climatic Reconstructions

Matti Eronen
Department of Geology, P. O. Box 11 (Snellmaninkatu 3), FIN-00014 University of

Helsinki, Finland

Reconstructions of past climate are always based on proxy data, i. e. variables which can be
interpreted in terms of climate. Different proxy data are preserved in natural archives, but the
climatic records they provide are always more or less inaccurate. Generally the accuracy and
precision of climatic proxies tends to improve towards the present time. In long geological
timescales sedimentary rocks and fossils of extinct animals and plants are the main sources for
palaeoclimatic reconstructions. The Quaternary climatic records (for past 2.5 million years)
are mainly based on marine and terrestrial sediments and their microfossil contents. The
climatic events of the Late Quaternary (past 130,000 years) and the Holocene (past 10,000
years) are better known than those of the earlier periods, but still today there are many
uncertainties concerning the details and regional differences in the development.

There is a wide range of proxy indicators for studies of Quaternary climatic variations. Three
main groups are the geological, glaciological and biological proxy data. The accuracy of the
information extractable from different proxies varies greatly. Most proxy indicators are used
for reconstructions of past temperatures, but the information obtainable is mostly only
qualitative, i. e. the magnitude of the change can not be determined. The past changes in
humidity are also often difficult to be quantified , but in arid regions the formations and
deposits indicating past lake level changes serve as good proxy indicators in this respect.

The temporal and spatial range of data is also highly variable. Usually many well studied
sites are needed for reliable regional palaeoclimatic reconstructions, but there are considerable
differences in the density of sites. Many detailed records are available in some countries or
areas, while in some other areas few sites are carefully studied. In non-glaciated areas climatic
reconstructions extending over and even beyond the entire Quaternary Period can be made
from sediment sequences, but in glaciated areas unbroken sedimentary records are usually
available only for late glacial and Holocene times.

Uncertainty in dating must also be taken into account in considering the accuracy of the
information about the past climates. The chronological control in stratigraphical studies varies
greatly. Proxy records based on poor dating are naturally subject to differing palaeoclimatic
interpretations.. All available dating methods also have their defects, which must be known in
evaluating the results. The commonly used radiocarbon method is not very accurate and the
sources of error increase, when samples several tens of thousands of years old are being
dated. The "C dates also should calibrated to make them comparable with calendar years. In
fact there are different timescales used in Quaternary chronology. The dating can be based on
conventional or calibrated radiocarbon dates, lake varves, clay varves (Sweden), ice cores
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(Greenland) or on palaeomagnetic dating. "Orbital tuning" based on the Milankovitch theory
is used for improving the accuracy in dating the deep-sea oxygen isotope record. There are
still some other dating methods, e. g. luminescence dating (TL, OSL), which provide usable
dates for Quaternary studies but are often more usable for relative dating rather than
establishing an "absolute" chronological framework.

Due to the above problems associated with climatic proxy data, one must be careful also in
correlation of different records. The climatic signals in marine records may be fundamentally
different from the the signals in terrestrial records. Some proxy data can indicate changes in
mean annual temperatures while others indicate summer temperatures. The marine and
terrestrial records are usually also based on different timescales. In principle the marine
records are continuous extending over long periods of time, while the terrestrial records are
mostly fragmentary. The terrestrial data, however, often provide much more detailed
information about the past climates than the marine ones and in this way complete the
reconstructions based on deep-sea cores. There are also some long continuous terrestrial
records, like the Chinese loess deposits, which provide palaeoclimatic information over the
entire Quaternary Period.

New palaeoclimatic data are accumulating rapidly and they give information about many
aspects of past climates and environments. The expansion of data leads to improved
understanding of the behaviour of the Earth s climatic system in the past and at present. The
main lines of the Quaternary climatic variations are known today, but a number of
uncertainties also still exist. Thus the reliability of the past climatic reconstructions can be
considered largely dependent on demands for precision and accuracy.
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Glaciation and Ground-Water Geochemistry in the Fennoscandian Shield:
Deep Oxygenated Ground Water of Glacial Origin

Pierre D. Glynn and Clifford Voss
U.S. Geological Survey, 432 National Center, Reston, VA, 22092, USA

Regional-scale (1000 km) numerical simulations of ground-water flow (Provost, Voss and
Neuzil, 1996) in the Fennoscandian shield suggest that, during the advance of an ice sheet,
recharging glacial basal meltwaters may reach depths of several kilometers in only a few
thousand years. These glacial meltwaters can be expected to have a fairly low total dissolved
solids content but may be highly enriched in oxygen. Observations by Stauffer and others (1985)
on Greenland ice cores suggest that basal meltwaters could have dissolved oxygen concentrations
3 times greater than that of water at equilibrium with modern atmospheric oxygen levels, because
of the dissolution of air bubbles trapped in the ice during its formation. Because of the low
concentrations of dissolved organic carbon that might be expected in these glacial meltwaters,
the only readily available reductants that might come in contact with the recharging meltwaters
would be the iron(II)-rich minerals, such as pyrite (FeS2), iron-rich biotite
[K(Fe,Mg)3AlSi3O10(OH)2], iron-rich chlorite [(Fe,Mg)5Al2Si3O10(OH)8] and magnetite (Fe3O4),
all of which are common in granitic rocks. Preliminary reactive-transport calculations based on
estimates of the relative abundance and reactivity of these oxygen-reducing minerals along the
fractures and in the granitic rock matrix of the Fennoscandian shield suggest that the movement
of an oxygen front produced by the recharge of glacial meltwater along a single representative
fracture would be approximately 2 times slower than the movement of the water along the
fracture. Our calculations show that porosity changes caused by mineral dissolution/precipitation
would be small and would not significantly affect the groundwater velocity along the fracture.
Therefore, we estimate that oxygenated water could reach a depth of 1 kilometer within a few
thousand years. Dissolved oxygen in ground water flowing along a fracture zone or crushed-rock
zone that contained abundant reactive reductive minerals would not reach the same depths as
quickly as dissolved oxygen in ground water flowing along a single fracture (with the same
aqueous volume as the fracture zone or crushed rock zone). The common occurrence of fairly
amorphous iron oxyhydroxides observed in borehole cores (to depths of 924 m at AspO and 400
m at Klipperas) that were collected by the Swedish Nuclear Fuel and Waste Management
Company at many sites in Sweden (and usually described as "rust") supports our idea that
oxygenated glacial meltwaters may have reached depths of 1 kilometer or more during the last
glaciation.
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Investigation of Climatic Effects Relevant to the Deep Disposal of Radioactive Waste
Using a Zonally-averaged Climate Model and Palaeoenvironmental Records

Clare M. Goodess, Paul E. Burgess and Jean P. Palutikof
Climatic Research Unit, University of East Anglia, Norwich, NR4 7TJ, UK

The Nirex Science Programme is directed at establishing the suitability, or otherwise, of an
area near Sellafield, West Cumbria, to host a deep geological repository for the disposal of
solid intermediate-level and some low-level radioactive waste. The Climatic Research Unit
(CRU) has been involved in the Nirex Biosphere Research Programme since 1987. During
1994/1995, the climate studies have been expanded from review-based work to the analysis of
results from new modelling and palaeodata studies designed specifically with the needs of the
Nirex post-closure radiological performance assessment programme in mind (Thorne, 1995).

At the beginning of the climate studies, it was necessary to reach a decision about the
timescales to be considered. We concluded that timescales of at least one glacial-interglacial
cycle (100 thousand years (ka)) should be used. Within the constraints imposed by our ability
to predict climate, we considered that detailed estimates of future climate states could be made
for shorter periods (10 ka to 100 ka, say) and less detailed estimates to 1 million years, taking
into account increasing model and data uncertainties. Research on these timescales is being
carried out in three major areas.

i. Modelling. A major assumption of the Nirex climate studies is that orbital variations and
enhanced greenhouse gas concentrations are the major forcing factors over the timescales
of interest (Goodess et al., 1992; Adcock et al., 1995). The zonally-averaged Louvain-la-
Neuve (LLN) model is driven by both. Many of the physical processes and feedbacks
known to be important are represented in this model and it is able to reproduce the
observed pattern of late Quaternary climate (Galtee et al., 1991; 1992). It is considered
that the LLN model is the most appropriate for the purposes of the Nirex climate studies,
and offers the greatest potential at present for investigating the links between the enhanced
greenhouse effect and orbital forcing.

ii. Sediment cores. The CRU has established links with the Laboratoire de Botanique
Historique et Palynologie, Marseilles. This group is providing pollen and beetle data sets
from a newly-cored site in Brittany. These should provide a record of the last glacial-
interglacial cycle more relevant to the west coast location of West Cumbria than existing
data from pollen cores such as Grande Pile in central France. The record will also be
useful for validating and downscaling output from the LLN model.

iii. Reanalysis of existing records. The pollen/beetle core work is complemented by analyses
of deep ocean and ice core records, many of which have been obtained from the National
Geophysical Data Center, Boulder, Colorado. These records will be used to validate the
LLN model and to determine the likely range of future long-term natural changes in
atmospheric CO2 concentrations for input to climate model integrations (Thorne, 1995).
However, the main purposes of these analyses are to re-examine the SPECMAP timescale,
widely-used as the standard Quaternary chronology, and to construct a geological
timescale which is less dependent on the orbital parameters, and to further investigate and
quantify leads and lags in the response of the climate system to orbital forcing.

So far, work has concentrated on the LLN model. Two sets of experiments have been
completed. Set 1 consists of six long-term simulations of the past 120 ka and the next 150 ka
forced by insolation and by reconstructed past and assumed future CO2 concentrations. Set 2
consists of three simulations for the period 1850-2100, forced by three of the
Intergovernmental Panel on Climate Change greenhouse gas emissions scenarios. Output

A-19



from these experiments is currently being analysed in the CRU and results from the long-term
simulations of the past are being validated.

Initially, attention has focused on Northern Hemisphere (NH) ice volume simulated for the
period 0-150 ka After Present (AP) in experiments FL2 and FL4 (Figure 1). In FL2,
atmospheric CO2 concentrations were fixed at 280 ppmv, whereas a stepped forcing was used
for FL4 (a stepwise reduction from 350 ppmv to 280 ppmv over the first 13 ka, then a
constant 280 ppmv). Although CO2 concentrations are equal in both experiments after 13 ka
AP, and despite a period of about 18 ka when NH ice sheets are absent from both simulations,
the differences in ice volume persist until 65 ka AP. It is concluded that differences in isostatic
depression and uplift influence the long-term memory response of the Greenland Ice Sheet to
different CO2 forcing scenarios. The sensitivity of the simulated climate system to different
CO2 forcing scenarios confirms the need for more realistic CO2 scenarios.
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Figure 1. NH ice volume simulated by the LLN model for experiments FL2 and FL4.

Statistically-based methods will be developed to downscale LLN model results to the West
Cumbria region. Downscaled scenarios of mean seasonal and annual temperature and
precipitation are required. One problem in developing downscaling techniques is that the LLN
model has no true geography. It may, therefore, be necessary to carry out the downscaling in
two stages, using output from General Circulation Model simulations at the intermediate step.

References

Adcock, S.T., Dukes, M.D.G., Goodess, CM. and Palutikof, J.P. 1995. A Critical Review of
the Climate Literature Relevant to the Deep Disposal of Radioactive Waste. Nirex Science
Report, in press.

Gallee, H., van Ypersele, J.P., Fichefet, T., Tricot, C. and Berger, A. 1991. Simulation of the
last glacial cycle by a coupled sectorially averaged climate-ice sheet model. 1. The climate
model. Journal of Geophysical Research, 96, 13139-13161.

Gallee, H., van Ypersele, J.P., Fichefet, T., Marsiat, I., Tricot, C. and Berger, A. 1992.
Simulation of the last glacial cycle by a coupled, sectorially averaged climate-ice sheet model.
2. Response to insolation and CO2 variations. Journal of Geophysical Research, 97, 15713-
15740.

Goodess, CM., Palutikof, J.P. and Davies, T.D. 1992. Studies of Climatic Effects and Impacts
Relevant to Deep Underground Disposal of Radioactive Waste. Nirex Safety Series,
NSS/R267.

Thorne, M.C, ed. 1995. Nirex Biosphere Research: Report on Current Status in 1994.
Science Report, Nirex Safety Assessment Research Programme, Report no: S/95/003, UK
Nirex Ltd., Harwell.

A-20



SE9700391

Scoping Studies on the Effect of Quaternary Climate Change on the Hydrogeology in
the Sellafield Potential Repository Zone

J A Heathcote
Entec UK Ltd, 160-162 Abbey Foregate, Shrewsbury, SY2 6AL UK

Introduction

The present investigations in the vicinity of the Sellafield potential repository zone (PRZ)
have provided data on groundwater pressure (presented as freshwater head) and salinity to a
depth of some 2000 m, for a section extending from the hills to the east of the zone, to the
coast. As part of the process of demonstrating the suitability of the site for a deep radioactive
waste repository, work has been undertaken to reconcile these observations of pressure and
salinity with an understanding of the hydrogeology of the site. It is considered possible that
the long glacial historyof the site may in part be responsible for present observations. This
work documents some preliminary studies to determine the possible magnitude of such
glacial effects, using SUTRA (Voss, 1984).

Glacial Effects

Three kinds of effects were considered: land elevation changes, sea level changes, and
changes in recharge quantity. Possible effects of glacial loading, other than relative elevation
changes, were not investigated.

Because no pre-Devensian sedimentary evidence has yet been found in the area, the
parameter history necessary to model the last million years is largely based on assumptions.
Oxygen isotope data from Prell et al. (1986) have been used to define three climates: warm
(similar to or warmer than today), cold (boreal or periglacial, but no continental ice-sheet in
the area), and glacial (area under continental ice-sheet). Nine full glacials are identified.

In a situation where both land surface and sea level are moving absolutely, it is necessary to
define a suitable frame of reference. We define as a reference a peg on the present ground
surface, at sea level. Using information from Clayton (1994), some 28 m of rock are eroded
each glaciation, so the land surface is 252 mAR (above reference peg) at 1 Ma BP. Erosion
in the uplands is less extensive, resulting in a net isostatic uplift of 21 m per glaciation, thus
the elevation at 1 Ma BP was 411 mAR, to arrive at the present elevation of 600 mAR at the
present.

During Warm conditions, sea level is assumed to be at the present elevation (OmAR).
During Cold climates, there is a eustatic fall to -IS mAR. During Glacial climates, eustatic
fall is more than compensated by isostatic depression, and sea level rises to +15 mAR.

In the present Warm climate, recharge is around 300-500 mm/a on the lowlands. In the
uplands, recharge is limited by rock permeability and the water table is near the surface. In
Cold climates, precipitation is less and runoff is increased, reducing recharge. A value of
100 mm/a was used. The upland area is frozen and receives very little recharge. In Glacial
conditions, recharge is limited to sub-glacial melting and is set to 20 mm/a, based on Boulton
et al. (1993). This results in low heads beneath the ice-sheet in this model. Actual boundary
conditions are quite uncertain and require further investigation.
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Results

The histories of pressure and salinity for Borehole RCF3, located in the centre of the PRZ,
calculated by the model are shown in Figures 1 and 2. During Warm periods, heads at
shallow depth adjust rapidly to the increased recharge, but that salinity adjusts slowly. Heads
may achieve near steady state during interglacials, salinity never does. At the present time,
heads at depth are increasing, and salinity is decreasing. The mean positions about which
heads and salinities fluctuate is different from the position to which they are trending with
present boundary conditions.

More detailed study of the results suggests that of the three influences studied, variation in
recharge has the greatest effect. Sea level change produces short term transients at shallow
depth, and change in topography produces a steady trend most noticeable in the coastal area.

Conclusions

If the assumptions about cold climate recharge used here are approximately correct, glacial
intervals have the ability to cause significant perturbations of deep saline groundwater
systems, with salinity at shallow depth increasing during glacial periods. Associated sea
level and topographic changes cause smaller effects.

Glacial cycles are sufficiently long that they cannot be considered a rapid process and the
average used. They are too short for steady state ever to be reached, especially for the most
recent transition, only -10 ka ago. The system is probably not in equilibrium with the
modern climate, and therefore it is not clear that steady state models using boundary
conditions based on the present climate are realistic representations of the system.

It should be noted that this initial attempt at modelling the effects of climate change is rather
crude and is a poor match to observations of pressure and salinity. No attempt has yet been
made to improve this match, nor to consider other geochemical data which may record parts
of the history.
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The temperature distribution within a glacier or an ice sheet governs its flow dynamics and its
hydrology. The ice temperature also determines the shape and the extension of the glacier, to
what extent it will affect its bed and the groundwater situation beneath the ice. In this paper I will
summarize some common knowledge on the relationship between glaciers and temperature
regime. And based on reasonable assumptions, I will argue for a realistic model for a past (and
future) ice sheet covering Scandinavia.

