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FOREWORD

Ice ages have occurred repeatedly but irregularly throughout geological history. The
Quaternary has been a period of cyclic fluctuations in climate, when great ice sheets have
grown and melted in the Northern Hemisphere. These glacial-interglacial cycles have
strengthened during the last million years, so that it is very likely that they will also occur
in the time-span considered for the disposal of spent nuclear fuel. Based on the present status
of knowledge, this report discusses when future glaciations will occur and the possible
changes in the geosphere that might be of importance for repository performance. The
report is intended to be used as a basis when developing scenarios for the safety analysis of
a final repository for spent nuclear fuel.

The principal processes predicted to occur during future glaciations which are likely to be
of importance for a repository were initially formulated at working meetings and finally
discussed at a seminar held in Helsinki on June 13,1990. The state of the art was reviewed
in two reports, by Eronen & Olander (1990) and Bjorck & Svensson (1990). The report by
Ahlbom, Aikas & Ericsson (1991) constituted a synthesis of the results of the above-
mentioned meetings and reports, together with other relevant data. During the spring of
1991, a draft version of that report was reviewed by Prof. G.S. Boulton and many of the
improvements suggested by him were implemented. In 1998-99 Dr. Lars Forsstrom revised
1991 report. This new report is based largely on the previous one, so that some chapters have
been cited directly from it. The most important alterations and additions compared with the
previous version are connected with the forecasts of the future development of the
Fennoscandian ice sheet, the compiling of which has involved the use of new climatic
models and recent knowledge about the glacial history of the Quaternary.
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1 GENERAL

The world's climate will be dominated by growth and melting phases in the ice sheets for
the next 100 000 years in the same way as it has been in similar periods for the past million
years. This forecast is based more than 20 years of research which has clearly demonstrated
that glaciations have occurred periodically for at least the last two million years. There is
also overwhelming evidence that the occurrence of glaciations is triggered by small
periodic changes in the earth's orbit around the sun (Milankovitch orbital parameters)
resulting in changes in the amount and distribution of the solar radiation reaching the earth.
Since it is possible to calculate these periodic changes for the future, predictions can also
be made regarding future glaciations.

Astronomical data indicate that we are approaching the end of an interglacial (warm) stage
and the climate may be slowly developing towards glacial conditions. Anthropogenic
(human) effects such as the greenhouse effect may delay the change-over to glacial
conditions, however, and it even seems possible that if future CO2 concentrations are
constantly as high as nowadays, the ice sheets will not grow at all and we will have a very
long interglaciation (see Berger & Loutre, 1997). This possibility is still difficult to assess
quantitatively, however. The following glaciation scenario models therefore choose to
consider climatic trends as being unaffected by human activities. They have been construct-
ed because future changes in the global climate are often thought to influence the long-term
performance of a final repository for spent nuclear fuel.



2 THE GLACIATION SCENARIO

The aim of this glaciation scenario is to identify and describe the conditions that might
influence the performance of a repository during a glaciation cycle. A realistic description
of these conditions is aimed at in this report.

The means to achieve this are:

1 an overview of the various mechanisms and processes involved in a
typical glaciation cycle (this report)

2 identification of the processes and mechanisms that might influence
repository performance, and

3 assessment of their influence on man and his environment.

This report concerns the first point in this list. The scenario covers the time from today to
the next interglaciation, i.e. the next time that climatic conditions return to the present level,
and thus make human life possible again. Such a warm climate will probably occur in an
interglacial stage around 120 000 years from now or still later. Only a brief description will
be presented of the expected climatic conditions after that time.

It is recognized that the prediction of how a glaciation stage will develop must be beset with
substantial uncertainties. Since, however, any large glaciation, irrespective of the existence
of a repository for radioactive waste, will substantially change most environmental
conditions for man's existence, a detailed evaluation of possible future doses is not
meaningful. The primary purpose is to see if the existence of a repository might in any
substantial way restrict man's use of his natural environment in a period when the glaciated
area is settled once again.



3 FUTURE GLACIATIONS

3.1 General

This report describes the timing, extent and duration of future glaciations, and also discusses
for each glaciation cycle the extent of permafrost, thickness of the ice, down warping of the
earth's crust and relative sea-level changes, mainly with reference to the Stockholm-
Helsinki region. The effect of a repository on man during a glaciation cycle will depend on
the biosphere that can exist and on the use made by man of the groundwater and the land.
The climatic situation during the "warm periods" between and within the glaciations
(interglaciations and interstades) will be discussed from this point of view.

The term glaciation, or glacial, denotes a cold period with a large build-up of ice sheets.
Stades or stadials represent cold episodes with ice advances within a glaciation. Interstades,
or interstadials, are temporarily warmer periods within a glacial cycle (glaciation), with a
climate colder than nowadays, while interglaciations (interglacial stages) are major warmer
periods between glaciations, with a climate similar to the present or warmer.

3.2 Climate models

The ACLIN (Astronomical Climate Index, see Kukla, 1979; Kukla et al., 1981; Matthews,
1984), Imbrie & Imbrie (1980) and LLN 2-D (Berger & Loutre, 1997) models for the future
climate have mostly been considered consulted when developing the glaciation scenario.
Although the ACLIN model is calibrated to the past marine climatic record, its output is
mainly related to Milankovitch orbital parameters. In the Imbrie & Imbrie model the output
from the orbital parameters is tuned to six radiometrically dated events in the past. The LLN
2-D model is compared with the variation in the oxygen isotope ratio in deep-sea sediments.

