4 Climate and climate-related conditions for the
SR-Site safety assessment

4.1 Rationale and general approach

As mentioned in Section 1.2, the main scenario of the safety assessment includes a base case and

a global warming variant of climate evolution. The base case is based on a reference glacial cycle
which in turn constitutes a repetition of conditions reconstructed for the last glacial cycle, the
Weichselian and the Holocene, see Figure 1-3. By modifications of the reference glacial cycle, this
evolution is used also for constructing additional climate cases with a potentially larger impact on
repository performance. For example, by defining a longer period of glacial conditions, the reference
glacial cycle has been used to construct an extended ice sheet duration case (Figure 1-3), used for
analysis in the additional safety assessment scenarios of SR-Site.

In order to make relevant and well-motivated definitions of the climate cases, it is essential to first
have good knowledge on the climate and glacial history of the Weichselian glacial cycle, i.e. the
glacial cycle on which the reference glacial cycle is based and the additional climate cases are
constructed (Figure 1-3). To this end, Section 4.2 describes the present knowledge on Weichselian
climate and glacial history to a level required to give adequate input to the definition and description
of the reference glacial cycle and the additional climate cases. The description in Section 4.2 is based
both on geological information and climate modelling.

Section 4.3 gives an overview and detailed examples of climates that occurred during the last glacial
cycle, from geological information and from climate modelling.

Section 4.4 presents the reconstruction of last glacial cycle conditions that subsequently are used for
the reference glacial cycle and the base case of the SR-Site main scenario presented in Section 4.5,
see also Figure 1-3. The global warming climate case is described in Section 5.1. Since it is not pos-
sible to describe an expected evolution of climate conditions for the time perspective of the safety
assessment, the base case and global warming variant should not be seen as prognoses or attempts
to predict future climate evolutions. Instead, they are examples of future evolutions that in a realistic
way cover all relevant climate-related changes that can be expected in a 100 kyr time perspective.
They are complemented with additional climate cases with a potentially larger impact on long-term
repository safety, described in Chapter 5.

For the reconstruction of the last glacial cycle conditions in Section 4.4, an ice sheet model recon-
struction of the Weichselian glacial is used (Section 3.1.4). Despite remaining uncertainties regarding
the Weichselian glacial history, especially during the earlier phases of the glacial, see Section 4.2, the
Weichselian is the best-known glacial cycle. This gives possibilities to use geological information
for testing and constraining the adopted models. In line with the discussion above, the purpose is

not to produce a “true picture” of the Weichselian evolution, a task that obviously is not possible to
achieve, but rather to construct a scientifically reasonable starting point for the analysis of potential
climate impacts on repository safety.

The reconstruction of last glacial cycle conditions, Section 4.4, extend over 120 kyrs. Three numeri-
cal models are used to yield boundary conditions for the reconstruction:

1. A dynamic ice sheet model.
2. A Glacial Isostatic Adjustment (GIA) model.
3. A permafrost model.

The ice sheet model is the University of Maine Ice Sheet Model (UMISM) (see Section 3.1.4), the
GIA model was developed at the University of Durham (see Section 3.3.4) and the permafrost model
at Helsinki University of Technology (see Section 3.4.4), see also /SKB 2010g/. The basis for the
reference glacial cycle of climate-related conditions is a reconstruction of the Fennoscandian ice
sheet during the Weichselian employing the ice sheet model. The generated ice sheet evolution has
been used as input to the global isostatic adjustment (GIA) model. The third main component in the
reconstruction of Weichselian conditions is the permafrost model, yielding permafrost depths given
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the evolution of ice sheet, shore-level development, and other surface conditions. The main data
flows between the ice sheet, GIA and permafrost models are shown in Figure 4-1.

The reference glacial cycle, described in Section 4.5 and used for the base case of the SR-Site main
scenario (Figure 1-3) is one example of a conceivable evolution of climate and climate-related
processes and covers conditions and sequences that could be expected in a 100 kyr time perspective.
The global warming case, described in Section 5.1 and used for the Global warming variant of the
main scenario, depicts an evolution with a warming climate due to an anthropogenically increased
greenhouse effect. Other possible future climate evolutions are described in additional climate cases,
described in other parts of Chapter 5. A summary of the climate cases is found in Table 4-1.

In Chapter 4, the sections on Weichselian climate and glacial history (Section 4.2) and reconstruction
of last glacial cycle conditions (Section 4.4) describe past events, and therefore the time scale in

the text and figures is time before present (BP). The sections on the SR-Site reference glacial cycle
(Section 4.5), and the section on additional climate cases (Chapter 5) all describe possible future
climate developments and therefore the time scale in these sections reflects this.

