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Summary
I have read and reviewed the quality and credibility of SKB's SR 97 report, from the perspective of
my own expertise.

The climate and glaciation scenarios are described in detail and largely adequately supported by
data. The deficiencies that I have chosen to point out are serious from the point of view of principle. I
have not attempted to assess the significance of these deficiencies for a future repository.

The climate predictions used in the reports are internationally generally accepted models, which can
be said to be uncontroversial. However, they have been overutilized in that too much confidence has
been placed in the results. The uncontroversial part of the climate scenario is the predicted
development, that is, that there will be alternating cold and warm periods over the next hundred
thousand year period, like we have experienced during the last glacial cycle. However, time and
temperature data are naturally highly uncertain. As a reviewer, it is difficult for me to understand why
priority has not been given to reconstructing events that have occurred at the possible repository sites
studied in the report instead of performing general calculations based on the highly inaccurate future
scenarios. High resolution data are available from the last glacial cycle. Geological evidence is also
available which provides information on temperature conditions within and beneath the ice and,
thereby, also provides information on the hydrology of the ice and beneath the ice. We know a great
deal about these conditions, but nothing about the future.

The modelling of extent of the ice sheet is not significantly different from other model experiments,
which means that it largely reflects what most researchers consider to have occurred and likely to
occur. However, the modelling results relating to the temperature distribution are highly controversial.
These results are not supported by other modelling data, which on the contrary clearly indicate
temperature patterns in and beneath the ice, which deviate from SR 97. The classification into ice
divide zones and melting zones lacks a physical basis for the meanings given to these concepts in the
report Although these are only qualitative descriptions of the model designers' assumptions, the
results are used quantitatively. Furthermore, the coupling to hydrology includes irrelevant descriptions
of how the subglacial drainage in temperate glaciers has a seasonal variation, due to a hydraulic
coupling between the surface and the base of the ice. The ice sheets that have covered and will cover
Scandinavia are of a cold polar type, which lacks this hydrological coupling between the ice surface
and the base, apart from possibly in frontal zones. The report clearly describes the ice as temperate,
which must be considered to be an error that has a considerable impact on predictions concerning
the subglacial water flow.

GCM models have not been applied. The climate is complex and changes in the topography in the
form of a growing North American continental ice sheet, change the circulation pattern and, thereby,
the distribution of precipitation. Knowledge is available in this area, but this knowledge is not applied
in the report. Furthermore, the fact that no sensitivity tests have been conducted of the climate and
glacial scenario is surprising.



The Report

I have reviewed the sections concerning ice modelling, climate and hydrological phenomena in the
following reports:

1. Impact of Long-term Climate Change on Deep Geological Repository for Spent Nuclear
Fuel. (Main text plus Appendices) by Boulton, Kautsky, Moren and Wallroth.
2. Analysis of Groundwater Flow beneath Ice Sheets by Boulton, Zatsepin and Maillot.
3. Climate and Shoreline in Sweden during the Weichsel and the Next 150 000 Years by Moren
and Passe
4. Future Glaciation in Fennoscandia, by Lars Forsstrom, Posiva 99-30, University of Oulu
5. Deep Repository for Spent Nuclear Fuel. SR 97: Post-closure Safety. Background Reports,
Main Report Volumes I and II and Main Report with Summary.

General Comments on Scenario Development

The reports are based on a climate scenario, which is based on insolation conditions as well as on ice
modelling which describes the extent of the ice sheet, ice thickness and temperature conditions. With
respect to the paleoclimatological scenario, it is based on 518O analyses from mosses in France as
well as on deep-sea cores. The authors have not used ice cores from Greenland, which is surprising.
These cores are generally considered to have the highest resolution and to be the most thoroughly
measured climate series that are available for the northern hemisphere. However these climate series
only date as far back as the past 200,000 years and this is probably why the authors avoided using
them. Nevertheless, the authors could have used them in the ice modelling. The important thing is that
these data cover more than one glacial cycle.

The scenario for the predictions is based on astronomical factors, such as variations in the Earth's
orbit, the angle of the axis of the Earth and its wobbling as well as a prediction for variations in solar
activity. The climate prediction is a hundred thousand-year scenario which is in many respects similar
to the past one, which can be viewed as a reasonable result. The translation of the astronomic
variations into temperature data at the Earth's surface has been done using regression analysis with
proxy data for temperature over the past hundred thousand years.

Processes and Initial Conditions

Climate
The work is based on predictions of the future climate based on the astronomic variations in the
Earth's orbit around the sun, which results in a varying insolation to the Earth's surface. By studying
how the insolation should have varied over the past 100,000 years and by calibrating these
oscillations against proxy data for temperatures, we can obtain quite a good idea of the temperatures
during the last glacial period. However, it must constantly be taken into account that these are proxy
data and not real temperature data. Based on the ice drill cores from Greenland, for example, we
can say that the average annual temperature was 10-20 degrees colder than today, during the
maximum phase of the last glacial period. A more exact determination of the temperature is not
possible. This uncertainty is slightly less important to the modelling of the Weichsel glaciation, since
we can also utilize geological data to calibrate our models.