3.2.1 ACLIN model

The output from the ACLIN model consists of indices (Fig. 1), where those exceeding 4.3
are judged to represent interglacial conditions, values between 4.3 to 3.6 represent
temperate interstades, those between 2.5 to 3.6 represent interstades and those less than 2.5
represent stades. The output for the period -1 million to +1 million years is presented in
Figure 1. As can be seen in the figure, the model suggests regularly occurring glaciations
(about 40 stades/million year).

The output of the model for the last interglacial-glacial cycle, the Holocene, and the forecast
for the next 60 000 years are shown in Figure 2. The ACLIN curve suggests that we are now
in the final stages of a true interglaciation. Between now and the next interglaciation, the
climate should remain predominantly cold except for two more temperate interstades.
Temperatures will gradually reach their first minimum around 5000 years from now.
Considering the short time, it is not clear whether this period will actually result in a major
growth in the glaciers. There is a high probability, however, that real glacial phases will
occur around 23 000, 60 000 and 100 000 years from now. Interstadial conditions will
prevail between these three stades. The next interglaciation is expected at 120 000 years.



ACLIN ACLIN ACLIN

COo
T"

1 Y
E

A
R

S
T

IM
E

 IN

1000

950

900

850

800

750

700

650

600

550

500

450

400

350 -

300

0 1 2 3 4 5 6
I I I i I i i

- M j ^ S M B =Z**XZ*&r

£>"

^ I

—TT

I I

2.5 3.6 4.3

300

250

200

150

100

50

-50

-100

-150 -

-200 -

-250 -

-300

-350

-400 I-

0 1 2 3 4 5 6
J I j _ . . ' I ' L_

—-PI

> I I

-400

-450

-500

-550

-600

-650

-700

-750

-800

-850

-900 -

-950 -

-1000 -

0 1 2 3 4 5 6
_ l I I . I I . I L

2.5 3.6 4.3

2.5 3.6 4.3

Figure 1. Astronomical Climate Index (ACLIN) for the period from -1 million years to
+1 million years (from Matthews, 1984).
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Figure 2. Above: The ACLIN curve for the last interglacial - glacial cycle, the Holocene,
and the next 60 000 years. Below: The global sea-level curve (from Matthews, 1984).

3.2.2 The Imbrie & Imbrie model

The output from the Imbrie & Imbrie (1980) model (Fig. 3) describes variations in global
ice volume. It is comparable to the change in oxygen isotope ratios in deep-sea sediments,
which is indirectly a measure of the amount of water bound up in the ice sheets. This output
can be used to predict the extent of future ice sheets by comparing the predicted values with
known variations in 518O values for past glaciations (of known extents). As shown in Figure
3, the Imbrie & Imbrie model is cabable of simulating the last 250 000 years of climatic
changes very well.

Like the ACLIN model, that of the Imbrie & Imbrie shows that present day interglacial
conditions are gradually changing to glacial conditions, with the first maximum predicted
to occur at 23 000 years. However, no "cold peak" at 5000 years is predicted as in the ACLIN
model. The next maxima in ice volume will occur around 60 000 years and 100 000 years.

The Imbrie & Imbrie model suggests that the amount of ice bound in the continental ice
sheets during the 23 000 year stade will be similar to that in an early phase of the last
glaciation (isotope stage 4, around 60 000 years BP) when great parts of Fennoscandia and
North America were covered by ice. The ice sheet would probably extend to the Baltic
countries, but the ice advance predicted around 60 000 years might extend further south, to
the coastal areas of Poland and Germany, covering the whole of the Baltic basin.
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Figure 3. Input and output of the Imbrie & Imbrie (1980) response model, compared with
isotopic data on climate in the past 250 000 years. A — orbital input, B = model input, C
= oxygen isotope curve (Indian Ocean), D = oxygen isotope curve (Pacific Ocean).

3.2.3 Other older models

Apart from the ACLIN and Imbrie & Imbrie models there are several other fairly old models
for future climates (Calder, 1974; Weertman, 1976; Berger et al., 1981, and Oerlemans &
van der Veen, 1984). All of these show a basic similarity in output, reflecting the
characteristics of both the record of geological change and Milankovitch fluctuations. Most
models predict a glacial phase at 60 000 years with a magnitude similar to the last glacial
maximum and with a duration of about 20 000 years. Most models also support the notion
of a first glacial maximum c. 20 000 years from now, while only one model (Berger et al.,
1981) contains the 5000 year maximum.

3.2.4 The LLN 2-D model

The Louvain-la-Neuve two dimensional (altitude-latitude) climate model (LLN 2-D
model) has been developed fairly recently (Gallee et al., 1992; Berger & Loutre, 1997). It
is a 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. The model has
been used to test the influence of several factors, including snow surface albedo over the ice
sheets, on the production of plausible glaciation simulations using astronomically derived
insolation and CO2 data from the Vostok ice core.



The forecast given by the LLN 2-D model for the future volume of glaciers in the northern
hemisphere is seen in Figure 4, where the atmospheric CO2 concentrations follow trends in
the last interglacial - glacial cycle (Berger & Loutre, 1997). This indicates that the volume
of the glaciers will vary very little during the next 50 000 years. No substantial growth in
the glaciers will take place until between 50 000 - 60 000 years from now. An even greater
ice advance will occur at 100 000 years AP. Fitted into the model, the glaciers of
Fennoscandia will begin to grow after 50 000 years, so that around 60 000 years AP an ice
sheet may cover the whole of Finland. In the second phase of ice advance, about 100 000
years from now, the ice sheet will reach to the southern coast of the Baltic Sea. These
conclusions are reached by comparing future maximum phases of the ice sheet with the
maxima of the Weichselian and Saalian glaciations and other well-known phases as shown
in Figure 4.