All in all, six climate cases depicting possible future climate development at the Forsmark site are
presented (Table 4-1) and used for the analysis of long-term repository safety /SKB 2011/.

Table 4-1. Climate cases in the SR-Site safety assessment.

Case number Climate case Short description
(section in present report)

1 (Section 4.5) Reference glacial cycle Repetition of reconstructed last glacial cycle conditions
2 (Section 5.1) Global warming Longer period of initial temperate conditions than in case 1
3 (Section 5.2) Extended global warming Longer period of initial temperate conditions than in case 2
4 (Section 5.3) Extended ice sheet duration Longer duration of ice sheet coverage than in case 1
5 (Section 5.4) Maximum ice sheet configuration  Largest ice configuration in past two million years
6 (Section 5.5) Severe permafrost Favourable for early and deep permafrost growth
Input: Air temperature Air temperature
Ice sheet: Ice sheet:
- thickness - thickness
- extent - basal temperature
Ice sheet model GIA model -
Output: Ice sheet: ———— Permafrost
- thickness Frozen ground
- extent

- basal temperature

Figure 4-1. Models used to provide boundary conditions for analysis of the impact of climate-related
changes on the repository. Only input and output data shared between the models used to generate the
boundary conditions are shown.
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4.2 Weichselian glacial history

In the previous sections, a reconstruction of Weichselian conditions of importance for the assessment
of long-term repository safety has been made. Since the Weichselian constitutes the basis for the
construction of the future reference glacial cycle in SR-Site, a brief description of the Weichselian
glacial history is here presented. Special attention is given to describing ice margin stillstands docu-
mented from the Weichselian deglaciation, since such periods are of interest when assessing changes
in groundwater flow around a KBS-3 repository /Vidstrand et al. 2010 and SKB 2011/.

421 Overview of Weichselian glacial history

A review of ice-marginal fluctuations during the Weichselian glaciation in Fennoscandia was
presented in /Lokrantz and Sohlenius 2006/. The review is summarized below, and complemented
with more recent information.

The Weichselian glaciation started 115 kyrs BP and ended at the transition to the Holocene

11.5 kyrs BP. Terrestrial and marine records show that ice volumes fluctuated drastically during

the Weichselian. The marine isotope record contains information on global variations in climate and
ice volume during the Weichselian and it has been used to divide the glacial into well-dated Marine
Isotope Stages (MIS), MIS 5d to MIS 2 (Table 4-2, Figure 3-13). Dating of terrestrial records is
often, however, problematic due to stratigraphical gaps and deposits that are difficult to date. In
many areas, the timing of local and regional ice-marginal fluctuations, prior to the LGM, is therefore
poorly understood. Age attribution of terrestrial deposits is often interpreted from bio- and lithostrati-
graphical information, which has been correlated to other records, e.g. marine stratigraphies.

The marine record from Early Weichselian (MIS 5d-5a, Table 4-2) shows two relatively warm
interstadial periods at around 105-93 kyrs BP (MIS 5c¢) and 85-74 kyrs BP (MIS 5a). Stratigraphical
data indicate at least two periods with ice-free conditions in northern Fennoscandia, which have been
correlated with the two early Weichselian interstadials Brorup and Odderade (MIS 5c¢ and 5a). Few
absolute dates have, however, been obtained from deposits formed during these interstadials. It has
been suggested that two ice advances occurred during the Early Weichselian and covered a large part
of northern Fennoscandia. There are, however, different opinions regarding the southernmost exten-
sion of these ice sheets. It has also been suggested that large parts of northern Fennoscandia were
free of ice from the onset of MIS Sc until the end of MIS 5a. A reconstruction of the Weichselian ice
sheet 90—80 kyrs BP (MIS 5b) is seen in Figure 4-2 (lower left panel) and Figure 4-3 (upper panel).
According to the /Lundqvist 1992/ reconstruction (Figure 4-2) the Forsmark region was covered

by the ice sheet at this time, whereas according to /Svendsen et al. 2004/ (Figure 4-3) the Forsmark
region was just barely ice free.

During the cold MIS 4, global ice volume increased, and the Weichselian ice sheet reached a large con-
figuration covering entire Sweden, Finland and Norway (Figure 4-2 (lower right panel) and Figure 4-3
(middle panel)). At this time, south-central Sweden and the Forsmark region were ice covered.