According to the forecast, the insolation conditions over the next 100,000-year period, will be fairly
similar to past ones. We can, with great conviction, state that we will have a glaciation which, in its
final phase, will correspond to the extent of the Weichsel glaciation. However, modelling ground
temperatures and ice sheets based on a guessed climate scenario is a dubious approach. The overall
characteristics will be captured, but there will be an enormous margin for error with respect to the
details.

Whether or not a glacial period corresponds to a climate that is 10 or 20 degrees colder than the
present climate has a considerable impact on the extent of the permafrost, for example. Permafrost
has occurred in large parts of Sweden during the last glacial period, which can be seen through
preserved sensitive landscape forms as well as through fossil ice wedges in the ground. Permafrost
also currently exists in northern Norrland and in the mountains and has a considerable impact on the
hydrological cycle, since it closes off aquifers. Near to the Tarfala research station, the depth of the
frost is currently about 200 m.

Another problem which is difficult to tackle and which is not dealt with in the report is the impact of
the ice sheets on the climate. Moren and Passe (3) state, on page 16, that they assume that three
large ice sheets will occur, over North America, Greenland and Scandinavia. On the other hand, they
do not write that the North American ice sheet will affect the climate in Scandinavia since the flow
patterns of the atmosphere within the West Wind Drift will be displaced. This can have a dramatic
impact on the wind direction and, thereby, on the precipitation pattern over Scandinavia. In the same
way, a Scandinavian ice sheet will affect an continental ice sheet over Siberia. However, this is not
taken up in the reports. In order to correctly understand how ice over Scandinavia will develop,
climate-coupled global models should be used, where flow patterns can be simulated, GCM models.

A wiser and more certain approach to the climate scenario for the future would be to study possible
deviations from the past glacial period and to take these into account when determining the details of
what happened in the past. The advantage of studying what happened in the past is that, in addition
to the uncertain temperature proxy data that exist, there are geological traces, which provide further
indications of what actually happened. Calculations of possible future scenarios are interesting but
lack credibility when they must be transformed into reality. One compromise would have been to
have a retrospective scenario in parallel with the future scenario. With or without such a
supplementary scenario, sensitivity tests must be conducted and reported. It is simple to add a
description of what would happen, for example, if there was permafrost throughout the entire
100,000 year period, or if the area were covered by a cold or warm ice sheet throughout the same
period.

Glaciation Model
The ice modelling leaves much to be desired. I have previously expressed my surprise that so much
confidence has been placed in a single individual, Jeff Boulton, who is not an authority on ice
modelling and who has not taken the effort to fully understand the issue. The modelling results are
controversial and have very little support in geological data. The most surprising aspect is the
temperature distribution in the ice that is described. The distribution between where the base of a
modelled ice sheet, which covers Scandinavia melts and where it is frozen is determined by physics
and the climate parameters provided as input data in the model. I have not had an opportunity to



study the structure of the model and to determine which sensitivity tests have been conducted.
Nevertheless, the presented temperature distribution is not very probable if a comparison is made
with other modelling attempts or with, for example, the current continental ice sheet in Greenland. In
accordance with most studies a "normal" base temperature distribution generally results in basal
melting conditions where the ice is thickest and outside this area cold conditions, apart for in a frontal
zone (ten or twenty kilometres) where the basal melting occurs again. It is naturally difficult to model
exactly where these zones lie. However, it is considerable importance for the calculation of subglacial
water flows.

A serious omission is that the author indirectly equates basal melting conditions with the ice being
fully temperatre that is permeable to melt water from the surface. This must be considered to be
directly incorrect or, at least, highly controversial. Polar ice of the type that has covered, or will
cover Scandinavia in the future, is being formed in a climate which is at least 10-15 degrees colder
than the present climate and the accumulation area of the ice sheet is within an altitude interval of
1,500-2,000 above seal level. With a normal adiabatic temperature decrease with height, this means
that the average annual temperature within the area, if we assume that it is located in the middle of
Sweden, is about -25 to -35° C . The ice that is formed will be very cold and this means that it will
be impermeable to any meltwater that can be formed at the surface at lower altitudes. The water will
not reach the bottom. However, an ice current or offshoots of the continental ice sheet which have
moved a long distance or has moved rapidly can, through internal deformation heat, reach the
pressure melting point at the base and be temperate at the front zone. One good example of this is
the westcoast of Greenland where a boundary zone with a breadth often to twenty kilometres
comprises ice, which can let through water from the surface. Only here is there a certain seasonal
impact on the subglacial water flow. This means that any talk about a seasonal variation in the water
flow beneath the ice sheet must be considered to be incorrect as long as the front zone is not taken
intended.