Northern hemisphere ice volume (106km3)

-2.0

2.0
-200 -150 -100

(ka BP)
-50 0 50 100 150

Time (ka AP)
200

Figure 4. Red line: Long-term variations in ice volume (10s km3, the right-hand scale) in
the Northern Hemisphere (volume increases downwards) according Berger and Loutre
(1997) simulated by the LLN 2-D model forced by insolation (Berger, 1978) and by CO2
reconstructed by Jouzel et al. (1993) for the past 200 ka and a CO2 scenario based upon
this reconstuctionfor the next 130 ka.
Blue line: 518O variations from SPECMAP (Martinson et al., 1987), a proxy for ice volume
changes over the whole Earth, relative to the present-day value (the left-hand scale). &8O
increases downwards. The difference between the LGM and the present-day is assumed to
correspond to48.6xl06 km3 of ice, which is equivalent to a sea level 125 m lower than today
(Marsiat & Berger, 1990). If we assume that there was less ice at the LGM, the
corresponding ice volume must be changed accordingly: A sea-level change of 105 m
(Peltier, 1994) would correspond to an ice volume change of about 41 x lffikm3.



3.2.5 Application of models

In using the models to forecast future glaciation in Fennoscandia two fundamental
hypotheses are put forward which influence the results. Firstly, it has been supposed that
the future glaciation will in principle be a continuation of approximately 100 000-year
glacial cycles, which have already repeated for almost one million years. The glaciers will
begin to grow at the beginning of each cycle, but will not reach their maximum until the end
of the cycle, before the following interglacial stage. A second supposition is that the
expansion and contraction phases of the Fennoscandian ice sheet will broadly follow
fluctuations in the volume of the world's glaciers, which are mirrored by available models.
This is not self-evident, because the Fennoscandian ice sheet has been much smaller (7.25
x 106 km3) than the Laurentide ice sheet (30.9 x 106km3) according to the reconstruction of
(minimum) global ice volumes by Hughes et al. (1981) and according to Denton & Hughes
(1981) (Fig. 5). If the models are distinctly in conflict with the first supposition, or do not
agree with the oxygen isotope data relating to the past, the final forecast has been corrected
in those respects or the conflict is mentioned in that connection.

3.3 Future deglaciation periods

As discussed above, both the ACLIN and the Imbrie & Imbrie models shows that the present
climate will gradually become colder until a fully glacial state is reached after about 23 000
years. The first somewhat "warmer" period (interstade) will occur between 30 000 - 50 000
years (the ACLIN model suggests a minor stadial within this period). Both models suggest
that periglacial conditions will predominate in southern Finland during the interstade.
Northern Finland and the main part of Sweden will probably still be covered by ice.

The next deglaciation period will occur between c. 65 000 to 80 000 years according to both
models. In the ACLIN it corresponds to the deglaciation 30 000 years from now, but the
Imbrie & Imbrie curve indicates a more significant deglaciation. The ACLIN version is
more probable, however, because it is in better harmony with the progressive growth of ice
sheets during a glaciation cycle. The next interglacial stage and the melting of the ice sheet
will happen 120 000 years from the present according to the ACLIN.

In the LLN 2-D model (Fig. 4) the glaciers will melt very little during the deglaciation phase
around 70 000 years from now. The deglaciation around 120 000 years AP will be much
more pronounced, but the ice sheet will still cover northern Finland.

3.4 Summary

Both the ACLIN and Imbrie & Imbrie models suggest glacial maxima at about 20 000,
60 000 and 100 000 years from now. The maximum at 60 000 years AP will be the largest
ice advance. Interstades will occur around 30 000 and 70 000 years AP, and in the ACLIN
model the next interglaciation will be at 120 000 years AP.

According to the LLN 2-D model the glaciers will begin to grow at about 50 000 years AP,
with maxima occurring at 60 000 and 100 000 years AP, as in the ACLIN and Imbrie &
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Imbrie models, but the latter ice advance will be much larger than the former. The
deglaciation phase at 120 000 years AP will be interstadial in nature rather than interglacial
as in the ACLIN model.

The LLN 2-D model differs from the older models to the extent that, for the purpose of the
Fennoscandian glaciation scenario, there is no reason to propose one "average" forecast.
The differences between the models are especially great for the next 50 000 years, and it can
be predicted that during this time the ice sheet will cover the main part of Sweden and
Finland, or else the area will continue to be ice-free throughout. After that the ice sheet will
in any case grow and remain large at least until 110 000 years AP.
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4 CONDITIONS DURING A GLACIATION CYCLE

4.1 General

This chapter presents some of the major characteristics and conditions of a "typical
glaciation". The aim is to present a background for later conceptual modelling and
evaluation of possible consequences for repository performance.

1. Each section is divided into two parts, an overview and a scenario. The overview part
summarizes the present knowledge, primarily based on the reports by Eronen & Olander
(1990) and Bjork & Svensson (1990), while the scenario part discusses what conditions
should be assumed in the reference scenario.