Table 4-2. Marine Isotope Stages, ages, stadials and interstadials of the Weichselian. Regional
variations from the denoted warm/cold state occur see /Lokrantz and Sohlenius 2006/, and there
is a wide range of names used for each of the stadials/interstadials.

Marine Age Stadial/ Warm/Cold Name Weichselian phase

Isotope (kyrs BP) Interstadial (other names are also

Stage used)

MIS 5d 117-105 Stadial Cold Herning Early Weichselian

MIS 5c 105-93 Interstadial Warm Brarup Early Weichselian

MIS 5b 93-85 Stadial Cold Rederstall Early Weichselian

MIS 5a 85-74 Interstadial Warm Odderade Early Weichselian

MIS 4 74-59 Stadial Cold Middle Weichselian Middle Weichselian
stadial

MIS 3 59-24 Interstadials/stadials Warm/cold Middle Weichselian Middle Weichselian
interstadials

MIS 2 24-12 Stadial Cold Stadial including Late Weichselian

Last Glacial Maximum
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The Eemian Interglacial
c. 130 000-115 000 years BP

The first Weichselian Stadial
c. 115 000-100 000 years BP

The Jamtland/Brérup Interstadial
c. 100 000-90 000 years BP
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The second Weichselian Stadial
c. 90 000-80 000 years BP

The Tarend6/Odderade Interstadial

The start of the Weichselian Glaciation's
c. 80 000-70 000 years BP

main phase, c. 50 000 years BP
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Figure 4-2. Ice sheet and environmental development in northern Europe from the last interglacial (Eemian)
to the Middle Weichselian stadial (MIS 4) according to /Lundgvist 1992/ in /Fredén 2002/. Each map shows
a snapshot of the environment during each isotope stage. According to this reconstruction, there were two
interstadials with ice-free conditions during Early Weichselian (Brorup and Odderade). Furthermore, in this
reconstruction most of Fennoscandia was covered by ice from the Middle Weichselian until the deglaciation.
More recent studies suggest that this view needs to be revised to include ice-free conditions over large parts
of Fennoscandia during significant parts of MIS 3 (59-24 kyrs BP), see the text.

168 TR-10-49



BO'N T0°N BO°N BO'H

160°E

14°E

120°E

B0°N

100°E

BO°N 70N BO'N BO'N
2 180°E

1180

120°E

BO'N 70'N B0°N BO'N
180°E

120°E

LGM, about 20 ka

a0*M AD°E  &0°N BOFE BO'E

Figure 4-3. Extent of the Eurasian ice sheet during the glacial maximum stages of the Early Weichselian
(90-80 kyrs BP, MIS 5b), the Middle Weichselian (60-50 kyrs BP, MIS 4) and the Late Weichselian (LGM,
around 20 kyrs BP, MIS 2) as reconstructed from Quaternary geology. From /Svendsen et al. 2004/.
Between these stages of maximum ice sheet extent, the ice sheet had a more restricted configuration,

see the text.

TR-10-49 169



According to the traditional view the ice sheet that was built up during MIS 4 remained large
throughout the Middle Weichselian (74-24 kyrs BP), including MIS 3, up until the final deglaciation
(Figure 4-2), e.g. /Lundqvist 1992/. However, MIS 3 was a long period characterized by distinct
millennial-scale climate shifts (the so called Dansgaard-Oeschger events), which had a strong impact
on the North Atlantic region. In addition, surges of Northern Hemisphere ice sheets prior to some

of the longer interstadial events produced large amounts of ice-rafted debris in marine sediments,
and led to a rise in global sea-level. Although surges of the Fennoscandian ice sheet could have
contributed a significant amount of melt water, little is known about how and to what extent this

ice sheet responded to these MIS 3 millennial-scale climate shifts. Data from Norway suggests that
the youngest of the ice-free interstadials, traditionally correlated with MIS Sa, actually occurred
during MIS 3. In line with this, several recent studies suggest ice-free conditions in large parts of
Fennoscandia during MIS 3, e.g. /Helmens 2009a, Wohlfarth 2009, Wohlfarth and Néaslund 2010,
Mangerud et al. 2011/ and references therein. MIS 3 ice sheet scenarios for Fennoscandia thus range
from an almost complete and persistent ice cover, to a significantly smaller ice sheet tentatively
terminating in south-central Sweden. These different scenarios are discussed by /Wohlfarth 2010,
Helmens and Engels 2010, Lambeck et al. 2010/.