In a maritime environment, such as the western part of Norway and the south coast of
Iceland, the precipitation and ablation rates are high giving high rates of mass turnover in the
glaciers. The mass surplus in the accumulation area is heated by refreezing meltwater every
summer and thus temperate ice is formed. In the ablation area, the ice surface may be cooled by
low winter temperatures but this frozen top layer melts off each year in the summer. This type
of glacier thus remains temperate.
A temperate glacier is believed to be permeable to melt water. Water drains in a dendritic
englacial drainage system, with small veins close to the ice surface and successively larger
conduits with depth as a consequence of an increased waterflow and thus increased melt rate
(Shreve 1972, Nye and Frank 1973). Estimations of the content of liquid water in a temperate
glacier often ends at about 1%. The direction and inclination of the englacial water flow is
governed by the ice surface slope. At the base of the glacier the water flow is directed by the
force of gravity plus the weight of the overlying ice. This simple model for water flow fits well
with observations but it implies a system in equilibrium, with a hydrostatic pressure at the bottom
equal to the overburden pressure. In practice it means the influence of seasonal changes in melt
water flow is negligible. Expressed differently we may say that the melt season with its high
variability in meltwater flow is not of sufficient duration to influence the englacial drainage
pattern significantly.

The temperate glacier thus slides over its substratum and erodes it. Diurnal and seasonal
variations in subglacial water pressure influences the sliding speed significantly.

Glacial erosion is difficult to measure. The most common estimations are based on silt load
measurements in proglacial streams. Assuming a uniform erosion rate beneath the glacier and a
steady state, silt loads may be transformed into erosion rates but with large degrees of freedom.
The erosion rate for Storglaciaren in northern Sweden, is estimated to be 1 mm per year
(Schneider and Bronge 1996, Holmlund et al. 1996). On softer bedrock, such as the volcanic
rocks of Iceland, erosion rates of several millimetres per year have been calculated.

In a drier environment, precipitation and ablation rates are lower giving lower rates of mass
turnover. It is common for the winter cooling depth to exceed the depth of summer melting
causing a permanent sub frozen top layer in the ablation area of the glacier (Holmlund and
Eriksson 1989, Bjdrnsson et al. 1996). Depending on winter temperature and summer melt rates,
this cold layer can be more or less thick on such poly thermal glaciers. In a dry polar climate the
entire ice body may be at a temperature well below the freezing point, though melting occurs at
the ice surface during the summer. These glaciers are referred to as sub polar. However, as
melting occurs during the summer, it is common that temperate ice is produced at the higher
reaches of the glacier while the entire ablation area is below the freezing point and frozen to its
bed (Bjdrnsson et al. 1996). A glacier which is entirely frozen does not slide over its substratum
and there is no liquid water at the interface between bedrock and ice. As ice below the freezing
point is impermeable there is no englacial drainage except for surface drainage channels which
can, if they carry large quantities of water, melt down into the ice and form single conduits
within the ice. Poly thermal glaciers are common in, for example, Northern Sweden and
Spitsbergen where annual temperatures are a few degrees below freezing point. In colder
environments the glaciers are sub polar, entirely frozen to their beds.

In the coldest environments, such as on top of the large ice sheets of Greenland and
Antarctica, no melting occurs and thus the ice formed remains at a temperature equal to the
annual mean temperature in the area. This is the high polar environment from which deep
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drilling projects have yielded comprehensive environmental and climatic. This is also the
environment which best corresponds to the former ice sheet of Scandinavia, at least during its
maximum phase.

The temperature regime within such an ice sheet is a function of the air temperature at the
surface, the vertical ice movement (accumulation), advection of ice, heat conduction, internal
friction and the geothermal gradient. If there were no ice movement we could simply extrapolate
the geothermal gradient through the ice, but this situation is unrealistic for larger regions. It is
unrealistic because the only place where there is no horizontal movement is at the ice divide,
where the mass balance must be positive by necessity (to maintain the shape of the glacier), thus
producing a vertical movement.

The temperature regime governs not only the erosion capacity of a glacier but also the
viscosity of the ice. Ice at the pressure melting point deforms ten times more quickly than ice at
-20°C. Physical factors which have a positive influence on basal temperatures are: low
precipitation, thick ice, large geothermal gradient, fast ice movement, and, by the margins, high
ablation rates. Frictional heating becomes increasingly important with depth as most of
deformation occurs close to the bed.

The flow of an ice sheet is forced by gravity, and the potential energy released by the
migration of ice masses from one altitude to a lower one is transformed to kinetic energy and
heat by internal friction. This process is gradually more important with decreasing distance to the
front. However, below the equilibrium line the emergence velocity (the upward movement which
compensates for ablation at the surface) will favour geothermal heat conduction upwards in the
ice, and thus warm the basal ice to the pressure melting point.

If we examine an ice sheet such as the Greenland ice sheet, ice is formed at the ice surface at
temperatures 20-30 degrees below the freezing point. Where it is thickest, the ice may reach the
pressure melting point at the bottom. Outside the deepest parts, the ice will freeze on to the
bottom again because the ice thins and thus becomes cooler at its base. Along a flowline we may
expect frozen conditions all the way to a marginal near position where internal heating may have
raised the temperature to the pressure melting point. A special case is when ice drainage is
concentrated into ice streams. The high rate of deformation in ice streams may warm the base
far into the interior of the ice sheet, along the flow line of the ice stream. Finally at the margins
there may exist a frozen rim, the depth of which is determined by the climate at the front.
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Studying the morphology of the deglaciated landscape of Sweden gives an indication of the
temperature regime of the former ice sheet. The interior of northern Sweden contains few signs
of the effects of glacial erosion, whilst the coast of the Gulf of Bothnia and the Baltic has clear
signs (Holmlund and Fastook 1993). In the VMsterbotten area there is a sharp line where drumlins
change direction from south east in the inland partws to a more southern direction near the
coast, indicating high ice velocities in the Gulf of Bothnia (Eklund 1988, Svedlund 1987). In
Tornedalen (north easternmost part of Sweden) the survived traces of fragile landforms indicate
cold based conditions (LagerbSck 1988). Preserved tor formations in Tertiary sediments have
been found in Sydsvenska HOglandet, indicating the near absence of glacial eroison during the
entire Quaternary (Lidmar-Bergstrdm et cd. 1996). On the other hand, the closely located roche
moutonles ("rundhSllar") along the Swedish east coast are beautiful examples of both large and
small scale glacial erosion. Thus from a glacial morphological viewpoint we may conclude that
there has been a rather well defined pattern of frozen areas and basal melting areas; most parts of
inland Sweden and, probably, also inland Finland were covered by cold based ice during the
maximum phase of the Weichselian. During the phase of recession some areas may have
experienced a change in thermal conditions from frozen base to thawed base as the frontal zone
migrated backwards (Fastook and Holmlund 1994).

The thermal conditions outlined here compare well with the present day ice sheet of
Greenland, for which we can describe the boundary conditions fairly satisfactorily. Thus, the
question is; what was the climate like during the last glaciation? Greenland ice cores indicate a
climate during the later phase of the Weichselian 10-15 degrees colder than present (Johnsson et
al 1992). Assuming these figures are correct, and that the period lasted long enough for an ice
sheet to form and to expand from the mountains in northwestern Scandinavia towards the south,
we will get a high polar ice sheet with a certain ice thickness and extent. Using an adiabatic lapse
rate of 0.8 degrees per 100 m, we can assume annual temperatures of around -40°C at the top
centre of the ice dome situated over the Gulf of Bothnia. If this estimation is reasonably correct
we can conclude that the ice sheet over Scandinavia during the Weichselian was of a high polar
type, similar to the present ice sheet over Greenland. Using these basic assumptions we can
exclude temperate ice within most of the ice sheet, except for in the frontal region. According to
such a model there were no water movements within the main ice body and the subglacial water
flow was forced by glacier flow.

Conditions may have been different close to the margin. Because of ice flow induced internal
heating, it is probable that englacial water existed which would have had an impact on the pattern
of the local subglacial drainage system. The existence of an englacial drainage system allows the
water-pressure at the bed to vary substantially and successive to floods caused by high rates of
surface melting or rain, the subglacial tunnels become overdimensioned and thus at atmospheric
pressure. Eskers may indicate close to atmospheric pressure if they formed above the marine
limit. If they formed below the marine limit, other processes were active which slowed down the
water flow and sedimentation occured.

As it is difficult to visualize future ice sheets we have to study the former ones and try to
interpret how our present landscape will change as a consequence of a future ice sheet of a certain
size. The last glaciation is often subdivided into three stages, based on the extent of the ice sheet
which in turn is governed by climate.

The first phase was basically a mountain-centred glaciation, extending down to the inland of
northern Sweden (Holmlund and Fastook 1995). Such an ice sheet is often referred to as an
average Pleistocene ice sheet (Porter 1989). The best modern analogue is probably Vatnajokull
on Iceland, though the climate was colder than at present on Iceland. Most of the glacial erosion
in the mountain areas probably occurs during such phases. On the eastern rim of the Scandinavian
mountain range there are remnants of preserved ancient landscapes, indicating local frozen bed
conditions (Kleman 1992). Thus, though glacial erosion was active in the central and western
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parts of the mountains, inland Sweden may have been characterised by permafrost and frozen
interface between ice and bed.

The next phase of tha last glaciation was when the ice sheet developed but was still smaller
than during the glacial maximum. According to the Greenland ice cores, temperatures were only
slightly warmer during this phase than during the last maximum phase (Dansgaard et al. 1993).
Thus there is no reason to expect anything but a high polar ice sheet with frozen conditions
under the entire ice sheet except for along the Norwegian west coast and perhaps some parts
along the southern perimeter of the ice sheet.

The third and maximum phase is also characterized by a high polar ice sheet with below
freezing point temperatures throughout the ice body. Wet based conditions may have occurred in
the deepest areas, which according to different data sets was centred in the Gulf of Bothnia. The
length of the flow line through the Baltic turning west towards Denmark, indicates high flowrates,
and most likely an ice stream (Holmlund and Fastook 1993). In order to maintain a balanced flow
along such a flow line with a low surface slope, high rates of basal sliding must have occurred
beneath the ice stream (Boulton et al. 1985, Holmlund and Fastook 1993). This assumption is
supported strongly by the beautiful glacially modified landscape which is slowly ascending by land
uplift along the coastline of Gulf of Bothnia and the Baltic. However, basal melting is far from
synonymous with temperate ice, it simply indicates that pressure melting temperature has been
reached at the bed, not that there is any water flow within the ice. Water flow at the base is thus
basically governed by the force of gravity and the weight of the overburden ice. In practice this
means that basal meltwater will flow in the same direction as the ice. The reason for this is
simply the fact that ice thins in the direction of ice flow. However, close to the front, external
forcing by heavy rainfall and high ablation rates may have locally influenced the subglacial flow.

I have now tried to describe areas where the ice could have been at the pressure melting point
during the last Ice Age. In order to transform into degree of glacial erosion, we must first
estimate the time of ice coverage at a specific site, and then estimate the temperature
distribution with time. Finally we need a reasonable figure for the erosion rate. It seems realistic
to use the rate from Storglaciaren which amounts to about 1 mm per year (Schneider and Bronge
1996). An estimation of the extent of ice cover can be made using the proxy temperature record
from the Greenland ice cores and a model of the ice sheet (Holmlund 1993). Adding the
estimations on climate and ice sheet shape outlined above to erosion figures we may conclude
that the crucial areas for glacial erosion are within the mountains and where the present Baltic
and the Gulf of Bothnia are situated. At these sites erosion rates of some tens of metres may
have occurred. In inland northern Sweden and inland Southern Sweden (Sydsvenska Hoglandet)
the potential for glacial erosion seems to be small.
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High salinity groundwaters occur widely in granitic basements (e.g. in Canada,
Sweden, Finland, the UK, Australia, Central and Eastern Europe, the I3altic and the
Kola Peninsula), and a better understanding of the timescales over which their flow
regimes remain stable is critical for models of heat and mass-transport in the
continental crust, the development of mineralisation, and the potential use of granitic
rocks as hosts for long-term radioactive waste disposal. Fractures in crystalline rocks
can provide major and relatively rapid pathways for the migration of radionuclides in
the tar field of such repositories, but the presence of surticial mineral coatings can
have a dramatic effect on their hydraulic properties and sorption characteristics. Such
coatings and veins yield useful information on the chemistry and origin of the
groundwater, the nature of water-rock interactions (e.g. Clauer et al., 1989) and the
timing of active flow (e.g. Milton (1987) and Ivanovich (1995)). In particular, an
improved understanding of the behaviour of natural actinides (U, Th and Ra
isotopes) in the fracture filling minerals (e.g. Gascoyne (1982) and Schwarcz et al.
(198z)) may provide further insights into the behaviour of waste radionuclides in this
environment.
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The new U-Th age data for Stripa
indicate that the previously defined
threefold mineralogical classification
(Fritz et al. 1989) which in the case of
the samples analysed here is reflected
in their stable isotope geochemistry
(see Figure 2) is robust Thus, each
group defines a characteristic age
range.

Figure 1. Plot of «13C against 518O
showing the stable isotope systematics
for the shield calcite studied. Note that
sample Nl 74.6 has a low S13C value
compared with the Group I samples
(data from Fritz et al. 1989 and Blyth
1993).

The mass-spectrometric U-Th age data reported here for nine weak-acid leachates of
calcite-beanng fracture fillings from three sites on the Fennoscandian and Canadian
shields (Stripa, Sweden; URL, Canada and Olkiluto, Finland) define a bimodal
distribution with ranges of 84-90 kyr and 173-203 kyr (see Figure 2). In detail, four
leachates from the Group 1 fractures at Stripa yield an age of 87.2 ± 3.2 kyr and three
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Figure 2. Summary of the U-Th age data for the Stripa, Canadian and Finnish calcite
veins. Also shown are Milton's [2] ages for two Stripa Group III calcites (solidsquares).
The horizontal arrow indicates the effect of applying a detntal correction (23OTh/232Th)
= 15). Note that the calcite ages appear to be confided to, (or post-date by <8 kyr) the
interglacial conditions of isotope stages V and VII (stippled areas).

from open-fractures (Group III) yield ages in the range 178 ± 8 to 201 ± 6 kyr. The
latter age range is identical to that defined by two calcites from the Canadian site
(2028 ± K") a™1 toe Finnish site (172 ± 23 kyr) Taken together these

g g y
(202.8 ± «o Ky1") a™1 toe Finnish site (172 ± 23 kyr). Taken together, these ages
coincide with the end of the interglacials of isotope stage V and VII and are interpreted
as reflecting the shutoff of meteoric recharge due to the onset of permafrost at these
high latitudes. Four leachates from another group of closed, fluonte-bearing fractures
at Stripa (Group II) are close to secular equilibrium but show evidence for U uptake
during the last 1 Ma. Three of these exhibit evidence for a complex open-system history
while the remaining sample can be modelled by a single-stage U-loss event
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The present hydrogeological conditions have been studied in the area of the Gorleben salt
dome since the early eighties to test the suitability of the salt dome as a permanent repository for
nuclear waste. The studies are part of a more extensive investigation program. Particular attention
has been given to possible future changes of hydrogeological conditions that might be caused by
a new ice age and permafrost development in the next 100,000 years. Research is being begun on
this aspect of the long-term safety of a nuclear waste repository at this site.

Aquifers consisting of porous Tertiary and Quaternary deposits are present throughout the
study area. Future changes in hydrogeological conditions will be mainly due to the development
of permafrost. Permafrost acts as a groundwater barrier and causes changes in surface mor-
phology, which in turn causes changes in the locations of groundwater recharge and discharge
areas as well as in the surface water drainage system.

The possible future extent and thickness of permafrost will be estimated on the basis of a
reconstruction of the periglacial situation during the Weichselian. The different freezing charac-
teristics of the sediment types, the salt content of the groundwater, the amount of open water
(lakes and rivers), and the higher heat flow in the vicinity of salt domes must be taken into
consideration.

Geological and hydrogeological data from former ice ages form the basis of a hydro-
geological model. A numerical model will be developed to simulate a future groundwater flow
system and groundwater velocity, as well as possible paths of radionuclides under the conditions
of a new ice age.

The first results of the study are schematically shown in Figures 1 and 2. The permafrost
development in the Gorleben area has been deduced from oxygen-isotope and vegetation curves
in Figure 1 and from field observations. During the last 115,000 years (BP) continuous permafrost
is assumed only for the Weichselian pleniglacial.