4.2 Permafrost and subglacial temperatures

4.2.1 Overview

An ice advance is generally preceded by tundra and permafrost, but this is not always so.
The formation of permafrost requires dry, cold conditions with mean annual temperatures
colder than 2-3 °C below zero. Contrasts in snow depth may significantly change the
relative depth of the permafrost when this is thin, but will be unimportant for deep
permafrost. Water bodies (lakes, rivers, sea) are important for permafrost distribution as
they have a large thermal capacity and tend to melt the permafrost through both by
conduction and groundwater advection. The length of the freezing period before the ice
covers the area and local effects such as topography and wind, can also influence the
formation and distribution of permafrost. In general, permafrost will reduce groundwater
recharge.

During the last glacial maximum, about 18 000 BP, permafrost spread to extensive areas
beyond those covered by the ice sheets (Fig. 6). The proportion of forest in central and
southern Europe also decreased at this time, while that of tundra, steppes and deserts
increased (CLIMAP, 1976).

As the continental ice sheet grows and extends over frozen ground, the base of the glacier
will initially be cold. Geothermal heat will gradually raise the temperature at the base,
however, and if permafrost has been buried beneath the glacier this will begin to melt
gradually from the bottom upwards. If the temperature at the base of the glacier reaches the
pressure-melting point (- 1.6°C for a 2 km thickness of ice) the permafrost will also melt.
Thus glaciers can be either cold-based or warm-based, i.e. with the temperature at their base
either below the that required for pres sure-melting or above. The cold-based type dominates
in present-day ice sheets (Fig. 7).

During the freezing process dissolved ions are concentrated below the permafrost. If this
process continues for a long time the salinity of the groundwater may rise due to the
formation of ice.
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Figure 6. A reconstruction ofthepalaeogeography of northern and western Europe during
the last glacial maximum, about 18 000 BP (from Skinner & Porter, 1987).
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Figure 7. Calculated basal temperatures for the Antarctic ice sheet, contoured for each
10°C below the pressure melting-point. The blue areas are at the pressure melting-point
(from Embleton & King, 1975).

4.2.2 Scenario

Permafrost occurs both during ice advances and during deglaciations, but its extent and
thickness during a glaciation stage can vary considerably both due to global and local
conditions. It is therefore not possible at present to suggest a probable maximum permafrost
depth. Thus, for the purpose of the future glaciation scenario a wide range of permafrost
depths should be considered, the possible variation ranging from shallow to depths of more
than 500 m.

4.3 Ice sheet thickness and erosion

4.3.1 Overview

By far the largest ice sheet today occurs over the Antarctic continent, covering an area one
and a half times that of the United States. Its mean thickness is estimated to be about
2000 m and the maximum about 4000 m (Hughes et al., 1981). Several glaciological
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reconstructions of the last European ice sheet produce centre-height estimates at the glacial
maximum of the order of 2.5-3.0 km, with sub-ice depression between 900-500 m (Morner,
1979; Boulton et al., 1985; Oerlemans, 1982; Lindstrom, 1989).

When considering erosion, recent calculations (Hindmarsh et al., 1989) indicate that the
central part of the ice sheet has basal temperatures beneath the melting point, and thus there
is very little or no erosion, but this part is fringed by a broad zone of melting, with associated
erosion. Irregularities in the ice substrate in the melting zone will give rise to pressure
variations, so that the temperature will drop below the pressure-melting point at times,
causing the base of the glacier to freeze temporarily and the ground surface to attach tightly
to the basal ice in places, causing a powerful abrasion effect and detaching pieces of the
underlying material, which are then carried away by the glacial flow.

The erosional effect of a continental ice sheet will vary greatly in time and from one place
to another. It is therefore difficult to measure the extent of this erosion. Calculations have
nevertheless been made from the amounts of sediments derived from it. For example, the
mean depth of mineral soil in Finland is 8.3 m (Okko, 1964). Although, this estimate of
erosion is uncertain, there are other strong indications that erosion of the bedrock during a
single glacial cycle does not exceed 10 m. It could thus be concluded that erosion is not a
significant process in regions of low preglacial relief, such as Finland or Sweden (except
for the Caledonian mountains). Plucking and quarring are probably the most important
erosional processes related to ice sheets.

4.3.2 Scenario

The ice thickness at the centre of the ice sheet during the postulated future glaciation is
estimated to be 1500 m at 25 000 years AP (the maximum ice model). In the minimum ice
model Fennoscandia will be ice-free in that time. 60 000 years from now the thickness could
be 2000 m (maximum) or 1500 m (minimum), and at 100 000 years AP 2500 or 2000 m.
The centre of the ice sheet is assumed to move from the Caledonian mountains towards the
Gulf of Bothnia (NE Sweden) as the ice sheet grows. The maximum and minimum
thicknesses of the ice sheet in the Stockholm-Helsinki region will be 1500 m and 0 m at
60 000 years AP and 2000 and 1500 m at 100 000 years AP.

The average erosion during a glaciation cycle in the low relief areas of Finland and Sweden
will not exceed 5-10 m.

4.4 Deflection of the crust, downwarping and rebound

4.4.1 Overview

Glacially induced downwarping and rebound is in fact the best understood large-scale
crustal deformation process we know, and as such a key to the mechanics of other such
deformations. Its basic principle is the application and later removal of an extra load of
relatively low density upon a denser crust that has previously been in approximate isostatic
equilibrium and a viscoelastic response involving both the crust and the mantle. This is not
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a simple system to describe mechanically in detail, of course, and the processes are further
complicated by considerable shifts in the location of the maximum load during both loading
and deglaciation produced by internal flowlike movements in the ice and reflecting major
topographical features beneath the ice and shifts in the location of maximum precipitation.