There are still many unsolved questions related to an ice-free interstadial period during parts of

MIS 3, many of them concerning the datings of various interstadial and ice advance phases, e.g.
/Wohlfarth 2009, Wohlfarth and Néslund 2010/. Nevertheless, it is very likely that the Weichselian
ice sheets were considerably more dynamic during the MIS 3 period of the Middle Weichselian

than previously thought, in line with the variable climate (see also the description of possible MIS 3
climates in Fennoscandia below). One implication of such a revised MIS 3 glacial history is that the
Forsmark site was free of ice for a considerable amount of time during the Middle Weichselian, prior
to the LGM. If so, the climate at the end of MIS 3 at Forsmark probably was of a clear periglacial
character, allowing for permafrost conditions, see below.

In this context it is also worth noting that the average Quaternary ice sheet configuration over
Fennoscandia was considerably smaller than that of a full ice sheet configuration, and also consid-
erably smaller than during the Younger Dryas. For average Quaternary ice sheet conditions, the
ice sheet is centred over the Scandinavia mountain range, e.g. /Porter 1989, Kleman et al. 2008/,
resulting in ice-free conditions in south-central Sweden including Forsmark.

After the MIS 3 period, during MIS 2, the ice sheet advanced to its maximum extent during the
beginning of the Late Weichselian 24—-12 kyrs BP. During the LGM the entire area of Fennoscandia
was covered by the Weichselian ice sheet, including south-central Sweden and the Forsmark region
(Figure 4-3 lower panel). The ice volume was at its largest during the LGM (~20-21 kyrs BP),
with the ice margin located in Germany and Poland. The ice reached its maximum LGM position
at different times in different regions.

After the LGM, the ice sheet started to retreat across e.g. northern Germany and Poland. The timing
of the deglaciation is well dated and the ages have recently been converted into calibrated years.
Several re-advances took place during the deglaciation of the Danish and Norwegian coast. There
are several ice-marginal zones in south-west Sweden that indicate stillstands or re-advances of the
ice front, see below. For instance, the deglaciation was interrupted during the Younger Dryas stadial
(12.5-11.5 kyrs BP) and there were ice re-advances and stillstands in the middle part of Sweden
and southern Finland, whereas coastal areas in the west were characterised by large re-advances.
The ice-marginal deposits formed during the Younger Dryas can be followed around the entity of
Fennoscandia. After the Younger Dryas, the ice retreated towards the Fennoscandian mountain range
more or less continuously.

Deep weathered bedrock of Pre-Quaternary age occurs in parts of Sméland and in the inner parts of
northern Sweden. These deposits indicate low or negligible erosion in these regions. In the inner part
of Norrbotten there are morphological features, Veiki moraines, which, according to several authors,
were formed during the first Weichselian ice advance (MIS 5d). In Sméland there are till-covered
eskers, which may have been formed prior to the latest glacial advance. Areas with deep weathered
bedrock and those with Quaternary deposits older than the last glaciation coincide to a large extent.
These areas are indicators of cold-based ice and of low glacial erosion.
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For more detailed descriptions of the Weichselian glacial history, see e.g. /Lokrantz and Sohlenius
2006, Lundqvist 2007, Wohlfarth 2010, Helmens and Engels 2010, Lambeck et al. 2010/. For recent
examples of reconstructions of last glacial cycle Northern Hemisphere ice sheets, see e.g. /Peltier
2004, Svendsen et al. 2004, Peyaud et al. 2007, Charbit et al. 2007, Kleman et al. 2008, Bonelli et al.
2009, Clark et al. 2009/.

4.2.2 Ice-marginal stillstands

From Quaternary geological information it is known that temporary halts in the ice sheet retreat took
place several times in southern and south-central Sweden during the Weichselian deglaciation, e.g.
/Lundqvist and Wohlfarth 2000, Fredén 2002/. Similar, and in cases corresponding, halts are also
documented from e.g. Finland, Denmark, Norway, Russia, Poland and Germany e.g. /Lagerlund

et al. 1995, Marks 2002, Houmark-Nielsen and Kjar 2003, Lunkka et al. 2004/. At these locations,
dated marginal moraines, once formed along the former ice sheet margin, indicate areas and periods
when the ice margin was more or less stable at a certain location. No traces of such moraines,
indicative of temporary halts, have been found from the growth phases of the Weichselian ice sheet.
It is possible that stillstands did occur also during growth phases, but that resulting moraines have
been obliterated by the subsequent ice coverage. However, during the Early Weichselian stadials,
i.e. during Marine Isotope Stages 5d (117-105 kyrs BP) and 5b (93—85 kyrs BP), maximum ice
configurations, with ice margins that may have been quasi stable for some period of time, have
been envisaged for central Sweden /Lundqvist 1992/, see also /Lokrantz and Sohlenius 2006/.