Figure 2 shows the hydrogeological conditions during the Weichselian. Under continuous
permafrost conditions the groundwater flow was directed from the ice sheet in the northeast
towards the ice-marginal valley of the Elbe River connected to the aquifer by a large open talik.
There was probably no groundwater flow from the southwestern hills to the Elbe valley due to
continuous permafrost in this area preventing the formation of a hydraulic gradient to the river.
Owing to a change to discontinuous permafrost conditions, flow from the southwest began again.
In the northeast, taliki were formed under lakes of sufficient depth and size due to heat transport
from the surface waters. Discharge of groundwater can have occurred only through the taliki into
such lakes. Accordingly, groundwater flow towards the ice-marginal valley was reduced or
became stagnant If a future glaciation is expected to be similar to the Weichselian glaciation,
similar hydrogeological conditions may develop during the next 100,000 years.
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Part of the SITE-94 project recently performed by the Swedish Nuclear Power Inspectorate
(SKI) involved the construction of scenarios to assist in the evaluation of the future behaviour
of a deep repository for spent-fuel. The project used real geological data from the Aspo site,
and assumed that a hypothetical repository (reduced in size to approximately 10%) was situated
at about 500m depth in granitic bedrock in this coastal area of SE Sweden. A Central Scenario,
involving "prediction" of the climate and consequent surface and subsurface environments at
the site for the next c. 130,000 years, lies at the heart of the scenario definition work. The
Central Climate Change Scenario has been based on the climate models ACLIN (Astronomical
climate index), Imbrie & Imbrie (1980) and the PCM model by Berger et al. (1989). These
models suggest glacial maxima at c. 5000,20,000, 60,000 and 100,000 years from now. The
Aspo region is "predicted" to be significantly affected by the latter three glacial episodes, with
the ice sheet reaching and covering the area during the latter two episodes (by up to c. 2200m
and 1200m thickness of ice respectively). Permafrost thicknesses have also been predicted,
partly via thermal calculations. The scenario can, however, only provide an illustration of
future climatic change in SE Sweden. The predictions of how the climate will change over the
next 130,000 years is limited by substantial uncertainties.
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Figure 1. Predictions and observations of global and local (Asp5) eustatic sea-level; sea-level
variations, ice cover, glacio-isostasy, perrnafrost thickness and Baltic salinity.

Based upon the climate change scenario timeframe, a further objective of this work has been to
provide a first indicator of the physical and hydrogeological conditions below and at the front
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of the advancing and retreating ice sheets, with the aim of identifying critical aspects for
modelling impacts of future glaciations on far-field groundwater flow, rock stress and
groundwater chemistry. The output of this study is a time-dependent semi-
quatitative/qualitative description of the properties of the site, coupled to predictions of key
parameter values at different times in the future, for input into performance assessment
modelling.
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Figure 2. Graphical representation of potential changes in some climatic, stress, hydraulic and
hydrochemical parameters over the next 120,000 years at the Aspo site. In all cases vertical
axes are only approximate, particularly for the stress, transmissivity and hydrochemical
parameters. The Avro Zone is a sub-horizontal fracture zone. This is just one way in which
transmissivity of the zone may potentially change; e.g. it could perhaps increase during ice
loading due to displacement, or perhaps it may decrease to zero due to sealing by permafrost.
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In the SITE-94 project, an assessment was made of the influence of a return of a glaciation on a
nuclear waste repository for spent fuel. The site under investigation is a hypothetical
repository located at Aspo, Sweden, on the coast of the Baltic sea. Aspo is a Hard Rock
Laboratory designed and operated by SKB to study the feasibility and technology of nuclear
waste disposal in hard rocks but it is not a candidate site for actual disposal.

A climate scenario was established in which the temperature at the rock surface at Aspo was
predicted for the next 120,000 years (see "The Central Climate Change Scenario : SKI's
SITE-94 Project to Evaluate the Future Behaviour of a Deep Repository for Spent-Fuel", by
the same authors, abstract to this conference). In addition, the surface temperature at the same
site was reconstructed for the last 120,000 years. This surface temperature takes into account
the presence of an ice sheet on the ground as well as the fact that the base of the ice may be
"cold" or "warm".

Using this temperature series of 240,000 years, the temperature below the ground surface was
calculated. A simple one-dimensional model was used where conduction is considered as the
major heat transfer mechanism. Convection was neglected, given the low hydraulic
conductivity of the rock, but latent heat of freezing/melting of the ice in the porosity of the rock
was included. A constant geothermal heat flux was also prescribed at a depth of 5 km below
the ground surface. Furthermore, in the case of the existence of a repository, a source term
representing the decaying heat output of the waste was included in the model at a depth of 500
m. This heat was assumed to be uniformly distributed in the repository plane, with the same
waste density as analysed by SKB in earlier studies.

In the conditions calculated at Aspo, the penetration depth of the permafrost never exceeds
350m. Even for a glaciation occurring at 20,000 years after present, the effect of the heat load
of the waste can still be perceived : above the repository, the permafrost depth is reduced by
about 50 m, even if the heat output has almost totally decayed at that time. The temperature at
repository depth is still higher than normal by about 15°C, since the heat energy is stored in the
rock.

The effect of a "warm" based or "colder" based ice sheet has been examined. It turns out that
the permafrost disappears very rapidly under a "warm" based ice sheet (in a few thousand
years), whereas, under a "colder" based ice sheet, permafrost is present during most of the
period of ice cover.
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The Swedish Aspo Hard Rock Laboratory (HRL) is located adjacent to the Baltic coast
approximately 350km south of Stockholm. The Asp6-HRL was initiated by the Swedish
Nuclear Fuel and Waste Management Company (SKB). Aspo" is being investigated
because it geologically represents a variety of typical granitic crystalline bedrock
environments in Sweden designated as suitable host rocks for the final disposal of
radioactive waste.

Many boreholes have been used to evaluate the geological, hydrogeological and
hydrogeochemical character of the Asp6 area. In order to establish the
paleohydrological mixing portions in the groundwater a Multivariate Mixing Model
was constructed (Laaksoharju et al. 1994). The model describes how large portions of
a particular type of water are needed in order to explain the chemical composition of
the observed water. The mixing processes are inherently very complex and include
multi end-member mixing processes. A multivariate method called Principal
Component Analysis (PCA) was therefore used. The strength of this approach is that
all variables in a data matrix can be examined simultaneously. Greater resolution is
possible and the character of the data in a general data matrix is therefore more easily
identified than using univariate analysis, where only one variable is compared at a
time. The major components Cl, Ca, Na, Mg, K, SO4 HCO3 and the isotopes 2H, 18O
and 3H were used in the Principal Component Analysis. It is important to note that
both conservative and non-conservative elements are used. This is possible since
conservative or non-conservative behaviour in one or several of the variables can be
tracked by PCA.

The result of the analysis and the identified end-members are shown in Figure 1. The
selected end-members represent extreme waters found in the Asp6 area. The Glacial
end-member has been determined as an old glacial water based on the stable isotope
values which indicate cold climate recharge (18O= -15.8 SMOW) (Smellie and
Laaksoharju, 1992). The Deep Saline water represents a brine type of water found at
1700m depth, the Baltic sea represents modern Baltic sea water. The Modified Baltic
Sea water represents Baltic sea water which has been modified by some chemical
process such as sulphate reduction. The Shallow water represents relatively modern
non saline groundwater.

The identified five end-members form a pentagon. The observations within the
pentagon can by definition be described by the selected end-members. The co-
ordinates for the observations are given by the first and second Principal Component
respectively.(Comp 1 and Comp 2 in Figure 1). The scales in Figure 1 are linear and
the distance from any observation to the five end-members can be calculated by using
simple trigonometric functions. The distance is equivalent to the mixing ratios of any
observed water in the system. The exact mixing portions of any groundwater sample
can be calculated.
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When the continental ice was melting and retreating, glacial meltwaters are believed
to have been injected into the basement of Aspo. The traces of the injected glacial
meltwater (%) are shown in Figure 1.

By using the described technique we have calculated the mixing portions and we have
identified the feasible end-members. The paleo-modern mixing effects on the Aspo
groundwaters can be identified.

10 - 100%
60 -10%
40-60%
20 - 40%
0-20%

Component 1 - - 0.25[N«] - 0.11[K] - 0.21[Ca] - 0.09[Mg] + 0.11[HCO3] -
O.24[C1] - 0.23[SO4] + 0.09[Tr] - 0.01[D] + 0.02[O18]

Figure 1: Principal Component plot used for identifying end-members in the Aspo
area and to calculate the influx of glacial meltwater. The position of the selected end-
members are shown with black arrows. The five end-members lines are drawn so that
a pentagon is formed. The observations within the pentagon can by definition be
described by the selected end-members. The mixing ratios of any observed water can
be calculated.
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The Depth of Permafrost and Saline Groundwater on Glaciated Terrain;
a Geophysical Case History from Antarctica.
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Summary

Gravity and magnetic profile measurements and EM-frequency soundings were carried out
on a 0 - 1000 m thick glacier between nunataks. Information on ice thickness, its
conductivity and bedrock variations under glacier was obtained. A wide conductor, which is
interpreted to be saltwater enriched below permafrost, was revealed.

Introduction

During the austral summer 1993 - 1994, Finland carried out a geophysical and geological
expedition to Western Queen Maud Land, Antarctica (Finnarp93/94). The investigated area
belongs to the Vestfjella mountains (73°S 13°W). The annual mean temperature of the area
is about -15°C. The region is covered with 500 -1000 m thick ice, only nunataks rise above
the glacier. The maximum ice-surface velocity in the area is over 100 m/year. The aim of
the geophysical measurements was to study the thickness of the glacier and the bedrock
geology beneath it.

Gravity, magnetic and electromagnetic profiles were measured between nunataks Basen -
Plogen (ca. 22 km) and Basen - Fossilryggen (ca. 38 km). The distance between the stations
in gravity and magnetic measurements was 250 m. The angle between the lines is ca. 50
degrees. Parallel to the both profiles there are radio echo profiles measured by Swedish
expedition team. The main rock types on the nunataks are basalts and mafic sills. On
Fossilryggen there also are sediments with graphite bearing layers.

Gravity measurements

The gravity observations were done with Worden gravimeter and the altitudes were measured
using barometer-altimeters. The maximum gravity low on both profiles was 65 mGals. The
thickness of the ice was modelled using a constant density contrast -2000 kg/m3. According
to the modelling, the greatest thickness of the glacier is about 1 km on both profiles.

On the line Basen - Fossilryggen the ice thicknesses determined by radio echo and gravity
measurements agree well. This means that there are no areally large density variations in the
bedrock beneath the ice. On the line Basen - Plogen, the quality of the radio echo data is
mostly poor. In the usable parts it agrees with gravity modelling. According to the density
difference the rock type on the both profiles is basalt.

Magnetic measurements

The work was done with proton magnetometers. In the interpretation, the thickness of the ice
was assumed to be known from gravity modelling. The most significant magnetic feature is
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a 10 km long roundish anomaly, 100 nT in amplitude, near Basen. According to the
interpretation the magnetic source is a non-outcropping gabroid intrusion.

Electromagnetic soundings

The work was carried out with an electromagnetic resistivity sounding system called Sampo.
In this method the transmitter is a horizontal loop with a diameter of 5...50 m. The receiver
measures three perpendicular magnetic components of the field. The system operates at 81
frequencies ranging from 2 to 20000 Hz. The coil separation can be increased to 1500 m, in
which case the depth penetration is also about 1500 m.

The aim of the soundings was to study the electric conductivity of the rock under the ice.
The resistivity of the ice was about 50000 Ohmm. The mostly used interval between
sounding points, and transmitter - receiver separation was 1000 m. Some soundings with
longer and shorter coil separations were also executed.

On the Basen - Plogen profile at the sounding station 3 km, where the long coil separation
1000 m was used for the first time, a conductor of 200 Ohmm in the depth of 760 m, was
revealed. The thickness of the ice at the site is about 480 m. In the rest of the profile the ice
is thicker and no conductors were observed.

In the 13 km long section of the Basen - Fossilryggen profile, where the ice thickness
exceeded 600 m, only two soundings were done. In those soundings on thick ice (900 m)
there is no indication of conductors. The rest of the 38 km long profile was measured
systematically. All soundings with 1000 m coil separation show a conductor (20 - 500
Ohmm), which is not located in the ice-rock boundary but deeper inside the rock.

The wide conductor in the profiles has two possible explanations:
1) graphite bearing sediment layers between basalts
2) a saltwater layer enriched below permafrost

The alternatives were tested by calculating the correlation between the ice thickness and the
depth of the conductor in the bedrock. The study revealed a significant negative correlation
between the parameters. Because such a correlation cannot be explained by tectonics, it was
concluded that the conductors are not sediment layers but salty groundwater enriched by
permafrost.

Using the correlation analysis of the ice thickness/conductor depth in the rock, it is possible
to calculate the temperature gradient in the ice and in the rock, and to study the temperature
at the bottom of the glacier.

In the investigation area the correlation analysis suggests that the temperature under the
glacier is about zero when the thickness of it is 700 m. The annual average temperature of
the area is -15°C and the freezing point of saline water -2°C. So the temperature gradient for
the ice is 19.5°C/km and accordingly the temperature gradient for the rock is 13.6°C/km.

Thus the base of glaciers deeper than 700 m appear to be wet. That also explains why there
were no conductors in the areas of thick ice: there is no salty water enriched by permafrost.
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Simulations of Pressure and Salinity Fields at Aspo

Jari Ldfrnan
VTT Energy, Espoo, Finland

Background and objectives

The Asp6 Hard Rock Laboratory (HRL) is constructed below the Aspo island. The main goal
of the HRL project is to study various methods of investigating and modelling a fractured
crystalline bedrock and the phenomena involved. Extensive field investigations have been
carried out to study the properties of the bedrock at Aspo.

During the hydrogeochemical investigations at Aspo, the salt content of the groundwater
samples from the boreholes was measured (Wikberg et al., 1991). High salt concentrations
were found relatively close to the surface. Especially deep in the bedrock, the salt
concentration exceeds the value prevailing today in the Baltic sea (7 g/1), which strongly
suggests a relict sea-water source and/or groundwater-rock interaction. Since the end of the
last glaciation about 12000 years before the present (B.P.), the Aspo island was covered by
freshwater lakes and saline seas. The salt content of the sea water was highest during the
Litorina stage (about 7000 - 3000 B.P.). The highest hills on the Asp6 island rose above sea
level some 3000 years ago, and since then the average rate of land uplift has been about 2
mm/year.

The primary objective of this study (Lofrnan and Taivassalo, 1995) was to examine whether
the geochemical field data from Aspd could be interpreted and understood by means of
numerical simulations for flow and transport. A site-specific simulation model for groundwater
flow and salt transport was developed on the basis of the field investigations. Both steady-state
and transient simulations of flow and transport were performed. In the transient simulations,
land uplift and the effect of diffusion into/from the matrix blocks with stagnant water were
taken into account The computational results were evaluated on the basis of the experimental
values for the pressure and salt concentration.

Modelling approach

A fractured rock mass consists of solid rock cut by a network of fractures. Water flow occurs
primarily along the interconnected and water-bearing fractures, which account for only a small
portion of all fractures. Most of the water in rock masses does not move.

Two conceptual models developed for solute transport in a fractured medium were applied in
this study. In the equivalent-continuum (EC) approximation, the fractured medium is treated
as a homogeneous continuum with representative characteristics. In the dual-porosity (DP)
approach (e.g., Huyakorn at al., 1983), the medium is assumed to consist of two overlapping
continuums: the fractures with flowing water and the matrix blocks with essentially stagnant
water. The DP model is thus able to take into account the influence of the diffusion of solute
particles between moving water and stagnant water.

Simulations

A finite element mesh was constructed on the basis of the same Asp5 flow model which was
applied when simulating the long-term pumping test LPT2 (Taivassalo et al., 1994). The mesh
contains 42000 elements with three-dimensional hexahedral elements representing the intact
rock and two-dimensional quadrilateral and triangular elements for the fracture zones.
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Three different salinity models were examined with the EC and DP approaches. The transient
simulations were carried out for a period that started 3000 years ago (at the end of the Litorina
stage) when the highest hills at Aspo rose above sea level. The simulation period continued
until the present day. As an initial state in all the salinity models, the whole solution domain
was assumed to be saturated with saline sea water. The uplift rate of the water table was
assumed to be 1 mm/year. With the DP model, several values of the matrix porosity and the
matrix block thickness were applied.

Results and conclusions

The simplest salinity model (the whole modelling domain was assumed to be initially saturated
with water having a constant salt concentration of 10 g/1) gave the best results for both
pressure and salinity compared to the values measured in the cored boreholes. The pressure
proved to depend strongly on the salinity model employed as an initial state. The contours of
the salinity field computed with the simplest salinity model and the DP model with a matrix
porosity of 0.01 and matrix block thickness of 40 m are presented in the figure on next page
for four different time steps.

The salinity fields computed both with the EC and DP models agree equally well with the
field data. A difference between the two models can be recognized when plotting the salt
concentration along the boreholes and comparing the values at the intersections with fracture
zones. The fracture zones cannot be identified in salt distributions computed with the EC
approach whereas they can clearly be seen in the results of the DP model. This follows from
the fact that the EC approximation cannot take into account retardation caused by the diffusion
of salt from the rock blocks with stagnant water.

The simulation results are sensitive to several input parameters. Especially in the DP model,
there are input parameters relating to the properties of the medium for which field data are
scarce. In this study, various values were used for the most important parameters (the matrix
block porosity and thickness).

Although the DP representation is a more realistic approach to describe a fractured rock mass
than the EC approximation, the general behavior of the experimental data along the boreholes
resembles the behavior of the EC results more than that of the DP results. The DP model has
more input parameters than the EC model. Accordingly, DP results which would agree better
with the field data could obviously be found if more simulations with different salinity models
and input parameter values were performed than was possible in this study.