Ice sheets provide loads of relatively high magnitudes and of such short durations that they
often do not achieve isostatic equilibrium in the geological time-scale perspective. The
time-lag involved in the process could be as much as 15 000 to 20 000 years. As a rule of
thumb, the maximum crustal down warping beneath a large ice sheet is estimated to be about
20-25 per cent of the maximum ice thickness although it is considerable less for ice sheets
of short duration.

The surface rebound decreases exponentially after the release of the ice-load on the bedrock.
Just after melting, and within the central parts of the glaciated area, the uplift rate may
exceed 0.1 m per year, but 10 000 years later it may be of the order of 0.01 m per year
(Eronen & Ristaniemi, 1992).

Different approaches have been used to determine the contours of the Late Weichselian ice
sheet (maximum extent at 18 000 years BP) and the amount of absolute down warping or
uplift due to it. Morner (1979) estimated a maximum absolute uplift of 800 m based on
ancient shorelines, although if the ice sheet was thinner than 3000 m or the earth's crust was
not in isostatic equilibrium during the maximum of the Weichselian glaciation, the total
uplift may have been less, perhaps close to the theoretical uplift response for 15 000 years
BP, as calculated by Fjeldskaar (1994) (Fig. 8).

An arch formation called a forebulge, will occur on the sides of the ice-dependent central
depression. The absolute height of this forebulge is very uncertain, because of the dynamic
stress situation during the glaciation, but at the full extent of a major glaciation, it is not
expected to exceed 100 m (max. 60 m in Figure 8).

4.4.2 Scenario

The crustal downwarpings presented below for the three postulated ice sheets are of course
speculative. They are mainly based on the assumption of 25 % maximum down warping for
each ice sheet. This will result in a maximum downwarping (values in maximum and
minimum models) at the glaciation centre of 375 or 0 m for the first glacial maximum
(20 000 years), 500 or 375 m for the second (60 000 years) and 625 or 500 m for the third
(100 000 years).

The crustal downwarping in the Stockholm-Helsinki region for these ice sheets is assumed
to be 0 m (20 000 years), 375 or 0 m (60 000 years) and 500 or 375 m (100 000 years). The
first ice sheet will not reach the Stockholm-Helsinki region, and so no downwarping will
occur.

There is some doubt as to whether a "migrating forebulge" exists during an ice advance, but
if such a forebulge is considered it could have a maximum height of 50 m.
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Figure 8. Theoretical uplift response in metres for time 15 000 BP (from Fjeldskaar, 1994).
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4.5 Sea-level changes

4.5.1 Overview

During continental glaciations an essential part of the water in the hydrosphere is
successively stored in the glaciers which causes the global sea-level to descend. Sea-level
changes are much dependent on the degree of glaciation. Due to the coupled effects of sea-
level changes and crustal displacements in response to glacial loading and rebound, both the
global and local sea-levels are complicated to predict.

The first order sea-level trends in Europe during a glaciation cycle are controlled by global
ice volume change, the largest component of which is the North American (Laurentide) ice
sheet. An ice advance down to the Stockholm-Helsinki region implies a global lowering of
the sea-level of approximately 50-60 m (cf. Forsstrom & Punkari, 1997), and a Fennoscan-
dian ice sheet of maximum extent (ice sheet down to northern Germany) lowering of
120 m (Fairbanks, 1989). The ice/bedrock interface in the central part of the ice sheet will
at this latter time be 500-600 m below sea-level (as is the case with present day Antarctica),
given that the maximum depression of the crust coincides in time with the maximum global
lowering of the sea-level.

Deglaciation generally implies a sea-level rise, but immediately after the commencement
of the ice retreat the land uplift may exceed the sea-level rise. During a major deglaciation,
one may assume that the sea-level in the Stockholm-Helsinki region would reach a level
about 100 m higher than at present (highest shoreline). The relative sea-level changes in the
Baltic Sea during the last (Weichselian) deglaciation are presented in Figure 9. During
periods of constant ice-masses the global sea-level is assumed to be constant and the relative
changes are due to delayed isostatic crustal adjustments.

In the context of discussing relative sea-level changes a rapid drainage of dammed extensive
ice lakes (of the Baltic Ice Lake type) may also be considered. As sudden water level
lowering of approximately 30 m may occur because of drainage through topographic
passes.

4.5.2 Scenario

During the onset of a glaciation stage a drawdown in the sea level will occur. For the first
glacial maximum (20 000 year), when the ice sheet may advance to Northern Finland, the
drawdown of the global sea-level may be about 20-30 m, while for the second (60 000 years)
it may be perhaps 60 m, and for the third (100 000 years) about 100 m.

No estimates have been presented of relative sea-level changes during the time when an ice
sheet covers the region, but in general the downwarping of the crust under the central parts
of the ice sheet results in a crustal position below sea-level.

During deglaciation the coupled effects of sea-level rise and isostatic rebound make it
difficult to estimate relative sea-levels (relative to a given point on the ground), but
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generally speaking, isostatic downwarping in present day low elevated coastal regions that
have been covered by a thick ice sheet for a long period of time will be greater than the
drawdown in sea-level. Thus the ice front in these region will occur "at sea" (Fig. 9).

BALTIC ICE LAKE 10 500-10 200 B.P. YOLDIA STAGE 10 000 B.P.

200 km

LAND SALINE WATER FRESHWATER ICE

ANCYLUS LAKE 9 000 B.P.

ISOBASES m.a.s.l.

LITORINA SEA 7 500-7 000 B.P.