The potential impact of water, in a randomly selected site in Sweden, from a future continental ice
sheet should be significant when the ice front passes the site. After this, the best guess is frozen
conditions. An exception is the southern part of the Gulf of Bothnia where we can expect that the
maximum size is to occur as well as the fact that we have an ice flow in the Baltic at the maximum
extension. In these areas, it is probable that there will be melt water from the base of the ice as well
as glacial erosion. If we move in a westerly direction, there is no reason to believe that basal melting
conditions will occur. We can expect deep permafrost there. Therefore, there is a very large
difference between Aspo, on the one hand, and the Smaland highlands on the other hand. The same
applies wherever conditions are studied anywhere along the coast.

In summary, it can be said that the description provided in SR97 of the extent of the ice cover is
probably reasonable, its base temperature conditions are controversial (incorrect in my opinion) and
the vertical temperature distribution of the ice contains considerable misinterpretations. No
connection is shown between Boulton's model and the temperature results given namely the climate
parameters that were applied in this particular calculation.

These views affect the groundwater flow in the potential sites during a glaciation. Adjustments of the
calculations, along the lines of what I have suggested, would probably lead to a reduced potential



water flow at a repository site although, on the other hand, it can affect the stresses in the rock during
a glaciation.



Detailed Comments

4. Future Glaciation in Fennoscandia
Page 15, third paragraph. The author assumes that the glacial erosion will not exceed 10 m. He
does not specify how he has arrived at that figure. If the model applied by SKB of the subglacial
temperature conditions during glaciation were correct, which I do not believe to be the case, the
erosion during a glacial cycle would be at above 50 m in, for example, the Stockholm area. If
negligible erosion is assumed, this would contradict the ice model used.

Page 15, fourth paragraph. The ice is thinner than several models suggest. Furthermore, these low
values are not justified.

Page 23, first paragraph. The author says that when an ice sheet advances a permafrost terrain,
the ground surface heats up quickly below the ice. In general, this must be viewed as incorrect. This
could occur if the ice is warm inside, but this condition does not apply to polar ice.

Page 23, second paragraph. The frozen zone is described as growing as the ice grows. This
statement is based only on Boulton's model result, which in turn, is based on his controversial view
of the temperature distribution of the ice.

Page 23, second paragraph. The author states that typical runoff values for Quarternary period ice
sheets are 0.2 - 0.5 kmVyear. Where do these values come from and on what are they based?

Page 24, third paragraph. Glaciations grind oxidized surfaces and leave clean unweathered
surfaces. This occurs in the areas where the base of the ice is at the pressure melting point but does
not otherwise occur. If the author had studied the geological literature at the same time that he had
studied Boulton's results, he would have detected these contradictions. The continental ice sheet
which was once located over Scandinavia was not of the type described by Boulton. Therefore,
valid conclusions can not be drawn from it.

5. Deep Repository for Spent Nuclear Fuel. SR97 - Post-closure Safety Volume II
Page 342, Figure 10-2. The diagram that describes the period of 0-150,000 BP does not present
the generally accepted perception of how the climate has varied. The period of
110,000-80,000 is called Weichsel I in geology and was colder than the present climate.

Page 354, fourth paragraph. The ground is frozen below the ice divide zone. This is too general a
statement which is not supported by calculations and/or modelling work.

Page 355, second paragraph. The content of this paragraph is incorrect. It would be valid if the
glacier was of the warm maritime type such as the present-day Vattnajokull, but no one could
possibly believe that the Scandinavian ice sheet looked like that. The paragraph shows basic
deficiencies in an understanding of physics as well as glaciology.

Page 355, third paragraph. The drainage system is determined by the winter basal meltwater
discharges. Apart from below the front zone there is no seasonal variation in the subglacial water
flow. Therefore, the text is misleading.



Page 358, Figure 10-14. The diagram is attractive and easy to read, but contains dubious data and
controversial results. A corresponding diagram should also have been made for the most recent
glaciation. It would result in significantly longer periods of permafrost and frozen basal conditions
than shown here. In my opinion, the future scenario is incorrect.

Page 359, the first paragraph under Beberg. The temperature given is-2 to -3 degrees. This
illustrates the problems that can arise when too much reliance is placed on models. A more correct
value would be 0 to 10 degrees. It would then have been possible to understand the extent of the
uncertainty. The results mean that there could easily have been a very deep permafrost during the
period.

Page 359, last paragraph. This paragraph states that the ice is in a basal melting zone. This
statement is not supported by anything other than a single ice model, i.e. the model used by SKB. It
is more probable that the base is frozen.

Page 360, second and eighth paragraph as well as page 361, second paragraph. Once again, the
reasoning is based on a single ice model and is highly controversial.

Page 368, third paragraph. Within the area that Boulton specifies to be the melting zone, it is
debatable whether or not there should be melting. Different models give different answers. However,
the statement that water mass will be added from the surface of the ice during the melting season can
be directly rejected as incorrect.

Page 368, last paragraph. The information on retreat rates is not treated critically enough. The
melting rate from a collapsed ice sheet in inland Norrland cannot be compared with the change in the
retiring ice front of a continental ice sheet with a somewhat functioning mass turnover.
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