The DP approximation is nevertheless a useful approach when simulating solute transport in
a fractured rock mass. Concentrations both in the moving water and in the parts of a system
with stagnant water can be simulated with it Only the water-bearing subsystems can be
analyzed with the EC model. The Aspo results of the DP model indicate that, for some values
of the matrix block thickness and porosity, the matrix blocks even close to the surface can still
contain water with as high a salt concentration as 3000 years ago. Unfortunately, the
simulation results for the matrix blocks cannot be evaluated by comparison with the
experimental data, because the salt concentrations measured mainly represent the salt content
in the water-bearing fractures in the bedrock.
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Figure. Contours of the simulated salt concentration at four different time steps. The
simulations were started 3000 years before the present and performed with the dual-porosity
model with a matrix block porosity of 0.01 and a matrix block thickness of 40 m.
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Nirex is investigating the suitability of the Sellafield area in west Cumbria in northwest England
for a deep repository for the disposal of solid low- and intermediate-level radioactive waste. The
Nirex Safety Assessment Research Programme (NSARP) includes the modelling of biosphere
processes on a timescale of thousands to tens of thousands of years. Nirex commissioned the
British Geological Survey and others to characterise the lithological, hydrogeological and
structural properties of the existing Quaternary deposits as input to the assessment of the long
term safety.

Quaternary Domain Mapping was applied in west Cumbria to assist the understanding and
modelling of the near-surface groundwater recharge and discharge. Domain mapping, applied
extensively in Canada, aims to identify and characterise distinct landform - sediment
associations in terms of their origin, lithology, sequence and structure.

In west Cumbria, Domains were identified from the fragmentary record of Quaternary deposits
that are mainly related to the build-up and deglaciation of the last (Late Devensian/Late
Weichselian) ice sheet. Locally, particularly within incised channels, concealed infilling deposits
of earlier glaciations may be present. The more complete offshore sequence as shown from
seismic reflection surveys of the Irish Sea Basin may also indicate older sediments.

Onshore, domains have been distinguished on the basis of a number of recognisable field and
remotely sensed characteristics, including:

i) sediment-landform associations, e.g. alluvial deposits, glaciolacustrine deposits,
ii) the presence of post-depositional disturbances, eg. glacitectonic thrust and
glacially over-ridden terrains,
iii) recognisable sediment profiles, e.g. thin till on rock.

Examination and logging of critical sections and trial excavation has enabled eight Domains to
be characterised in detail (Nirex 1995).

Lithological sub-division of the Domains into coarse and fine-grained components enables the
broad identification of areas of surface recharge or potential barriers to groundwater flow based
on transmissivity estimates of the domain sequence. Non-seismic ground geophysics (particularly
ground penetrating radar) has further defined the lateral continuity of lithologies and structural
elements. In glacitectonised terrains, both extensional and compressional structures may be
present and disrupt the sequence of highly permeable gravels and sands interbedded with clay-
matrix diamictons and laminated glacilacustrine/glacimarine sediments. Where possible through
the use of sub-surface datasets (e.g. borehole data) lithological profiles can be defined for
Domains. These profiles allow analysis of both the vertical and lateral continuity of the
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Quaternary sequence and also the distribution of deposits within incised buried channels. Such
information assists in developing models of groundwater flow within the Quaternary.
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Detailed examination of thin sections of both Quaternary and Precambrian
glacigenic sediments reveal a large number of microstructures and other paleosignatures
indicative of glacial and immediate postglacial (diagenetic) processes. In the past, tills
and tillites have generally been viewed at the macro-scale and regarded as massive,
homogeneous sediments when visible macrostructures have not been present. However,
micromorphology reveals that tills and tillites are much more complex and diverse in
fabric and structures. This micro-evidence lends unique detail to further understanding
the mechanisms of till and tillite deposition and subsequent postglacial diagenesis.

Whereas in the past tillites have been usually regarded as being too strongly
metamorphosed and altered to exhibit primary/secondary depositional structures; the
work presented in this paper reveals that structures are often preserved and can be
understood from comparative studies of Quaternary tills. Precambrian tillites from north
of Lake Huron, Canada and Islay, Scotland, show strong evidence, for example, of
syndepositional deformation, and porewater migration. The result of this work is to
allow a better understanding of tillite deposition and of the likely glacial environments
within which these rocks were originally deposited. This understanding of glacial
depositional environments has broad implications for an understanding of the complex
lithofacies of Precambrian and other lithified glacigenic rocks. Environmental indicators
such as paleosignatures of seismic activity and of fissure/joint systems that may be, at
a much later date, re-exploited can be detected from the tills and tillites. Ramifications
of this work in utilising tillites and tills in Canada and Fennoscandia cover a broad field
of environmental geology not the least of which is the use of these terrains as
depositories for waste nuclear fuels, toxic waste sites and attendant groundwater
problems.
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A thorough knowledge of the palaeohydrogeological conditions is required at potential sites for
the disposal of radioactive wastes. This knowledge is an input for understanding the
fundamental controls on groundwater flow and chemistry, and constructing models for the
future hydrogeological evolution of a site. Most of the sites presently being evaluated for their
suitability to host radioactive waste repositories have been affected by Pleistocene glaciations.
There is a need to understand the impact of these glaciations on deep groundwater systems. A
systematic, integrated investigation of rock mineralogy (especially fracture mineralogy) and
groundwater chemistry can shed light on these impacts.

At Sellafield in northwest England, Nirex is investigating the suitability of Ordovician volcanic
basement rocks, belonging to the Borrowdale Volcanic Group (BVG), as potential hosts for a
repository of solid, low and intermediate-level radioactive waste (Nirex, 1994). The potential
repository volume (PRV) is located at the margin of the East Irish Sea Basin (EISB), c. 3 km
to the east of the present-day coast. The PRV lies within the upper BVG, at a depth of c. 650 m
to c. 900 m below sea level (Ordnance Datum, bOD). The EISB is underlain by Carboniferous"
and older rocks, and infilled mainly with Permo-Triassic sediments, including halite-bearing,
Triassic evaporites. The Lake District Massif lies to the east and consists of Lower Palaeozoic
basement rocks, including meta-sedimentary rocks, granites and the BVG. In the
neighbourhood of the PRV, Carboniferous to Triassic rocks overlay the BVG. During the
Pleistocene, the area was glaciated on several occasions, resulting in variations to recharge
conditions, and fluctuations in sea levels of several tens of metres. An important aim of a
detailed site characterisation programme has been to establish the impact of the glaciations on
the deep groundwater system. A major approach has been to undertake extensive, integrated
investigations of rock mineralogy (including studies of fractures and matrix) and groundwater
chemistry. These studies have used core and water samples from deep (to c. 2 km) boreholes,
at 22 localities across the Sellafield area.

These investigations have revealed two main types of water: a. deep, Na-Cl dominated saline
waters and brines, occurring in the cover and basement near the coast, but entirely in the
basement further east; and b. shallow, fresh Ca-HCC>3 and Na-Ca-HCO3 dominated waters,
occurring mostly in the sedimentary cover. The salinities of the Na-Cl waters range from up to
c. 30000 mgl-i Total Dissolved Solids (TDS) in the PRV, to c. 180000 mgl-i near the coast, 3
km to the west. The saline transition zone (STZ) between the fresh and saline waters varies in
elevation across die area. The STZ falls from c. 400 m bOD near the coast to c. 650 m bOD 1.5
km inland, before rising to c. 300 m bOD in the vicinity of the PRV, and c. 150 m bOD 3 km
to the east of the PRV.

The nature of the chemical variations in Na, Br and Cl indicates that the Na-Cl waters gained
most of their salinity by halite dissolution. However, there are subtle variations in the chemistry
of Na-Cl waters. In these, mass ratios of Br/Cl increase from west to east, from about 0.001
near the coast, to about 0.002, c. 3 km inland. Mass ratios of Na/Ca decrease over the same
section, from about 30 to about 10. The isotopic signatures of saline waters in the east

(518OSMOW = -7 to -8%o; O^HSMOW = -42 to -46%o) are lower than in fresh waters (S^OSMOW

= -6 to -7%0; 52HSMOW = -35 to -40%o), and in western brines (818OSMOW = -5 to -6%c;
S^HSMOW = -32 to -44%o). Preliminary 36Q/C1 ratios for Na-Cl groundwaters range from 2 x
10-15 (in the western cover), to 27 x 10-15 (in the PRV), consistent with 36Q being equilibrated
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with the neutron flux in the Permo-Triassic sandstones and BVG respectively.

An explanation for these results is that basinal brines with an evaporite-derived salinity
migrated downwards into the basement. The 36Q variations are consistent with these waters
residing in the basement in the east for a substantial period of time (possibly > 1.5 Ma). During
this interval, water/rock interactions in the basement are interpreted to have caused the observed
variations in parameters such as Br/Cl and Na/Ca ratios. Subsequently, during the Pleistocene,
cool, meteoric water recharged from the east, diluted the brines, and depleted them in heavy
isotopes relative to the western brines. Most recently, meteoric waters with heavier isotopic
compositions than the Pleistocene waters, have recharged the shallower rocks, interacted with
carbonate minerals and produced bicarbonate-rich, shallow waters.

This scenario raises a number of questions: when did the cool recharge waters enter the deep
system relative to the Pleistocene glacial episodes ? where did the Pleistocene waters enter the
deep groundwater system ? what were the maximum depths to which these waters penetrated ?
and what was the effect of these waters on the geometry and flow paths of the deep Na-Cl
dominated groundwaters ? Detailed, coupled hydrogeochemical-mineralogical investigations
have the potential to answer these questions.

Our mineralogical investigations have shown that geologically late Fe- and Mn-oxyhydroxide
dominated fracture mineralisation extends to different depths in different boreholes across the
Sellafield area. The base of this mineralisation corresponds approximately to the present depth
of the STZ, between the bicarbonate and Na-Cl waters. Similarly, a geologically late generation
of calcite in flowing features has been shown to vary in morphology, from 'nailhead' through
'equant', to 'scalenohedraF crystal forms across the modern STZ. An explanation for these
correlations between mineralogy and water chemistry is that the distribution of oxide-dominated
mineralisation reflects the maximum depth of penetration of oxidising recharge water, while the
morphological variations in the calcite are controlled by the chemistry (possibly Mg, SO4, Sr or
TDS concentrations) of the groundwaters. Geochemical modelling confirms that precipitation
of calcite will occur due to mixing between deep, calcite-saturated saline waters and shallower,
fresh HCO3 waters. Hematite will precipitate with decreasing temperature accompanying this
mixing. By dating the calcite (using U-series isotopes and 14C) and oxide mineralisation (using
K-AT) it should be possible to constrain the stability of the STZ and the controls upon it exerted
by glaciation. This work has demonstrated a potentially powerful mineralogical tool for placing
limits on the impact of glaciations on deep groundwater systems.
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The 1976 AKA-report said that all fractures in the Swedish bedrock were older than 1.6 Ga.
The KBS-1 report claimed that Sweden could never experience earthquakes larger than 4.5
and that this could at a maximum diplace the bedrock by 3.6 cm. The KBS-3 report included
a seismic time/space poisson distribution calculation; based on 20 years observation and
extended 1 Ma into the future. In the KBS reports (like still at the entrance to the Aspo
laboratory) it was firmly stated that a future ice age would have no effect what so even on a
repository at 500 m depth. KBS-SKB has always claimed that heavy bedrock fracturing
only refers to the very top of the bedrock, and that the groundwater circulation only affects
the upper part of the bedrock and that the lower zones have remained unchanges. They also
claim, in report after report, that large-scale paleoseismic events have only occurred in
northernmost Sweden (the Parve and Landsjarv Fault events).

None, absolutely none, of these statements are correct; on the contrary - seriously in
error. The fractures are often of postglacial age. There are many significant postglacial faults
with throws ranging from a meter or less, to large scale features of up to 10-20 m. The
period of deglaciation has been found to be characterized by numerous high-amplitude
paleoseismic events. In total, the KBS analysis was shown to be far out of reality already 50
years back in time and completely without the slightest value at the time of deglaciation with
frequent events in the order of 7-8 on the Richter-scale. With the events in the mid-1980ies,
it was even invalidated after 7 years into the future. Their own 1700 m drilling at Laxemar,
indicated intensive fracturing at 700-1100 m and below 1550 m. The water was rechanged
down to 900 m or even 1450 m.

This reality is certainly not flattering in view of given statements and guarantees.
Already, in my KBS-18 report of 1977,1 gave a general review of past crustal movements
and called attention to the high seismic activity at the time of deglaciation, making
predictions into and beyond the Next Future Ice Age impossible (not only meaningless but,
what worse is, missleading). I related papers, articles and reviews, I also discussed the
effects of the heat radiation from the repository in combination with future permafrost, rock
stability and water migration in fracture zones. The effects on the groundwater table due to
deformation of geoid in association with waxing and vanishing of ice caps will drasically
alter the flow regim in the bedrock; the onset of a new glaciation in the near future will lead
to an upward flow in pace with a geoid rise.

During this 15 years after the referendum in 1980, SKB step by step has had to admit
that things were not as clear as they guaranteed before, and that a Future Ice Age was not
without important effects. Today, we have this symposium to look into the effects of a
future glaciation on a repository in the bedrock.

My conclusions are that no bedrock repository can be considered to be safely placed in
the bedrock at the event of a New Glaciations - which is to be expected to be over Sweden
in 5000, 23,000 and 60,000 years AP (following the astronomical, natural, long-term,
variability). Instead, there are all reasons to expect that such a repository would be seriously
damaged to the unacceptable contamination threat against the biosphere and life on Earth.

I base my conclusions on a very extensive observational network of records on the
multiple glacial dynamics and the interaction of different variables.
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Uplift, Strain Rates and Paleoseismicity
At the peak rates of glacial isostatic uplift around 10,000 BP, the Swedish bedrock rose

by 10 cm (in the south) to 50 cm (in the center of uplift) per year. This is an enormous rate
and by far exceed the horizontal rates recorded in our high seismic regions of the globe
today. Hence, it is by no means surprising - rather what one would expect - to find that the
period of deglaciation was characterized by a very high seismic intensity. Besides the
vertical uplift, there were horizontal extentional forces in the tangential and radial directions
of uplift. The strain rates were 2 order of magnitude larger than today, and differently
directed with respect to the long-term forces from the opening of the Atlanic.

Our observational records of Fennoscandian paleoseismicity include morphological
elements; faultscarps, fractures, "blown up" rock surfaces and hills often turned into
bedrock cave systems, sedimantary deformations and liquefactions. The length/height of the
fault scarps give some information on magnetudes. Liquefaction is known form Italy to
commence with magnitude 6.8 with an increasing linear relationship between magnitude and
distance from the epicenter. Thanks to the Swedish Varve Chronology, we are often able to
date a past event with an accuracy of 1 year; in one case even to the season. This is the
10,430 BP event that occurred in the authumn and set up a tsunami wave that washed the
Baltic outlet free of iceberg allowing the sea to enter the whole of the Baltic within one singe
year. It caused liquefactions over 100s of km along the ice margin. Another, as important,
fact with the varve chronology is that we are able to define recurrence times; so, for
example, have we defined 3 (probably, at least, 5) events with a time spacing of only about
20 years. Some major paleoseismic events are noted at (ages in BP): -12,000 (Aspo, M 6-
7), 11,700 (Veddige, M 7+), 10,469 (Stockholm-1, M 6-7), 10,447 (Stockholm-2, M 6-7),
10,430 in the authumn (Mariefred-Stockholm-3, M 8+), -10,000 (Billingen, M 6-7), 9663
(Iggesund, M 7-8), 9287 (Sundsvall, M 6-7), -9150 (Lansjarv, M 8+), -9000 (Parve, M
8+), -8500 (Storuman?, M 7-8?), -3700 (Mariefred-2, M 6-7), -1000 (Torekov?, M 6-7?).

Geoid deformations and hydrology
The geoid deformations in association with the waxing and vanishing of an ice cap will

force the groundwater flow to be directed upwards at the waxing of an ice cap and down-
wards at and after the vanishing. This is not included in the SKB modelling of the future
hydrological flow.

Repository heat and Permafrost
A bedrock repository at 500 m will continue to radiate heat over a very long period of

time. It will hence remain an anomaly in the rock for time periods well beyond future ice
ages. A future glaciation is likely to begin by extensive permafrost. This may reach 100s of
meters down into the bedrock. When the ice later overrides the site, the temperature
distribution rapidly changes. All this is likely to induce rapid, high-gradient, temperature
changes in direct association with the repository.

No "safe method"
Our analysis implies that there, by no means, exist anything that can be called a "safe

method". All talk about this should be stopped. It is an illution which feeds further illusions.

What to do with the wast we have and will get?
This is a quite different problem. I can only rekommend to do the best under the

circumstances forced upon us. This is a dry rock deposition under continual controll and
with acessability for reparations as well as applications of possible future positive
innovations that may rander the wast harmless (e.g. transmutation).
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Liquefaction and varve disturbance
as evidence of paleoseismic events and tsunamis:

The autumn 10,430 BP event in Sweden.