Figure 9. Evolutionary stages of the Baltic Sea, according to Eronen (1988).
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On the other hand, for areas close to the maximum ice front, sea-level drawdown could be
greater than the isostatic downwarping and thus an ice front "on land" would result.

The first situation might apply to the deglaciation of the large 100 000-year ice sheet. The
assumed downwarping of the Stockholm-Helsinki region during this glacial maximum is
about 500 m. Although some isostatic uplift will have occurred before the ice front reaches
the Stockholm-Helsinki region, the area will still be covered by the sea.

The second situation may apply to the partial deglaciation of the large 60 000-year ice sheet
if the margin of the ice retreats to the Stockholm-Helsinki region about 75 000 years from
now. This melting of the ice sheet is so slow that the isostatic rise in the crust and a relatively
low sea-level (-40 m) will compensate for the preceding glacial downwarping of the crust.
The resulting sea-level at the ice front will therefore be below the present day coast line and
the ice front will thus stand "on land".

In the continuing deglaciation process the global sea-level will rise until present day sea-
level is reached. At the same time isostatic rebound will also occur. For most coastal areas
the resulting effect of these two processes will be submergence at first, followed by later
emergence. This will continue until isostatic equilibrium is reached or interrupted by a new
glaciation cycle.

It is estimated that the global sea-level will rise about 30 m from the glacial maximum at
60 000 years AP to the peak of the cold interstadial period at 75 000 years AP (from -70 m
to -40 m). The low sea-level during the interstade will be due to the great amount of water
still bound in the large ice sheets. The relative sea-level in the Stockholm-Helsinki region
during the peak of the ice-melting phase will be 20 m below the present coastline, as a result
of a residual downwarping of 20 m in combination with a global sea-level 40 m below that
existing at present.

4.6 Bedrock movements/reactivation of faults

4.6.1 Overview

Evidence of postglacial fault movements has been found in several parts of Sweden and
Finland, notably in some northern regions. Extensive work regarding the recognition and
location of such sites has been carried out over large areas, followed by special studies at
interesting ones. The most comprehensive studies so far relate to the Lansjarv area
(Backblom & Stanfors, 1989) and the Pasmajarvi area (Kuivamaki et al., 1998).

The overall finding is that postglacial fault movements have occurred within major zones
of older faulting, which have thus been reactivated. These faults would not escape detection
in a "standard" site investigation.

The results of hydraulic tests and groundwater sampling in the Lansjarv area revealed that
the hydraulic conductivity and groundwater chemistry in the surrounding bedrock are
comparable to those described at potential sites for a repository in Sweden (being sited more
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favourably). At Lansjarv the research also showed that the fault movement occurred shortly
after the ice sheet left the area. One can assume, that the main part of the movement in the
Pasmajarvi and other fault regions in northern Finland took place during the corresponding
time.

The causes of the faulting are not clear. Both strong postglacial uplift or the release of
suppressed tectonic forces by the load and insulation of large ice sheets (see Talbotet al. in
SKB TR 89-31) have been suggested. The latter suggestion is based on the present-day lack
of significant earthquakes beneath Greenland and Antarctica. It is suggested that the normal
plate tectonic forces in these areas are suppressed and stored elastically by the load and
insulation of the ice sheets (Johnston, 1987).

It is likely that similar reactivation of faults during deglaciation may have occurred in other
parts of Sweden and Finland. The occurrence of extensive new faults from the bedrock
surface down to repository depth has been suggested, but no evidence has so far been
demonstrated. Fault movements have probably been much smaller in southern areas than
in northern Finland or Sweden, however, because great movements seem to be related to
a very quick isostatic rebound in northern areas during the final melting of the Fennoscan-
dian ice sheet.

Numerical modelling of rock mass response to future glaciation at the Finnsjon site
(Rosengren & Stephansson, 1990) also showed that future displacements due to glaciation
and deglaciation will most likely occur in existing fracture zones. For example, when
isostatic movements were simulated in combination with ice loading and ice melting, stress
discontinuities and large displacements occurred at the major fracture zones in the model.
This was especially pronounced when simulating melting conditions during deglaciation.

4.6.2 Scenario

The scenario should include postglacial reactivation of a major older fault outside the
potential deposition area of the repository and without any significant effects on the
hydraulic conductivity and geochemistry of the deposition area.

The postglacial reactivation of faults seems to occur at the early phase of rebound at or
shortly after the retreat of the ice front from the area. Both of the above proposed causes of
postglacial faulting imply that the region must have previously been covered by a thick ice
sheet for a long time. This would have caused a major downwarping of the crust and thus,
for low-elevation coastal areas, the faulted area would be covered by a postglacial sea at the
time of faulting.

4.7 Hydraulic conditions during glaciation/deglaciation

4.7.1 Overview

At the early stages of a glaciation cycle the temperature and precipitation decrease. If
sufficiently cold, dry conditions are present, permafrost may form. In general, these
conditions will reduce the recharge of groundwater reserves to a great extent.
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Field data on hydraulic conditions at the base of the ice sheet or in the underlying bedrock
during major glaciations and deglaciations are still mainly lacking. Only a few boreholes
have penetrated the ice sheets of Antarctica and Greenland, but in at least one of these
(Antarctica) water was found at a depth of 2164 m at the ice base, possibly as a basal layer
of the order of 1 mm thick (Embleton & King, 1975).