A sudden ingression of salt water is recorded in varve -1073 (today equalling 10,430 years
BP). This was taken as the onset of the Yoldia Sea stage. The varve -1073 has the
character of a "drainage varve". This was originally taken as evidence of its correlation with
the drainage of the Baltic Ice Lake at Billingen. The special character of this varve was by
Morner (1981, 1985, 1995) explained in terms of a major seismic event (i.e. this varve is a
paleo-seismite). This Spring, a series of sedimentary sections became available along the
newly established railway and highway between SSdertalje and StrSngnas. Two sections
gave perfeclty clear evidence of a high-amplitude ground shaking; i.e. a paleoseismic event.
In a third section there was a beautiful sequences of glacial varves with the change between
fresh-water and salt-water environment very well visable. The lower clay unit included
shaken parts and the contact between the two clays was erosive in the disturbed part of the
section. In the concordant part, it was possible to count the varves carefully. In the
disturbed part, the summer unit of the first slat-water varve was missing. This enable us to
give an exraordinarily precise dating of the earthquake. It occurred 10,430 years BP in the
Autumn. In a fourth section, there was a fault of 6-8 m through-hight with melted silica,
foliated rock, carbonate precipitation and unconsolidated fracture zone material.

In total, this earthquake affected such a large area that it seems reasonable to count with
a corresponding magnitude of 8 on the Richter-scale. It must have set up a hugh tsunami-
wave that washed the Narke Straight free of ice-bergs and pack-ice so that the marine water
could suddenly invade the entire Baltic basin within one year (varve -1073 = year 10,430
BP).

The Swedish glacial varves quite often show outstanding examples of seismically
desturbed (shaken and liquefied) sediments. Several events have been identified (Table 1).
In the Stockholm area, it has also been able to identify a sequence of events with a spacing
of only about 20 years.

Hence the varve chronology may provide us with information about the exact age, the
area! size of deformation and the recurrence time of multiple events (Stockholm 1-3).

TABLE 1. Some paleoseismic events and three large historical events

age

~ 12,000
11,700
10,469
10,447

autumn 10,430
- 10,400

9,663
9,287

~ 9,150
~ 9,000
~ 8,500
~ 3,700

- 900
AD 1497
AD 1759
AD 1904

magnitude

6-7
>7

6 - 7
6-7

>8
6-7
7 - 8
6 - 7

>8
>8
7?

6-7
6-7
>4.8

>5,3
>5,4(6.0)

name

Aspo (subglacial)
Kinnarumma
Stockholm-1
Stockholm-2
Mariefred- 1-S tockhol m-3
Billingen
Iggesund
Sundsvall
Lansjarv
Parve
Storuman (to be confirmed)
Mariefred-2
Torekov (to be confirmed)
Vanern
Skagerack-Bohuslan
Bohuslan-Skagerack

A-51



References
(selected references from the unit of Paleogeophysics & Geodynamics)

Morner, N.-A., 1977. Past and present uplift in Sweden: glacial isostasy,
tectonism and bedrock influence. Geol. Foren. Stockh. Fork., 99: 48-54.

Mbrner, N.-A., 1978. Faulting, fracturing and seismic activity as a function of
glacial-isostasy in Fennoscandia. Geology, 6: 41-45.

Morner, N.-A., 1979. Earth movements in Sweden 20,000 BP to 20,000 AP:
recorded and expected. Geol. Foren. Stockh. Fork., 100: 279-286.

Morner, N.-A., 1979. The Fennoscandian uplift and Late Cenozoic
geodynamics: geological evidence. GeoJournal, 3/3: 287-318.

Morner, N.-A., 1980. "Over bergen vill jag grata och sjunga sorgesanger" (Jer.
9:10). Kalla/10 (Forskningsradsnamnden), p. 25-40.

Morner, N.-A., 1981. Crustal movements and geodynamics in Fennoscandia.
Tectonophysics, 71: 241-251.

Mbrner, N.-A., 1981. Nuclear power on unstable ground. Predictive Geology
(G. de Marsily & D.F. Merriam, Eds.), Pergamon Press, p. 83-100.

Morner, N.-A., 1985. Paleoseismicity and geodynamics in Sweden. Tectonophysics, 117:
139-153.

Morner, N.-A., 1987. "Active Tectonics", Episodes, 10 (3): 209-211.
Morner, N.-A., 1988. The history of nuclear waste deposition, the politization

of geosciences, the applicability of Buchanan's philosophy, and the
necessity of a general change. Striae 31: 55-58.

Mbrner, N.-A., 1990. Glacial isostasy and long-term crustal movements in
Fennoscandia with respect to lithospheric and asthenospheric
processes and properties. Tectonophysics, 176: 13-24.

MOrner, N.-A., 1991. Intense earthquakes and seismotectonics as a function of glacial
isostasy. Tectonophysics, 188: 407-410.

Morner, N.-A., 1991. Nuclear waste: an unsolved problem. In: Intern.
Conf. Plutonium, p. 193-199, Omiya, Japan 1991.

Morner, N.-A., 1993. Boulder trail from subglacial earthquake, Aspa, Sweden.
Z. Geomorph. N.F., Suppl.-Bd. 94: 159-166.

Morner, N.-A., 1993. Neotectonics. The global tectonic regiment during the
last 3 ma and the initiation of ice ages. Ann. Braz.Acad. Sci., 295-301.

Morner, N.-A., 1995. Paleoseismicity - the Swedish case. Quaternary Intern.,
25:75-79.

Morner, N.-A., 1996. Jordbavningsspar i sedimenten. Jordbavningen pa
hosten for 10.430 i r sedan. FoF, 5/96, p. 30-33.

Morner, N.-A., 1996. Liquefaction and varve disturbance as evidence of
paleoseismic events and tsunamis: the autumn 10,430 BP event in
Sweden. Quat. Sci. Rev., in press.

Morner, N.-A. & Adams, J., 1989.Introduction. In: Paleoseismicity and
Neotectonics. Tectonophysics, 163: 181-184.

Morner, N.,-A., Lagerlund, E. & Bjorck, S., 1981. Neotectonics in the
Province of Blekinge.Zeitschr. Geomorph., 40: 55-60.

Morner, N.-A., Somi, E. & Zuchiewicz, W., 1989. Neotectonics and Paleo-
seismicity within the Stockholm Intracratonal Region in Sweden (by ).
Tectonophysics,163: 289-303.

Morner, N.-A. & Troften, P.E., 1993. Paleoseismicity in glaciated cratonal
Sweden. Z. Geomorph. N.F., Suppl.-Bd. 94: 107-117.

Sjoberg, R., 1994. Bedrock caves and fractured rock surfaces in Sweden.
Occurrence and origin. Ph.D.-thesis, Paleogeophysics & Geodyna-
mics, Stockholm Unversity

Troften, P.E. & Morner, N.-A., 1996. Varved clay chronology as a means of
recording paleoseismic events in southern Sweden. J. Geodynamics,
in press.

A-52



SE9700405

Hydraulic Conductivity Measurements in Storglaciaren,
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Hydraulic conductivity measurements were made in the middle part of the ablation area of
Storglaciaren, Kebnekaise, Sweden. Hydraulic fracturing equipment for stress measurements
in rocks was used. Injection tests at depths of 58m, 53m, 41m, 25m and 15.5m from the
surface of the glacier were performed with straddle-packers.

The conductivity of the mass of ice is found to be independent on the depth from the surface,
in the studied range of depth and area, and is about 210"*m/s.

The low value of the hydraulic conductivity is to be compared with the results of the
preceding water flow studies in Storglaciaren. Hooke and Pohjola (1984) deduced from the
frequency with which englacial conduits are encountered during drilling, that there are several
hundred of them in any given cross-section of the glacier. Consequently, each must carry a
small fraction of the total discharge, say -103 m V . Tracer experiments suggest that flow
rates in these conduits are <10 l ms'1 , but more than the scale order of 10* ms' by Hooke
(1989): Dye injection tests provide flow rates of 0.1-0.5 ms'1 . The hydraulic conductivity
value of 2.10* ms ' can not be attributed to flow in englacial conduits.

The water flow should follow the veins along the three-grain intersections in ice, as argued
Nye and Frank (1973). These veins should join together at four-grain intersections to form a
network of capillary-sized tubes along which water can move. Nye and Frank concluded that
temperate ice should thus be permeable. Lliboutry (1971) derives from the preceding theory
outflows of 8.9.10'8 m.s' to 8.9.10"* m.s1 and finds it in opposition to the simple stability of a
glacier, and claimed that Nye and Frank omitted some important factor. The outflows should
have much lower values. He claimed that applying the Darcy's law to the capillarity of ice is
neither relevant.

Although predominantly temperate, Storglaciaren has a perennially cold (<0"C) surface layer,
20-60m thick, in its ablation area (Hooke and Pohjola, 1984). Hydrologically, this layer is
impermeable.

The injection tests carried out in Storglaciaren in 1994 have probably been conducted in this
layer (depth 15.5-58m). Some of the injection tests certainly have been done in this layer. The
homogeneity of the results shows that most likely all the tests have been conducted in this
layer. Although this layer is thought of being impermeable, flow has been observed at the test
sections.

Two contradictions appear. The Darcy's law seems to be relevant for the injection tests, and
the perennially cold layer is permeable for high pressures. The pressures that have been used
for the injection tests are in the study far from experience that no confirmation of the different
theories concerning the permeability of ice can be deducted.
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The main result of this study is a conductivity of about 2-10'6m/s for the pennial surface layer
of Storglaciaren.
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Steady-state modelling of groundwater dynamics in an overpressured system of subglacial
aquifers and aquitards under the marginal portion of the Scandinavian ice sheet in northwestern
Germany has been coupled with calculations of basal meltwater production rates and with field
evidence of meltwater erosional features (Piotrowski, 1996). Largely fine-grained subglacial
sediments with relatively low hydraulic conductivities had a capacity to drain only about 25%
of all basal meltwater produced in the relevant subglacial catchment area. The rest of the
meltwater was evacuated through tunnel valleys in spontaneous outburst events.

Subglacial hydrologic cycles of meltwater drainage are proposed. Each drainage cycle begins
with meltwater production at the ice base. Porewater pressure buildup under the glacier load
follows, and the system evacuates the meltwater towards the ice sheet foreland through the basal
sediments as groundwater flow (Figure 1). After the critical volume of water capable of being
drained through the bed is reached, meltwater accumulates in places at the ice base, which is
independently indicated by the inferred potentiometric surface close to the flotation point.

In the next stage, open channels would develop at the base of the ice in order to evacuate the
excess meltwater from the system (Figure 1). Single outbursts phases through tunnel valleys,
characterized by very high discharge rates, would likely be of short duration, typically in the
order of days or weeks at most (Piotrowski, 1994). Tunnel valleys, some of them incised 80 m
below the present land surface, would have acted as drainage pathways not only for the water
released directly at the ice base, but also for the surrounding aquifers with which they were in
hydraulic contact. High water fluxes through the tunnel valleys indicate that they did not operate
continously, because the volume of water produced by steady state basal melting would have
been too low to maintain permanent flow.

The cycle is complete as soon as the meltwater
excess is drained, causing water pressure to drop
and the tunnel valleys and subglacial basins to
close. Assuming stable hydrogeological para-
meters and constant basal melting rates, at least
during the ice maximum, a new phase would
develop and water volume would increase after
the closure of subglacial conduits.

Figure 1. Major Weichselian tunnel valleys
projected onto the simulated groundwater
velocity vectors in the upper aquifer under the
Weichselian ice sheet. Groundwater flow was
simulated without considering tunnel valleys.
Note that all tunnel valleys occur in areas of
increased groundwater dynamics.

Baltic Sea
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Modelling Subglacial Groundwater Flow in Northwestern Germany
during the Last Glaciation

Jan A Piotrowski
Institute of Geology and Paleontology, University of Kiel, Olshausenstr. 40-60,

D-24118 Kiel, Germany

The study area of about 1700 km2 is located in Schleswig-Holstein, northwestern Germany. It
covers the marginal zone of the Weichselian Glaciation, stretching from the maximum ice extent
to the present Baltic Sea shore, some 60 km up-ice. For this area a 3D modelling of subglacial
hydrogeological conditions for the maximum ice sheet extent was done, in order to determine
groundwater dynamics, interactions between overpressurized aquifers and aquitards, and water
fluxes.
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Figure 1. A - Geological section used for groundwater flow model. Dotted layers mark aquifers
and hatched layers mark aquitards. Base of section is an aquiclude of Tertiary clays (white).
Vertical exaggeration 1 : 83. B - Simulated groundwater flow in the above section under the
cover of the last ice sheet. Ice margin is at the SW border of section, ice thickness at the NE
border of section is approximately 240 m. Groundwater flowlines and directions are shown.
Note groundwater discharge primarily through aquifers and vertical seepage primarily through
aquitards.
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Based on 643 boreholes and expert knowledge, sediments between the ground surface and the
first widespread aquiclude (primarily Tertiary clays) which occurs on average at some 150 m
depth, were geostadstically regionalized with the fuzzy kriging technique (Piotrowski et al.
1994, Piotrowski et al. in press). The generalized sediment sequence consists of two glaciofluvial
outwash aquifers (mean thickness 16 m, mean hydraulic conductivity 3.2e-4 m/s) and two till
aquitards (mean thickness 26 m, mean hydraulic conductivity 2.2e-7 m/s). Mean thickness ratio
of aquifers to aquitards is 1:1.6, which stresses the predominance of strata with low hydraulic
conductivities in the study area. Preliminary calculations indicate, that subglacial lakes must
have formed temporarily to store the surplus of meltwater at the ice basis.

In groundwater dynamics modelling a piezometric surface corresponding to 72% of the ice
thickness was assumed, which was reconstructed on the basis of paleo-porewater pressures in
sediments overridden by the glacier. Modelling under steady state conditions was performed
with MODFLOW™ (3D) and FLOWNET™ (2D). MODFLOW™ simulation shows that the
bulk of meltwater discharges through the relatively thin aquifers with predominantly horizontal
flow, whereas the aquitards transmit groundwater vertically and cause the hydraulic interchange
between the aquifers. The total groundwater discharge at the ice margin is 8.6 nrVs. The remaining
portion of meltwater was discharged through tunnel valleys, whose formation was dictated by
a relatively low hydraulic transmissivity of the subglacial strata (Piotrowski 1994). No evidence
of any significant subglacial sheet flow along the ice/bed interface exist.

Hydrogeological cross-sections simulated parallel to ice surface gradient with FLOWNET™
demonstrate groundwater circulation form the ice sole to the base of the modelled sections (Fig.
1). Groundwater recharge occurred primarily through thin and relatively well-permeable por-
tions of the upper aquitard. In places where aquifers wedge out, a diffuse groundwater seepage
through tills towards the ice margin occurred. Caused by locally high degree of heterogeneity
of the substatum, areas with upwards-oriented flowpaths formed.

According to the modells, the average horizontal groundwater flow velocity in the upper aquifer
was about 4.6 m/d and in the lower aquifer about 4.2 m/d, which was, compared to the average
present day velocities of some 0.15 m/d, about 30 times higher. This comparison demonstrates
dramatic reorganization of groundwater circulation during the glaciation in the study area, which
applies not only to the dynamics of the system, but also to the regional grounwater flow direction.
At present the major flow direction is to NE, whereas under the ice sheet it was to SW. Changes
of groundwater flow patterns between glacial and interglacial times must be thus taken under
consideration when planning depository sites of toxic waste.
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On the origin of groundwater from Olkiluoto Island on the coast of the Gulf of Bothnia

Petteri Pitkanen
Technical Research Centre of Finland, P.O.Box 19041, 02044 VTT, Finland

Margit Snellman
Imatran Voima Oy, P.O.Box 112, 01019 IVO, Finland

During the site selection programme for nuclear waste disposal, Teollisuuden Voima Oy has
collected groundwater samples from boreholes drilled down to 1000-m depth. Earlier studies
already showed (e.g. Pitkanen et al. 1994) three different end-member groundwater types
mixing in the bedrock due to the land uplift. They were ^modern fresh rainwater in the upper
part of the bedrock recharged since the island rose above the sea level about 3000-2500 B.P.,
2)brackish Na-Cl water layer originating from the modern and former Baltic Sea at 100-500-m
depth, and 3)deep-occuring saline Ca-Na-Cl-type water interpreted as a remnant of ancient
hydrothermal processes on the basis of the Br/Cl ratio and stable isotopes of water.

Latest comprehensive sampling from multipacked boreholes reveals new details from the
brackish water layer in particular. Na-Cl water enriched with SO4 (Fig. 1) has been indentified
at a depth of 100-300 m. The salinity clearly exceeds the present value of the Gulf of Bothnia
(Cl ~ 3600 mg/1), whereas the Br/Cl ratio indicates a sea water origin (Fig. 2). The 18O-2H
values plot on a mixing line between the samples of the present Baltic (highest at the site) and
the group of fresh and other brackish waters at the site, indicating warmer recharging
conditions than nowadays. Below this sulfate-rich layer firstly Cl (salinity) and 18O are
depleting with SO4(Fig. 1), but the Br/Cl ratio keeps stable (Fig.2), reflecting the mixing with
colder diluted water in the system. At greater depths, the 18O and Br/Cl ratio begins to increase
with Cl towards the values of the most saline groundwaters (Cl > 20 000 mg/1).

According to the chemical characteristics of SO4-rich water, it is most likely that it has
infiltrated from the Litorina Sea, which was the only more saline stage (7500-2500 B.P.) and
also a warmer period than the modern Baltic stage during Holocene in the Gulf of Bothnia
(e.g. Eronen 1988). Kankainen (1986) estimated that the highest Cl content in the Litorina Sea
in Finland was about 6500 mg/1. The stage was about 2 °C warmer than nowadays, and 18O of
the Litorina Sea water could have been between -5.2 and -4.7 %o. The 14C data of SO4-rich
layer (20 - 35 pM) coupled with the tritium results of overlying groundwaters (3-10 TU with
50-60 pM) support the age of the Litorina Sea. The lighter isotope content than in modern sea
water can be explained by the mixing with a colder, dilute pre-Litorina water, probably
meltwater from the Weichselian ice sheet. According to the preliminary mixing calculations
using Cl as a conservative tracer, the S04-rich layer would contain 55-70 % water originated
from the Litorina Sea and the rest would be glacial meltwater with 18O varying between -18
and -23 %o. The chemistry suggests (Fig. 1 & 2) that the displacement of meltwater by heavy
Litorina water decreases below the SO4-rich layer. In the lower part of the brackish water layer
the changes in chemistry imply the increasing mixing of saline end-member water. The deep
location below the cold end-member and high 18O content indicate a preglacial origin for saline
water. As a final conclusion, hydrochemistry of Olkiluoto seems to contain a well developed
profile of climatic changes from modem time through former Baltic stages in the area to
preglacial times.
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Glaciation and Regional Ground-Water Flow in the Fennoscandian Shield

Alden Provost, Clifford Voss. and Chris Neuzil
U.S. Geological Survey (MS431), Reston, Virginia 22091, USA

Regional ground-water flow in the Fennoscandian shield is strongly affected by surface
conditions associated with climatic change and glaciation. These effects are illustrated in
a regional-scale analysis based on a series of numerical simulations of variable-density flow
in the Fennoscandian shield, including southern Sweden, in a cross-section 1500 km long
and 10 km deep). The assumed time evolution of surface conditions over the next 140 ka
is based on the sequence reported by King et al. (1994).

Results suggest that, during a typical glacial cycle, glacially-caused changes in subsurface
flow and chemistry may reach significant depths. However, because the flow system has
a long response time relative to the expected period of glacial advance and retreat, glacial
perturbations in surface conditions lack sufficient time to laterally propagate through
regional distances in the subsurface. For example, recharge supplied by basal melting of
an advancing ice sheet reaches a location in the shallow subsurface only as the margin of
the basal melting zone passes directly above.

Changes observed during a typical glacial cycle are as follows. Under periglacial
conditions, permafrost may impede the free recharge or discharge of ground water,
resulting in the settling of dense fluid (brine) and consequent freshening of near-surface
water in areas of natural discharge. During glacial advance, recharging basal meltwater can
reach depths of a few kilometers in a few thousand years. The vast majority of such
recharge is accommodated through storage in the bedrock in the local area below the point
of recharge; regional redistribution of recharge water by subsurface flow is minor over the
time scale of glacial advance (10 ka). Depending on the basal melting rate, recharge at a
given surface location may drop off sharply once the water pressure at the base of the ice
reaches the pressure exerted by the weight of the ice (whereupon excess meltwater is
assumed to escape via sub-ice paths). Growth in recharge rate is then limited by the rate
at which the ice sheet thickens. During glacial retreat, the weight of the ice overlying a
given surface location decreases with time, causing meltwater stored in the subsurface to
discharge at the base of the ice despite that fact that basal melting continues. The
maximum rate of ground-water discharge occurs at the receding ice margin, and some
discharge occurs below incursive post-glacial seas.

Major increases in chemical concentration above present day levels due to periodic rise of
deep shield brine are not observed in the present simulations, although significant decreases
in chemical concentration of shallow ground water (< 1 km) occur during periods of glacial
meltwater recharge. Glacial meltwater penetrating the subsurface to depths of a few
kilometers during glacial advance may reside in the shallow subsurface for periods
exceeding 10 ka. During interglacial periods, the flow field and chemical profile recover
much of their unperturbed form.
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The Preservation of Climate-Induced Chemical Signatures in Groundwater.
A Feasibility Study in the Context of the Sellafield Site, UK.

Donald J Ross
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Department of Geology and Geophysics, Edinburgh University, Edinburgh UK

David Read
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UK Nirex Ltd have identified Sellafield, West Cumbria as a potential site for the deep
disposal of solid low and intermediate level radioactive waste for which a post-closure safety
case is now being developed. If, following further geological site investigation and related
research, Nirex decide that they have sufficient evidence to support such a case, it is
anticipated that they will apply formally to Her Majesty's Inspectorate of Pollution (HMIP)
and the other Authorising Departments, for an authorisation to dispose of radioactive wastes.
This paper focuses on the geochemical aspects of multidisciplinary feasibility study aimed at
extending HMIP's ability to assess models of past groundwater evolution and to provide a
scientific basis for the evaluation of future climate changes on post-closure performance of
a potential repository at Sellafield. An overview of the approach, which incorporated
modelling of climate change, groundwater flow and groundwater chemistry is given in an
accompanying paper (Boulton et al, this issue).

Geochemical signatures provide information extending back over tens of thousands or, more
rarely, millions of years and represent key data against which regional long-term groundwater
flow models can be tested. Importantly, scope exists for alternative conceptualisations of a
system to be formulated whereby the implications of different chemical signatures are
compared. Considerable uncertainty remains, however, in the definition of initial recharge
signatures during past climates and also regarding the preservation of these signatures in
specific groundwater regimes. Both these aspects have been examined in the context of the
Sellafield Region.

The use of 2H and I8O signatures in constraining groundwater ages relies upon the fact that
the isotopic signal of recharge water is dependent on local climatic influences such as
temperature, latitude and altitude. A methodology has been developed for deriving the
isotopic signature of recharge waters through time, incorporating advection of precipitation
through an ice sheet. Taking reasonable parameters for groundwater flow rates and
dispersivities the preservation of a Sellafield-specific l8O recharge signal has been examined
for specific rock types. The results demonstrate that signal preservation of a non-reactive
recharge signal may be poor in the Ordovician Borrowdale Volcanic Group (BVG) (Figure
1). Results for the overlying St Bees Sandstone suggest good signal preservation, although
the strongly depleted 818O (%o SMOW) values predicted have not been recorded in Sellafield
groundwaters. This suggests that alternative conceptual models for glacial recharge will
require consideration. Moreover, it demonstrates the feasibility of using
palaeohydrogeological techniques to constrain models of long-term groundwater flow.
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Noble gas (Ne, Ar, Kr, Xe) measurements in groundwater have been successfully used in
number of palaeohydrogeology studies. The principal of the noble gas thermometer (NGT)
is that the solubility of noble gases in water is temperature dependent, thus, the temperature
at which water equilibrated with the atmosphere, ie at recharge, can be calculated to
approximately ±2°C. Noble gas solubilities, however, decrease exponentially with increasing
salinity, although few groundwater studies have yet evaluated this effect. At the Gorleben
site in Germany anomalously low NGTs were explained by exsolution and noble gas
concentration in association with an aquitard Suckow & Sonntag (1993). In the context of
Sellafield, comparison of groundwater salinities with NGT determinations suggests a
controlling relationship may be operative (Figure 2). In a regionally dipping aquifer, noble
gases exsolved due to salinity may be unconfined and thus escape, leading to anomalously
high NGT determinations in groundwaters. Preliminary calculations suggest that at salinities
of 1 mol dm"3 NaCl, salinity-corrected NGTs are in the order of 8 °C to 9 °C lower than
uncorrected values such that uncorrected warm recharge temperatures may in fact reflect cool
recharge. Thus, depending on the openness of the groundwater system to gas migration,
saline exsolution may potentially give rise to either anomalously low or high NGTs. These
effects should be considered in palaeohydrogeological studies in saline groundwaters.
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Figure 1
Comparison of 818O recharge
signals to model groundwater
signals in the BVG for varied
porewater velocities and a
dispersion length of 30m.
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Figure 2
Comparison of salinity and uncorrected NGT
profiles in Sellafield borehole 3. Adapted from
Nirex Report 524. A salinity control on NGTs
is suggested by the similarity of the profiles.
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Estimation of Permafrost Thickness using Ground Geophysical Measurements
and its usage for defining Vertical Temperature Variations in Continental Ice

and Underlying Bedrock

Tapio Ruotoistenmaki. Jukka Lehtimaki
Geological Survey of Finland, Geophysics department,

Betonimiehenkuja 4, SF-02150 Espoo, Finland

In bedrock covered by continental ice the depth to saline waters enriched below permafrost can
be defined by electromagnetic measurements. Thus, when measuring the ice thickness (zO by
radar or interpreting it from gravity and magnetic measurements we get estimations of
permafrost thickness (zr) variations in the survey area. Moreover, using the relation between
(zj) and (zr) we can define the temperature gradient in the bedrock to be T'r = (T3-Ti)/z,o,
where zro = zr(Zj=O); i.e. the permafrost thickness on outcrops, Ti = average annual

temperature in the area and T3 = melting temperature of saline waters (~ -2°C). The
temperature vs depth curve in the ice is then obtained from equation TJ(ZJ) = T3 - T'r • zr, with
varying combinations of Zj and zr. Actually, Tj(zO gives the temperature at the ice base. The
presumptions are that the temperature vs depth curve in the ice and the temperature gradient in
the bedrock are horizontally invariant in the survey area. The temperature gradient in the
bedrock is assumed to be of first degree.

The method was applied for interpreting two geophysical field profiles measured on continental
ice in Western Queen Maud Land, Antarctica during the austral summer 1993 - 1994. Gravity,
magnetic and electromagnetic profiles were measured between the nunataks Basen and
Fossilryggen (ca. 38 km) with a station spacing of 250 m. Radio echo profile was measured
by the Swedish expedition team. Electromagnetic soundings along the profile revealed good
conductors in the bedrock beneath the ice. The significant correlation between ice thickness
and the depth of the conductor in the bedrock leads to the conclusion that the conductors are not
sedimentary rock layers but rather salty groundwater in which salinity has been enhanced by
permafrost processes. From the regression curve we can conclude that the temperature vs
depth curve in the ice is of first degree and that the ca zero degree (i.e. 'wet') ice base is
expected at depths of ca 700 m and the base of permafrost in outcropping bedrock is at ca
1 km. From the average annual temperature and freezing point of saline waters (ca -2°C) we
can estimate the temperature gradient in the ice to be about 19°C / km and in the bedrock as
being about 14°C / km.
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Geological Survey of Norway, Postboks 3006 Lade, N-7002 Trondheim

Groundwaters from hard crystalline and metamorphous rocks as well as from Quaternary
deposits, i.e. alluvial and glacial deposits (softrocks), from the counties of Sor-Trendelag and
Nord-Tnamdelag in central Norway have been analysed for major and minor elements and ions
(Figure l).This investigation was carried out as part of a national groundwater assessment
program exploring potential sources of supply for domestic water. Although this area is
located on the western side of the mountain range dividing Norway and Sweden, and thus
does not discharge into the Baltic Sea, the difference in overall chemistry of the groundwater
in the hard-rock aquifers compared to the soft-rock aquifers reflects the enrichment of
chemical constituents which takes place in the subsurface and the residence time. The bedrock
in the investigated area embraces a wide range of metasedimentary and igneous rocks from
Middle Proterozoic to Silurian age. Figure 2 shows the results of the analyses in cumulative
frequency diagrams. For the parameters Br", Mn, NO3", and Si, there is only a small or no
significant difference between the two types of waters. Factors other than the lithology which
affect these parameters are e.g. the composition of precipitation, redox conditions, agriculture,
silica saturation kinetics. For alkalinity, electrical conductivity, pH, Al, Ca, Cl", F', Fe, K, Mg,
Na, and SO4

2" the differences are significant, with all being enriched in the hard-rock aquifers,
except for Fe which exhibits the highest concentrations in the soft-rock aquifers. This reflects
irons mobility in the surficial environment in this partially boggy region. The increase in the
other measured parameters is largely due to the recharging water interacting with marine
Quaternary deposits extending up to 180 m above sea level (saline parameters), and also due
to interaction with rocks and minerals as it percolates through down to and within the
aquifers. This is indicated by a general increase in pH. A similar change in overall chemistry
to what is reported here is expected to affect any water being recharged over large areas of the
Scandinavian peninsula, especially in the lowlying regions .
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Fig. 1. Maps showing the distribution of F" in water abstracted from a) Hard-rock wells, and
b) Soft-rock wells located in Central Norway.
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Fig. 2. Cumulative frequency distributions of all variables analysed in groundwaters from
"soft"- and "hard"-rock aquifers in Central Norway.
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Occurrence And Origin Of Bedrock Caves And Fractured Surfaces
In Sweden

Rabbe Sioberg
Paleogeophysics & Geodynamics, Stockholm University,

S 106 91 Stockholm, Sweden

Fractured bedrocks are common all over Sweden. In this paper I deal with the
special type of fracturing that appeared during or after the deglaciation. These
rocks appear in the form of: fractured bedrock surfaces, with little or no
deplacement on each side of the fracture; fractured hills, where the width of the
fractures can be in the scale of one centimetre up to several decimetres; boulder
heaps ("blown up" or "blasted" hills), where the direction of the original
fractures can be observed, but the separate blocks and boulders are free with
respects to each other. Sometimes large cave systems have been formed within
the opened fractures and the dislocated boulders. The transition between these
features is not clear. On the same site we can find transitional forms where one
part of the site is a fractured hill, while further away it is developed into a
boulder heap, suggesting that these forms are created by the same processes.

These features were described in single context for the first time in my thesis
(Sjoberg, 1994). Their occurence and characteristics were investigated. Some of
the sites were investigated by means of the Schmidt Test-hammer. Possible
causal origins include: glacial tectonics, frost deformation, methane ventings,
postglacial aseismic stress adjustment, hydro-fracturing and seismotectonics.
These different processes wil be discussed and evaluated.

The bedrock features described are distributed over most parts of Sweden; - or
rather whereever we have looked for them. It is concluded that during the
deglaciation of the Weichselian ice-sheet, a combination of a very fast isostatic
uplift, and corresponding changes in stress and strain, resulted all over Sweden
in a strongly amplified neoseismotectonic activity. Most of the features
described, seems to have been formed as a function of this paleoseismicity. A
possible combination with other processes cannot be excluded.

As long as we continue to debate the processes producing the features here
described, we will remain uncertain of the past, present, and future stability of
the crystalline bedrock in Sweden.
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Visualisation of Glacial Melt Water Portions in the HRL tunnel at the Aspo Site

Christina Skarman and Marcus Laaksoharju
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The Asp6 Hard Rock Laboratory (HRL) was set up as part of the research and
development programme managed by SKB, the Swedish Nuclear Fuel and Waste
Management Company. It is located on the island of Aspo off the Baltic coast of
Sweden approximately 350 kilometres south of Stockholm. The construction of the
tunnel started during autumn 1990 and the first water samples from boreholes in the
tunnel were collected in November 1990. Many boreholes have been used to evaluate
the geological, hydrogeological and hydrogeochemical character of the Aspo area. The
groundwater chemistry sampled in boreholes along the tunnel has been evaluated up
to tunnel length 3191m and until 1350 days of the tunnel construction.

To calculate the influx portions of different origin waters at the Aspo site Multivariate
Mixing Modelling (MMM) was used (Laaksoharju et al. 1994). The MMM consists of
three parts: a Principal Component Analysis (PCA), an end-member selection and a
mixing calculation based on trigonometrical functions. The strength of this approach
is that several variables in a data matrix can be examined simultaneously. The major
components Cl, Ca, Na, Mg, K, SO4 HCO3 and the isotopes 2H, 18O and H were used
in the PCA. It is important to note that both conservative and non-conservative
elements were used to enhance the resolution in the multivariate mixing calculations.
This is possible since conservative or non-conservative behaviour in one or several of
the variables can be tracked by PCA.

Five end-members were selected. The Glacial end-member has been determined as an
old glacial water based on the stable isotope values which indicate cold climate
recharge f'8O= -15.8 SMOW and 2H= -124.8 SMOW) in combination with an
apparent' C age of 31 365 years. The Deep saline water represents the brine type of
water found at 1700m (Laaksoharju et al. 1995), the Baltic Sea represents modern
Baltic sea water. The Modified Baltic Sea water represents a Baltic sea water which
has undergone sulphate reduction and is obtained in the HRL tunnel below the modern
Baltic sea. The Shallow waters are represented by the water found at 7.5 m. The
selected end-members are believed to best represent waters that interact in different
degrees and portions in groundwaters sampled from the whole area.