As described in section 4.3, the calculations by Hindmarsh et al. (1989) show that the basal
temperature in the central part of an ice sheet will probably be below the melting point. Thus
no groundwater recharge/flow will occur in this part (stagnant conditions). Outside this
central part there will be a broad zone of melting (Fig. 10). Near the ice front, there may be
a narrow subglacial frozen zone. Typical melting rates (at the base of the ice sheet) will be
in the range 2-50 mm per year. Discharge will require a substantial piezometric gradient to
drive it, and will tend to induce strong groundwater flow in any aquifers. It will also reduce
the strength of subglacial rock joints by reducing the effective pressure (G.S. Boulton,
written comm., 1991).

4.7.2 Scenario

(Most of this section is based on suggestions by G.S. Boulton, written comm., 1991).

Conditions before glaciation, when tundra and steppe are prevailing, will be quite station-
ary, with changes mostly occurring in precipitation, which decreases. Permafrost may form,
and the result will be a decrease in groundwater recharge.

Figure 10. Principle of hydraulic conditions beneath an ice sheet. Scale is not linear.
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During glaciation the ice sheet will advance over an area in which continuous or discontin-
uous permafrost may have taken hold. This will ensure that the terminal zone , at least of
the advancing glacier, has a frozen base. It will warm up rapidly however, and give way to
a zone of melting as the glacier advances. If any subglacial rocks or sediments are of
significant permeability, either because of intergranular voids or fractures, subglacial
meltwater will be discharged as groundwater. The discharge will be driven by the slope of
the glacier surface, and groundwater will therefore tend to be discharged parallel to the
direction of glacier flow.

When subglacial transmissivity is low, the piezometric gradient will increase in order to
maintain the discharge. If the potential pressure in the subglacial water rises to equal the ice
pressure, tunnels will form at the glacier/bed interface, through which water will be
discharged. The "role" of these tunnels will be to ensure that the groundwater pressures are
less than the ice pressures. Permafrost beneath the glacier terminus, or beyond the glacier,
may seal off aquifers through which groundwater might otherwise be discharged. As a
consequence, subglacial water pressures may progressively build up, leading either to
instability and surging of the ice sheet, or to extensive hydrofracturing at the glacier/bed
interface, in the ice, or deep in the bedrock along zones of weakness, so as to permit the
meltwater to drain away. As the ice sheet extends further, the cold central zone will expand,
and some of the subglacial meltwater will freeze.

Typical decay rates for Quaternary ice sheets in mid-latitudes will produce 0.2-0.5 km3/
km/yr of meltwater in addition to normal runoff, significantly adding to river discharges.

4.8 Possible changes in groundwater chemistry

4.8.1 Overview

Very little is known about changes in groundwater chemistry that might occur at repository
depth (500 m) during a glaciation cycle, but one can envisage three major processes in which
it might be changed during the cycle.

Firstly, during the permafrost period (prior to the region being covered by the ice sheet)
saline groundwater might form under a permafrost layer due to an increase in dissolved ions
resulting from a fractionation-type freezing process (Boulton & Spring, 1986). This may
produce a downward percolating saline front which could extend to greater depths, via
density gradients, along large-scale penetrating fracture zones. Such a process might take
over thousands of years to occur.

Secondly, non-saline and oxidizing meltwater under the ice sheet and in the marginal ice
or at the ice front might infiltrate the rock due to great differences in groundwater heads.
These waters will probably be characterized by: a) low ionic strength, b) oxygen saturation
because of the atmospheric pressure, and c) low carbonate content due to a virtual absence
of microbial activity. In this case, deeply penetrating fracture zones would facilitate the
downward infiltration of alkaline, highly oxidizing groundwaters to some depth.
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Thirdly, with both lowering and rising of the relative sea-level during the glaciation cycle,
groundwater of both marine and non-marine origin may infiltrate the bedrock, leading to
a mixing of groundwater types.

During a lowering of the sea-level non-saline water will progressively replace saline water.
During this period increased alkalinity is to be expected due to the influence of clay minerals
previously in contact with seawater. This is accomplished by exchanging sodium ions with
calcium, thereby increasing calcite solubility. Saline waters will still dominate at greater
depths. During sea-level rise saline water will tend to progressively replace non-saline
types. Once again, deeply penetrating fractures would locally enhance such mixing
processes to greater depths.

Glaciation will furthermore remove older oxidized surface deposits and leave a fresh and
unweathered rock surface. Glacial deposits after the removal of earlier oxidation products
are generally unoxidized, and the preservation of sulphides, such as sphalerite, which is
extremely sensitive to oxidation, in such deposits is well-known. This can have a direct
bearing on the redox-potential of the groundwater, which will tend to be more reducing at
shallower depths.

Site-specific investigations on the Fennoscandian shield have shown that the present state
of groundwater mixing results from the last glaciation. Not only is it difficult to determine
the origin of the various water compositions, which tend to be derived from several sources
(e.g. marine, metamorphic, glacial melt, precipitation), but it is also difficult to determine
how many glaciation cycles they represent. Furthermore, the depth to which mixing takes
place will depend on the bedrock fracture frequency and depth of penetration. Studies of
present-day systems indicate that within sufficiently conductive fracture zones located in
a recharge area, oxidizing groundwater can extend, although restricted, down to depths of
500 m and perhaps more.