The five end-members form a pentagon. The observations within the pentagon can by
definition be described by the selected end-members. The co-ordinates for the
observations are given by the first and second Principal Component respectively. The
distance from any observation to the five end-members can be calculated by using
simple trigonometrical functions. The distance is equivalent to the mixing ratios of
any observed water in the system (Laaksoharju et al. 1994).
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To visualise the mixing portions along the tunnel the Kriging method was used in the
interpolation of the multivariate mixing calculations. A higher accuracy is obtained
close to the sampling point (Laaksoharju and Skarman, 1995). Figure 1 shows the
dominating water type in the tunnel on day 1350 of the tunnel construction. The
mixing ratios for the dominating water type are shown in Figure 1. A general feature of
the tunnel water is that the location (i.e. under sea, under land) and depth determine
the changes in the mixing proportions with time. Observations under the sea at a
moderate depth (< 300m) will have modern Baltic Sea water with time alternatively
Modified Baltic Sea water. Observations below land at a moderate depth will have
Shallow water. Observations at larger depths show that these are dominated more by
older water types such as Glacial water.
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Figure 1. The influx of the dominating water types into the HRL tunnel viewed as a
cross-section during day 1350 of the tunnel construction. When the mixing ratios are
small there is a risk that also other groundwater types are of importance.
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What are the Characteristic of Late Fractures?

Sven Tiren
GEOSIGMA AB, Box 894, S-751 08 Uppsala, Sweden

The morphology of an area and the outcrops reflects the geological memory in that it is for
example related to the distribution of rock types and brittle deformation zones. Late fractures,
"late" denotes activated late in the structural history of the area, can in many cases be identified
by using overprinting criteria. In areas with inconsistent cross-cutting relationships among
different set of faults, as in areas with partly reactivated faults and block faulting, the method may
not be applicable. A good control of the fracture system of the area is, however, a good base for
identification of late structures. Distortion of datum features, e.g. synglacial to postglacial deposits,
may indicate very late distortion along a shear zone.

A systematic mapping of late fractures requires a general knowledge about the characteristic
features separating these from old structures.

• reactivation of old structures:
1) engages preexsisting fractures
2) follows the old structures but forms new fracture surfaces

• formation of new structures:
1) propagates from old fractures
2) not related to earlier structures

Among which sorts of structures can we find neo-tectonic structures?

Some regional examples from lineament interpretations of southern Sweden (300 by 400 km)
(Tire"n and Beckholmen, 1992):

Southwestern Sweden is characterized by lensoidal blocks outlined by curved faults, while
southeastern Sweden has a pseudo-orthogonal block configuration outlined byextensive
faults. In southwestern Sweden, however, the lensoidal block configuration is overprinted by
straight extensive hairline structures. The southwestern area is prone to earthquakes, which
can be correlated with the existence of the latter structures.

Examples on a smaller scale (150 by 275 km) in the Norrk6ping-Ludvika-Hjo-area, central Sweden
(Tir6n, 1993):

Extensive structures may accommodate strain, Fig. 2
Structures forming lensoidal blocks may allow "plastic" deformation on a regional scale, Fig.
3, cf. geometry of regional dyke swarms (see several papers in Halls and Fahrig, eds.,1987)
Structures forming landform breaks, Fig. 4

Other examples of late structures on an even smaller scale (35 by 50 km) from the Aspo region,
southeastern Sweden, where SKB's underground Hard Rock Laboratory is located:

Extensive (some 10 km) straight linear structures with sharp topographical edges, well
expressed on DTM showing the second derivate of the topography, (Tiren and Beckholmen,
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1989), commonly within wide regional deformation zones but locally also transecting
regional rock blocks.

On outcrop scale:
fracture surfaces forming the morphology of the outcrop are found to be parallel to the system
of water conductive fracture zones (Tiren, in prep.).

Extensive
lineaments

NE-Trendlng
lineaments

Slope lines/
landfonm breaks

-KS

Figures 1 Location of the area (Norrkoping-Hjo-Ludvika): Svecokarelian rocks (>1.8 Ga), Trans-
Scandinavian Granite and Porphyry Belt (1.6 - 1.8 Ga), and Cambro-Ordovician Sediments
(hatched). 2 Extensive lineaments. 3 North-west trending lineament sets. 4 Landform breaks.
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Varved Clay Chronology and other Deformed Sediments as a means of
recording Palaeoseismic Events in southern Sweden

Per-Einar Troften and Nils-Axel Morner
Paleogeophysics & Geodynamics, Stockholm University,

Kraftriket 24, S-106 91 Stockholm, Sweden

Introduction
Evidence of late- and postglacial seismicity and faulting have been claimed both in northern
Finland (Kujansuu 1964, 1972), in northern Norway (Olesen 1988, Olesen et al 1992), in
northern Sweden (Lundqvist & Lagerback 1976, Lagerback 1990, 1991) and, so far in a
smaller scale, in southern Sweden (Morner 1985, 1991 b, 1995 a,1995 b, Morner et al 1989,
Morner and Troften 1993). We are in this poster demonstrating how we are utilizing glacial
sediments in our attempts to prove that paleoseismic events have taken place in southern
Sweden and are emphasising on the use of varved clay chronology as a mean of recording
them.

The Vasterhaninge road liquefactions and clay deformations
• In the road cuts along a 8 kilometer long highway under construction, many impressive

liquefaction structures in silt and deformed varved clays are exposed.
• In some places the varved clay is totally deformed and even tilted into folded vertical

positions, i.e. the deformations post-date the deposition of these varves. In Berga there
are at least 40 varves, in Abrunna at least 30 and in Ribbylund an additional 113 varves
which are only partly affected. (Photo 1.1., 3.1. & 3.2.)

• The varved clay chronology can at this stage not be used for exact dating, a problem
which yet remains to be solved.

• Some of the liquefaction structures are eroded and covered by regressional sediments,
i.e. the liquefaction pre-dates the regression which took place some 5,000 years ago.

• The above mentioned data indicate that at least one. suggested paleoseismic event took
place at some time between year 10,700 and year 5,000 BP.

• Similar dewatering and possible liquefaction structures have been documented in
Olivelund to the south-west and in Turinge and Ryssjobrink to the west (Fig 1.).

The south-eastern Stockholm varved-clay record
• At least three deformed levels can be traced in the varved clay chronology of the area

(Fig 2.) with a time difference of about 20 years between them.
• Our cores are taken from several unconnected basins indicating that the deformations

were caused by regional processes. This, in combination with the great water depths
they were deposited in, exclude many causes other than paleoseismic events, which is
our suggestion

• Three different reasons for deformation features in clay varves caused by a seismic
event are to be expected:
1. Erosion due to slumping or strong bottom currents.
2. Deformation of the varves in situ, either on the top of the sequence or within the

record due to the material's preference to deform.
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3. Deposition of material which might be either redeposited clays or a more coarse,
flushed material.

• This method can give an exact dating up to one year near, but when the varves are
severely deformed, only a relative time, i.e. older or younger than some event, is
obtainable.

Results
The liquefaction structures:
If the liquefactions in Vasterhaninge, Olivelund and Turinge were caused by one. seismic event,
the maximum distance between the investigated localities, 40 km, would suggest a single event
of at least intensity (MCS) 7.6 (Galli & Meloni 1994), 8.4 (Galli & Ferreli 1995) or magnitude
(Ms) 6.5 (Tinsley et al 1985). If they represent the result of several seismic events, that would
indicate multiple events of at least intensity (MCS) 7.0 (Galli & Meloni 1994), 8.0 (Galli &
Ferreli 1995) each or magnitude (Ms) 5.0 (Tinsley et al 1985).

The varved clay record:
The dating, the repetition time and the areal extent of the three varve deformations have been
determined; the first (I) at -1112, the second (II) at - 1095 and the third (HI) at - 1073, i.e. a
spacing of 22 and 17 varves (years) respectively. We suggest that these deformation are dating
paleoseismic events with a reccurence time of about 20 years. The areal extent of the
deformations gives a clue of the intensity of the earthquakes which may be responsible also for
the liquefaction structures mentioned above. Complementary drillings (red dots) have been
carried out during 1996 but are yet not included in this chronology. With the knowledge
presently available it is our opinion that it was movements in the big east-west fault shown on
Fig. 1 that induced the described sedimentary deformations.

Conclusions
We suggest that the varved glacial clays in "the Swedish timescale" reflect a good record of the
seismicity during the time of deglaciation and that the Fenno-scandian Shield was subjected to a
much higher seismicity during that time than today. This seismicity must have been very
intensive - in frequency as well as in amplitude - and coincided with the period of greatest
isostatic uplift. Deformations observed in eskers, deltas and other sediments appear also to
provide a record of paleoseismic events, however, with less precise time resolution than in the
case of varve sequences.
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How do we recognize remnants of glacial water in the bedrock?

Eva-Lena Tullborg
Terralogica AB, Box 4140, S-443 14 GRABO

Predictions of future deglaciations and their influence on groundwater chemistry and hydrology, is
mainly based on the assumption "the past is the key to the future". It is thus of great importance to
characterise the glacial waters and to reveal the different proportions of glacial waters and ancient
marine waters present in the groundwater. What parametres could be used as fingerprints of a
glacial water? A mainly fresh water composition (low salinity) is expected for glacial meltwaters
although enrichments of dissolved components due to repeated freezing must be considered and thus
the chemistry alone is not a good indicater. In contrast, the 618O isotope signature should be
significantly lower for the glacial water than for present day precipitation or for any marine water,
due to cooler climate during glacial periods. 618O-analyses of subglacial deposits of calcites from
the Swedish weat coast (Samuelsson 1964; Tullborg & Larson, 1984) indicate oxygen istotope
ratios of glacial water in the range -25 to -21o/oo (SMOW). This is in agreeement with values
expected in glaciated areas.

14C-analyses on organic and inorganic material have been used to estimate mean residence times
of groundwaters. 14C is produced in the atmosphere and enters the groundwater when transported
as organic material or when CO2 (atmospheric or biogenic in origin) is dissolved in the groundwater.
It is generally accepted that 14C-analyses of fulvo and humic acids give the mean residence time of
the organic material (after corrections for variations in the atmospheric production by time and
fractionation of 14C during the biogenic processes; cf. Dickin, 1995). 14C-analyses of HCO3" is more
problematic as HCOf in the groundwater takes part in the HCO37calcite equilibrium and for
example dissolution of old calcite in the near-surface area drastically lowers the 14C content in the
HCO3" in the groundwaters. This is examplified by 14C/tritium analyses of groundwaters from
different wells in crystalline bedrock of Sweden (Smellie et al.f 1985) which show that modem water
with high tritium contents yields I4C ages of 3000 to 5000 years. It is also demonstrated by I 4C-
analyses of waters from the so called Redox Zone at Aspo, SE Sweden, where dissolution of calcite
lowers the I4C input to 66 pmC (3365 Y) in groundwater sampled at 15 m depth (Tullborg &
Gustafsson, 1995). In areas where the soil-cover is absent or very poor in organic substances the
content of 14C-rich HCO3" may be extremely low and the nl4C ages" extremely high.

The organic content in glacial waters can be assumed to be low and therefore 14C-analyses of
HCO3" may be the only way to get at least some information about the residence time of the water.
However, due to all the processes affecting the 14C-content in HCO3~ in the groundwater, MC should
be regarded as a time limited tracer. Despite all uncertainties it can be concluded that in the
crystalline bedrock with low subsurface production, all 14C is contributed from the surface in one
way or another. Therefore, low 14C-content (<12 pmC) and correspondingly low 618O isotope
signatures (significantly lower than 518O-values in the local precipitation) is still a good indication
of glacial melt water being involved. Such water is for example found at Aspo, (KAS 03100-300
m depth) (Smellie & Laaksoharju, 1992). Also in Fjallveden, 200 km north of Aspo, is water with
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low 618O isotope signature indicated (Fj2,500 m depth) although, the corresponding 14C content is
relatively high, 17 pmC (13 920 Y) (Smellie et al., 1985). In Klipperas, 100 km south of Aspo, fresh
water with very low 14C-content (c. 2 pmC, 30 000 years) is found at 400 and 600 m depths.
However, in this case calcite dissolution is expected to be the main source for the HCO3~, as the
organic content and thus the soil-CO2is very low in Klipperas (Tullborg, 1989). Furthermore, the
l8O values in the groundwater are similar or slightly lower than those of the present precipitation
(Smellie et al., 1987).

The very few observations of glacial water made so far may partly be explained by the post-glacial
evolution of the Baltic Sea which involves two early brackish/marine stages; Yoldia (10 300 to 9
500 years B.P.) and Littorina (8 000 - 4 000 years B.P). Of these the Uttorina Sea had a higher
salinity than the present Baltic Sea and due to this and the warmer climate prevailing during this
period it had higher 618O-values. The Littorina Sea/period is in southern Sweden characterised by
trangression which means that groundwaters with glacial meltwater and fresh water was inmixed
with brakish water with high 618O-values. This makes the traces of glacial groundwater much more
diffuse and careful interpretations of the different inmixed components are needed to reveal the
presence of a glacial end-member. Such interpretations have for example been carried out on data
from Hastholmen, southern Finland (Kankainen, 1986) and Laxemar, south-eastern Sweden
(Laaksoharju et al., 1995).

Conclusion

1) The glacial meltwater is characterised by significantly lower 518O-values than present
precipitation, correspondingly low 14C-content in HCO3~ and dominantly fresh water composition.
2) In the Baltic Sea region mixing of glacial meltwaters with younger Littorina Sea water (brakish
water with relatively high 618O-valucs) can make it difficult to distinguish the portion of glacial
water.
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Palaeoreconstructions of Late Pleistocene (40-10 ka) in Northern Eurasia
based on Radiocarbon-dated Oxygen-isotope Plots

Yurij K Vasil'chuk
Theoretical Problems Department, The Russian Academy of

Sciences.Vesnina 12, 121002, Moscow, Russia

and
Alia C Vasil'chuk

Institute of Cell Biophysics, The Russian Academy of
Sciences 142292, Pushchino, Moscow Region, Russia

Before answering the question "How can the oxygen isotope records of ice wedges be used in
palaeoreconstructions of Late Pleistocene?," we must address four other questions. The first,
"What can be done with oxygen isotope records?", the second "What has already been done?",
the third "How can be dated the oxygen isotope record?" and the fourth "How it can be
interpreted in terms of palaeoclimate?"

1. Oxygen isotope records is the single indicator for direct quantitative reconstructions of
palaeotemperatures.

2. W.Dansgaard, J.Gat, Y.Yurtsever, Yu.Vasil'chuk and others have received the
relationships, which allowed to interpreted oxygen isotope data in precipitation, glaciers
and ice wedges in terms of surface air temperatures.

3. We can date the organic matter from the host sediments of the thick syngenetic ice
wedges of Northern Eurasia. We have received 120 radiocarbon dates in time interval
40-10 ka B.P. (28 sequences were analized and detail oxygen isotope plots have
received). By this means we can dated both syngenetic ice wedges and isotope plots.

4. The atmospheric origin of the water of ice wedges is favorable to interpreted the oxygen
isotope records.

Now we can answer on the main question about significance of the oxygen isotope records of
ice wedges in palaeoreconstructions of Late Pleistocene. One of the important aspect of
oxygen isotope records of ice wedges is the possibility of palaeoclimate data receiving for
evaluation of the scale and time of Late Pleistocene glaciation, and oscillations of the ice sheet
distribution. It is conventional that period of great last movement of ice sheet is between 25-15
ka B.P. Of particular value is the clear determination of extreme oscillations of heavy oxygen
in ice wedges preserved from Late Pleistocene. It is demonstrated extreme low values during
all period 40-10 ka. Oxygen isotope data of ice wedges is not allowed to separate the
significant warm or cold time intervals, they point out on homogeneous cold air and ground
temperatures for all this period. Mean delta ISO value decrease in 8 per mill over a distance
somewhat less than 2000 km on the Western Siberia to the northern Yakutia: (from -22 to -30)
was found in Late Pleistocene ice wedges and the same decrease in 8 per mill (from -18 to -26)
is received on Holocene and modern ice wedges too. It is shown long time preserved type of
atmospheric circulation. It is important that the influence of Scandinavia ice sheet in this period
on oxygen isotope distribution was not sensitive.
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Syngenetic ice wedges are the most important palaeoindicator for landscape
palaeoreconstruction too. When we find non-deformed Late Pleistocene syngenetic ice wedges
on the vast coastal plains of Northern Eurasia, we can argue that the ice sheet is unreal for this
and the next periods in this area. It is established that areas, in which non-deformed Late
Pleistocene ice wedges occur in syngenetic permafrost sediments, have not been glaciate during
or after time of ice-wedge formation.
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Climate and Glaciation in Northern Eurasia
(Glaciation Response to Climatic Fluctuations in the Past and to Probable Future

Changes)

Andrev A, Velichko. Iouri M Kononov, Margarita A. Faustova
Institute of Geography Russian Academy of Sciences, Staromonctny 29, 109017 Moscow,