4.8.2 Scenario

The lack of data concerning possible changes in the groundwater chemistry makes it
necessary to consider groundwater compositions caused by all of the above processes.
Therefore, the scenario should include the possibility that the existing groundwater is to be
exchanged with both saline and non-saline water during a glaciation cycle.
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5 FUTURE GLACIATION SCENARIO

Even if reality turns out to deviate from the basic forecasts, the present scenario aims to
provide examples of basically realistic developments, serving as illustrations of what may
be expected. It should be noted, however, that these forecasts are made without consider-
ation of human effects on the climate. Based on the output from the ACLIN, the Imbrie &
Imbrie and the LLN 2-D models (chapter 3) and the conditions during a glaciation cycle
(chapter 4), the following climatic and other conditions have been selected to form the future
glaciation reference scenario. The maximum extensions of the postulated future ice sheets
in the scenario alternatives A and B are shown in Figure 11 a-c. The future development of
the Fennoscandian ice sheet is mainly comparable with the development of the Weichselian
ice sheet according to Forsstrom (1989, 1997) and Forsstrom & Punkari (1997). In the
Weichselian model of Holmlund & Fastook (1995) and especially in the version of Kleman
et al. (1997), the ice sheet stayed in the eastern part of the Fennoscandia for a good deal of
the glaciation, whereas the thermomechanical ice-sheet model of Huybrechts & T'siobbel
(1995) forecasts growth in ice sheets in extreme northern regions.

0 - 25 000 years AP

A (maximum ice volume according to the ACLIN and Imbrie & Imbrie models). The
climate in Fennoscandia will gradually become colder, permitting the growth of glaciers at
in the mountainous area of Norway and Sweden at 5000 years. Gradually the ice sheet will
enlarge, so that about 20 000 years from now the majority of Sweden and Finland will be
covered by ice. The Stockholm-Helsinki region will remain ice-free, however (Fig. 11 Aa).
Ice sheet thickness in the central mountainous area is 1500 m, and a crustal downwarping
of almost 400 m is expected there. Sea level will drop 30-40 m in the Stockholm-Helsinki
region. During the main part of this period there will be permafrost in ice-free areas of
Sweden and Finland.

B (minimum ice volume according to the LLN 2-D model). The climate will become cooler,
mountain glaciers enlarge somewhat, and permafrost will occur in mountainous areas (Fig.
1 IBa). Sea level will drop several metres globally.

25 000-50 000 years AP

A. The ice sheet will slowly become smaller during a milder climatic period, but northern
Finland will remain covered by ice. Sea level will rise 20 m and is estimated to be 10-
20 m below the present day coastline in the Stockholm-Helsinki region. Permafrost will
occur generally. Periglacial conditions will be similar to those prevailing nowadays in
Greenland.

B. The climate will become a little warmer than nowadays. The mountain glaciers will melt
and the areas of permafrost will diminish. Sea level will rise to a few metres above the
present coastline.
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50 000 - 65 000 years AP

A. A cold stadial phase with an ice advance. The cold climate of the previous period will
make the ice sheet respond rapidly. Ice advance will culminate around 60 000 years AP, by
which time the ice sheet will extend over the whole of Finland and far into the Baltic
countries (Fig. 11 Ab). The thickness of the ice sheet in its central part will be 2000 m and
crustal down warping 500 m. Ice thickness in the Stockholm-Helsinki region will be 1500
m and downwarping 300 m. The global sea level will be 60 m below present.

B. A rapidly growing ice sheet will cover the whole of Finland and will reach its maximum
60 000 years from now (Fig. 1 lBb). The ice front will be close to the Stockholm-Helsinki
line. The thickness of the ice sheet in its central part will be 1500 m and crustal downwarping
375 m. Global sea level will be 45 m below present.

65 000 - 80 000 years AP

A. The ice sheet will partly melt during an interstadial phase which will culminate about
70 000 years from now. The Stockholm-Helsinki region may remain covered by ice,
however. Global sea level will be 30 m below present. Periglacial conditions will prevail.

B. The ice sheet will melt a little around 70 000 years AP, but the majority of Finland will
remain covered by ice. Global sea level will be 40 m below present. Periglacial conditions
will prevail.

80 000 -115 000 years AP

A. The maximum phase of the glaciation. The ice sheet will extend to northern Poland and
Germany (Fig. 11 Ac), and its thickness in the central part will be 2500 m. Ice thickness in
the Stockholm-Helsinki region will be 2000 m. Downwarping will amount to 600 m in the
central part of the ice sheet and 500 m in the Stockholm-Helsinki region. Global sea level
will be 100 m below present.

B. The ice sheet will advance and cover almost the whole of the Baltic basin (Fig. 1 lBc).
Its thickness in the Stockholm-Helsinki region will be 1500 m and crustal downwarping
375 m. Global sea level will be 80 m below present.

115 000 -125 000 years AP

A. Interglaciation. The next warm stage, with a climate similar to present. The ice sheet will
melt almost entirely and global sea level will rise to the present level. The highest coastline
in the Stockholm-Helsinki region will be 80 m above present.

B. Interstade. The ice sheet will partly melt, but northern Finland will remain covered by
ice. Global sea-level will be 25 m below present. The highest coastline in the Stockholm-
Helsinki region will be 30-40 m above present. Tundra and periglacial conditions will
prevail.
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125 000 -160 000

A. A new glaciation cycle will begin.

B. The maximum phase of the glaciation. The ice sheet will cover the whole of the Baltic
basin.

160 000 -170 000

A. An interstadial phase.

B. Interglaciation. The next warm stage with a climate similar to present.

Figure 11. FUTURE GLACIATION scenarios. Illustration of the stadial periods. A (left
side) = ACLIN/Imbrie & Imbrie model, B (right side) = LLN2-D model, a = stadial around
20 000 years from now, b = stadial around 60 000 years from now and c - stadial around
100 000years from now. Estimates of future shorelines are highly speculative.
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