Russia

Up-to-date geological and geomorphological data and radiocarbon dates permit to reconstruct
the glacial system in (he Northern Hemisphere at the LGM and to follow its decay until the
Holoccnc. An asynchroneity in glaciers onset and, especially, in its decay reflects the glaciation
response to changes in climatic conditions (degree of warming and anticyclonic activity). An
asymmetry in glacial system dimensions (a notable decrease in glaciated area eastward) may be
convincingly explained by the atmospheric circulation pattern.
During the deglaciation, most conspicuous variations in ice margin dynamics of the large
continental ice sheets (Laurentide and Scandinavian) were primarily controlled by the climate
continentality and men by temperatures. Thus the Laurentide ice sheets response to temperature
fluctuations during the deglaciation was much faster and more variable; the ice sheet longer
stayed active.
At the beginning of the last glacial system decay, cold and dry climatic conditions resulted in the
ice margin retreat, especially well pronounced in the Scandinavian ice sheet A rise of
temperature between 13.5 and 10 ka BP produced different response of glaciers in humid
oceanic regions on one hand, and in dry continental ones, on the other. Humid regions were
characterized by deep oscillations, while in arid ones the glacial rhythms appeared attenuated,
and the deglaciation proceeded mainly in regressive way. A general wanning at the end of the
late glacial resulted in irreversible, primarily step-like ice decay, fluctuations of glacial budget
were superimposed on general climatic changes resulting in autonomous dynamic of individual
glaciers which was most pronounced in insular ice domes.
An estimation of glaciation response to probable climatic changes in future is based on a
scenario derived from paleo-analogues corresponding to two levels of global warming of near-
surface atmosphere (by 1 and 2°C). A prediction has been made on the changes in principal
parameters of glaciation on the islands of Eurasian Arctic. The calculations predict mat in case
of global warming by 1°C Iceland would be completely deglaciated, and the glaciated area of
other Arctic islands would be considerably reduced. An especially pronounced decay of glaciers
is to be expected at the Novaya Zemrya islands. The ice sheet wul most Hkery disappear
completely in case of global warming by 2°C. An increase in precipitation would not
compensate for melting.
A response of mountain glaciers to climatic changes wul be basically different from that of
glaciers of Arctic islands. In a number of mountain regions under consideration, the glaciation
will develop in case of global warming. While expected deviations in temperatures are all but
negligible, the precipitation is Kkcry to increase considerably which is a favorable factor for the
glaciation development It controls the ELA (coefficient of correlation is -0.96). - the parameter
we have chosen as the principal indicator of glaciation state under condition of the predicted
warming of climate.
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Evaluation of the Impact of Glaciation and Erosion on the Hydraulic Pressure
Distribution in a Tight Marl/Shale Formation at Wellenberg, Central Switzerland

Pascal Vinard
National Cooperative for the Disposal of Radioactive Waste, Nagra

Hardstr. 73, CH-5430 Wettingen, Switzerland

Since 1990 Nagra has been carrying out a site-investigation programme for the disposal of
short-lived radioactive waste at Wellenberg, Central Alps (Fig. 1). Both packer test data and
long-term pressure measurements in five exploration boreholes drilled into an
overconsolidated ultralow permeability marl/shale aquitard indicate a huge pressure depletion
(Fig. 2, measured head values) increasing towards the centre of the formation. The
Wellenberg site underwent a series of glacial events and associated changes in topography in
the last one million years which induced long-term changes in the hydrodynamic regime.

Previous work considered the unloading of the aquitard only as a response to glacier retreat.
Terzaghi's 1-D analytical formulation of stress-pressure relationship was first applied (Vinard
& McCord, 1992), followed by numerical 2-D simulations, using a fully coupled hydraulic-
mechanical code (ABAQUS, Vinard et al., 1993). In both cases, the pattern and relative
magnitude of the computed underpressuring corresponded reasonably well with the hydraulic
head data observed in individual boreholes.

In reality, glacier retreat in mountainous regions result also in slope instability and
enhancement of erosive processes; these processes produce irreversible changes in
topography, which on one hand tend to compensate in the valley sides glacier unloading by
sediment accumulation, and on the other hand, enhance the effects of unloading on the slopes
due to the greater specific weight of sediments as compared to ice. Therefore, a new 2-D
model was built up incorporating topographic in order to produce a more realistic pressure
distribution. Based on a recent synthesis of available geomorphologic data (Klemenz, 1995),
a multi-step model scenario covering the two last main glacial events (Riss, Wiirm) and
extending up to the present day (Fig. 2, Tab. 1) was implemented.

In this model, the change in pore space caused by erosional unloading is represented by the
equivalent change in pore-fluid volume, because the mathematical term describing the
change in stress occupies the position of a source term in the general groundwater flow
equation (Narasimhan and Kanehiro, 1980). Therefore this "source term approach" allows the
performing of simulations with variable boundary conditions (reflecting topographic changes
with time) by using a standard code for transient groundwater flow (Senger et al., 1987),
what is valid provided the stress distribution associated with topographic changes is
negligible, which is the case in situations where the removal of overburden is small and
gradual in comparison with the total thickness of the investigated aquitard.

Unlike expected, preliminary model results suggest a) that glacier unloading still plays the
governing role in producing underpressures, quaternary erosional unloading - even including
the landslide on the western slope of the Eggeligrat saddle (Fig. 2) - seems only to modify
slightly the pressure distribution and b) that considering only the last glacier event is
sufficient to simulate pressure distributions close to observed, this because the "relaxation
time" period between Riss and Wiirm glacial events is apparently long enough to almost
dissipate the underpressures caused by the older ice age. These results are currently being
tested using a 3-D modelling approach and alternative model scenarios.
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Problem of Postglacial Reactivation in the Eastern Part of the Fennoscandian Shield
(Russian Karelia)

Vuorela. Aimo Kuivamaki
Geological Survey of Finland, Betonimiehenk. 4, 02150 Espoo, Finland

General idea is that the bedrock in the Fennoscandian Shield is under a constant slow motion
mainly caused by the postglacial landuplift. In the northernmost part of the region postglacial
fault scarps have been found which indicate sudden bedrock movements. Such faultscarps
have not been found in southern parts of the shield. The movements have been dated to about
8500 years ago, just after melting of the glacial ice cover. After that event the sediment
stratigraphy show no clear indications of disturbances. Quite new types of results have been
discussed in Russian Karelia (Lukashov, A. 1995).

Landslides and faultscarps caused by young seismic events have been reported in different
parts of Russia and these observations have given an idea of having similar or analogical
structures and events also in the Precambrian bedrock of Russian Karelia. High vertical
terraces have been found in the bedrock and Russian geologists have related them to
repeating young (postglacial) strong seismic events. The time interval between the four
postglacial seismic events and also paleoseismic dislocations have been claimed to be little
more than 2000 years. Strongest events have had a magnitude of about 7 in Richter scale.
Various kind of evidence have been used to interpret the intensity and time scale of events.

Height of the bedrock terraces is about 30-40 m and wide alluvium deposits contain large
bedrock blocks which have been thrown away from the terrace wall. Seismogenic origin of
rocks falls have been confirmed by calculating correlations of scarp height, thickness of
conglomerates and distances of blocks thrown away from the terrace wall. Comparances have
been made of the rate of the retreat of the scarps as a result of weathering or seismogenic
brecciation.

Finnish geologists have made expeditions to the region. The effect of lithology and type of
fracturing have been evaluated to find out which magnitude of earthquakes is needed to
create the observed phenomena. Fracturing of the bedrock in fracture zones, in which the
high scarps occur, is related to wide regional bedrock structures with an evidently ancient
evolution history. But there exist however certain large rock falls, which can only be
explained as postglacial events. Until now the Finnish working group has not succeeded to
identify any disturbed sedimentary layers or seismites in drill cores of lake bottom sediments.
Co-operation with Russian geologists will be continued for studying the rest seven regions
with reported seismic dislocations.
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Isotopic systematics and paleohydrology of the fracture fillings and deep saline
groundwater at Laxemar, Sweden.

Bill Wallin
Geokema AB, Ronnvagen 9, S-181 46 Lidingo, Sweden

Zell Peterman
U.S. Geological Survey, MS 963, Denver CO 80225, USA

Isotopic compositions of carbon (813C), oxygen (S18O) and strontium (887Sr) in calcite
fracture fillings and deep saline groundwaters are being used to reconstruct the source and
evolution of the groundwater at Aspo and Laxemar, at the Aspo Hard Rock Laboratory (AHRL),
south-eastern Sweden. The fracture fillings mark the pathways of past fluid movement so an
understanding of their genesis is particularly important for understanding the paleohydrology in
the area. The utility in applying the multiple-isotope approach to groundwater and fracture
minerals derives from the fact that the different systems represent different processes.

The isotope data in the groundwater at Laxemar suggest two major groundwater types; a
fresh groundwater with a uniform isotopic signature, typical of meteoric water, residing above
1000 m, whereas the deep saline groundwater below 1000 m show a significant deviation from
the meteoric water line.

The calcites precipitated from groundwater in the fractured crystalline rocks at some time
in the past, and 813C, 8I8O and 887Sr values of the calcites reflect those of the source waters. At
depth in excess of 900 meters, 887Sr (-5.6 to +8.4 o/oo) correlates positively with 8I8O (+8.8 to
+20.5 o/oo) and negatively with and 813C (-0.8 to -7.5 o/oo); 887Sr varies inversely with Sr
concentrations (46.8 to 455.6 ppm). The 818O values (+8.8 to +20.5 o/oo) suggest that most of
the calcites have not formed from the present-day groundwater although some of the larger 818O
values could reflect equilibrium with groundwater under current in-situ temperature. Similarly,
the low 818O values (+8.8 to 9.8 o/oo) could have formed from groundwaters but at temperatures
30°C to 40°C higher than ambient (approximately 18°C). If the spread in 818O values for the
calcites were the result of increased temperature, the temperature distribution within the source
water was probably strongly advective.

The stable (813C, 818O) and radiogenic (887Sr) isotope systematics shown by calcite fracture
fillings at Aspo record a paleohydrochemistry which is very much different than that of present
day groundwater system. Conversely, it seems unlikely that the present-day groundwaters are
dissolving calcite veins or the 887Sr values in the water would show much greater variability. The
coupled variations in oxygen, carbon and strontium isotopes at depth in excess of 900 m indicate
the presence of different groundwaters in the past, which in view of the glacial history of the
region, is not surprising. Correlation of the 887Sr with Sr concentrations, could reflect water-rock
interaction. The order-of-magnitude difference in Sr concentrations coupled with the isotopic
differences suggests large compositional variations in the source waters; calcites containing
smaller 887Sr values and larger Sr concentrations would have precipitated from waters with the
largest dissolved load. Such waters could derive their dissolved ions in part from water-rock
reactions. The small 887Sr values of some calcites could reflect preferential interaction with or
dissolution of plagioclase feldspar, a process suggested to explain unradiogenic (small 887Sr
values) Sr in deep saline waters of the Canadian Shield. Plagioclase from a sample of typical
granodiorite at Aspo has a 887Sr of -6.4 o/oo which is consistent with the low 887Sr values of the
high-Sr calcites. The relatively heavy 813C values (-0.8 to -7.5 o/oo) for all the calcite fracture
fillings seem to indicate an equilibrium effect, reflecting a nonbiogenic origin, presumably a
deep-seated carbon source.
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SKB's Research Project on the Impacts of Long-term Climate Change
on Sub-surface Conditions

Thomas Wallroth". Geoffrey S Boulton1', Lars O Ericsson31, Gunnar Gustafson" &
Urban Svensson4)

"Department of Geology, Chalmers Univ.of Technology, S-412 96 Goteborg, Sweden
2> Department of Geology and Geophysics, Univ.of Edinburgh, Edinburgh EH9 3JW, UK

"Swedish Nuclear Fuel and Waste Management Co, S-102 40 Stockholm, Sweden
4) Computer-aided Fluid Engineering, Krokvagen 5, S-602 10 Norrkoping, Sweden

In evaluating the impacts of long-term climate change on underground waste repositories, it is
important that we understand the effects of loading by glaciers, freezing by permafrost, and
meltwater flow beneath both glaciers and permafrost. In order to increase the overall
understanding and investigate the impacts of these processes on a particular waste repository
site, a programme of research is conducted by the Swedish Nuclear Fuel and Waste
Management Co (SKB) (Ericsson et al., 1994; Wikberg et al., 1995).

A time-dependent, thermo-mechanically coupled, three-dimensional model of ice sheet
behaviour has been developed at the University of Edinburgh (Boulton and Payne, 1992;
Boulton et al. (1993; 1994). The time-dependent behaviour of the ice sheet model was
examined along a flowline running from the continental shelf of Norway to central Poland.
The model was constrained by the presumed time/distance fluctuation of the Weichselian ice
sheet along the transect and tested by comparing output with geological data.

The ice sheet model is used to provide boundary conditions for hydrogeological models in
terms of e.g., ice loading history, permafrost distribution and thickness, and subglacial melt
rates. The glacially-driven and permafrost-influenced groundwater flows are integrated over
areas very much larger than conventional groundwater catchments because of the continent-
wide integration of the driving heads. Large-scale models are therefore required for
calculations of regional boundary conditions for site-specific groundwater flow modelling.
Three different scales have been selected in this project, a 1000-km scale (continental), a 100-
km scale (regional) and a 10-km scale (site-specific). The site-specific modelling is carried
out for the well-characterised area around Aspd in order to facilitate the development of a
geological model with relatively reliable hydraulic properties and where the
hydrogeochemical sampling and analysis programme enables comprehensive testing of the
groundwater modelling.

For the two largest scales, the glaciation model was coupled to a finite-element model of
subglacial Darcian groundwater flow. Simulations have been carried out for the last two
glacial cycles. The output from these vertically-integrated groundwater flow models was a
description of time-dependent flow that was used to drive numerical groundwater models for
the extended Aspd area, using a high-resolution finite-volume based model including a
particle-tracking algorithm.
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The computation of ice load and water pressures beneath the ice sheet is also a basis for
computation of effective rock stresses. Investigation of potential reactivation of joints and
faults as well as induced new fracturing is an essential component of the project, since the
hydrogeological parameters can be radically altered by changing stress regimes.
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Evaluation of the Influence of Glacial and Periglacial Effects
on the Hydrogeological System in the Frame of a Performance Assessment

of the Geological Disposal of Radioactive Waste in a Clay Layer

Isabelle Wemaere. Jan Walravens, Geert Volckaert and Jan Marivoet

SCK»CEN, Waste and Disposal Unit, Boeretang, 200, B-2400 Mol, Belgium

In the framework of the performance assessment of the geological disposal of radioactive waste
in the Boom Clay at the Mol site a systematic scenario study (Marivoet, 1994) has indicated that
the expected evolution of the climate has to be taken into account in the consequence analysis
of the normal evolution scenario. This makes that also the potential impact of future glaciation
on the behaviour of the repository system has to be considered. Indeed glacial stages are expected
to occur in the next 100,000 years at about 25,000 years and 55,000 years (Berger et al., 1991).
The glaciations will drastically change the biosphere and they will strongly modify the water
flow in the aquifer system because they cause changes in the rates of the meteorological
infiltrations and in the properties of the upper aquifers frozen by permafrost. Also, the
consequent lowering of the sea level will strengthen the river erosion.

Hitherto it was assumed on the basis of a Dutch study (Wildenborg et al., 1990) that during a
glaciation the permafrost front might reach a maximum depth of about 100 m and consequently,
in the case of the Mol site, it should not affect the host formation, i.e. the Boom Clay, which is
located between 180 and 280 m depth. The depth that the permafrost front may reach can be of
paramount importance for the performance of the repository system. Indeed the essential barrier
of a repository system in clay is the host clay layer which very efficiently confines most of the
disposed radionuclides. Therefore the depth that the permafrost front may reach during a
glaciation is further examined with simulations specific for the Mol site.

The simulations are carried out with the PORFLOW code (Runchal, 1994) which is a numerical
computer code based on the finite volumes method and which allows to model in 1, 2 or 3
dimensions, if necessary coupled, flow, transport and heat transfer. For the following simulations
a one-dimensional model is applied.

A first verification has been carried out by comparing the Dutch calculations of the permafrost
depth with those obtained with the PORFLOW code. A second verification consisted in
comparing a temperature profile simulated with PORFLOW with a measured one in the Mol
area. Excellent agreement is obtained in both cases.

Simulations of temperature profiles under glacial conditions have than been performed for the
Mol site, assuming constant temperature at the top of the lithological column or ground surface
and that no convective transport or heat exchange occur via ground water flow. Different thermal
conductivities are taken into account according to the state and the lithology of the layers: frozen
or unfrozen, sand or clay. The temperature profiles calculated respectively by considering
constant (unfrozen) characteristics and by considering phase changes and latent heat of freezing
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are shown in Figs. 1-2. In both cases an initial temperature of 10°C and a boundary temperature
of-10°C are applied at the top of the column. The obtained results show that the consideration
of the changes of the thermal characteristics of the soil layers with freezing drastically modifies
the calculated temperature profiles and the estimated penetration of the permafrost front in the
soil. In other simulations the mean air temperature estimated for the Weichselian glaciation is
imposed on the top of the modelled lithological column. The influence of the lowering of the
water table on the calculated temperature profiles is also evaluated.

-100

t -200-

-300

-400

\ 3000
steadyX
state \

T prolies
Unfrozen

saturated soil

, \ \ \
•10 0 10

Temperature fc)
20 0 1,0

Temperature (*c)

Figure 1. Temperature profiles calculated by
considering an unfrozen and saturated
lithological column under glacial conditions
from 0 to more than 3000 years.

Figure 2. Temperature profiles calculated by
considering phase changes and latent melting
heat in the lithological column under glacial
conditions from 0 to more than 3000 years.
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