The longest and most prominent halt during the last deglaciation took place during the cold Younger
Dryas stadial. On the basis of data from the GRIP ice core from Greenland, the Younger Dryas
stadial began around 12,800 years BP and ended around 11,500 BP, resulting in a ~1,300 year long
Younger Dryas period. Quaternary geological information suggests that the associated Younger
Dryas ice sheet margin stillstands in Sweden occurred during a period of around 900 years /Fredén
2002/. On glaciological grounds, /Fastook and Holmlund 1994/ concluded that the climatic event
responsible for the Younger Dryas stillstand could have been short, even less than 500 years.

It should be noted however that during the Younger Dryas period, as well as for several other less
prominent stillstands south of the Younger Dryas moraine complex, the position of the ice margin
was not completely stable. Instead, as a response to climate variability and ice sheet dynamics, the
ice front typically oscillated back and forward, in cases up to several tens of km, e.g. /Lundqvist

and Wohlfarth 2000, Lunkka et al. 2004/. For the Younger Dryas, the resulting zone of ice-marginal
deposits is typically around 20-25 km wide in central and eastern Sweden /Fredén 2002/. During
shorter halts in the deglaciation, this zone may be considerably narrower or absent. During phases

of maximum ice sheet configuration, such as during the LGM, the ice margin typically also oscillates
back and forward as a response to ice sheet dynamics and climate variability.

South of the Younger Dryas zone, at least six older stillstands in the Weichselian deglaciation of
southern Sweden have been documented /Lundqvist and Wohlfarth 2000/. At several of these sites,
ice-marginal moraines have been suggested to have formed during periods of up to 100-200 years,
such as the large Goteborg Moraine which formed sometime between 15,400 and 14,500 kyrs BP
/Lundqvist and Wohlfarth 2000/. The suggested, often maximum, formation times of these moraines
indicate that the ice margin was relatively stable for these periods or shorter. In southern Finland, it
has been estimated that the largest Younger Dryas end moraine complexes, i.e. the First and Second
Salpausselkéd end moraines, as well as the younger Central Finland end-moraine, also were formed
during periods up to a few hundred years long /Lunkka et al. 2004/. These estimates thus give an
indication of the duration of periods with stable ice margin position during the last deglaciation.

In summary, it may be concluded that during the deglaciation of the Weichselian ice sheet, the
general ice sheet retreat temporarily halted several times. This is seen from dated ice-marginal
moraines, including the deposits from the Younger Dryas stadial. During such halts, the ice margin
either oscillated back and forth or moved slowly within a zone that could be many km wide, in the
case of the Younger Dryas, several tens of km. During the formation of individual moraine ridges,
the ice margin is estimated to have been at stable positions for up to a few hundred years. It has to
be assumed that similar types of stillstands may occur also during phases of ice sheet advance, see
Section 4.5.1.
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4.3 Examples of Weichselian climates

During the Weichselian, climate shifted many times between warmer and colder periods, as reflected
in the growth and decay phases of the Weichselian ice sheet, see Section 4.2.1. The variability and
range within which the climate shifted during the last glacial cycle could be expected also during
future glacial cycles. Therefore, quantitative descriptions of prevailing climate conditions for periods
with fundamentally different climates during the Weichselian are given below for Sweden and the
Forsmark region, examples of climates that are of high relevance for e.g. the SR-Site reference
glacial cycle presented in Section 4.5.

The aim of the following descriptions of Weichselian climates is not to give a full review of all that
is known on climate and climate variability during the last glaciation. Instead, the intention is to
provide examples that demonstrate a range within which the climate varied during the Weichselian
by selecting climate reconstructions for both stadial and interstadial phases and to cover a broad time
span of the glacial cycle.

4.3.1 Early Weichselian (117-74 kyrs BP)

The Fennoscandian climate during the Early Weichselian (MIS 5d—-5a, 117-74 kyrs BP) varied
significantly, as reflected in the glacial history with intervening stadial and interstadial conditions
described above. Detailed quantifications of Fennoscandian climate conditions for these early
periods are very rare. However, in northern Fennoscandia, quantifications of interstadial climate
conditions have been made within an SR-Site project from the Sokli sediment sequence in Finnish
Lapland, northern Fennoscandia e.g. /Helmens 2009a/. The sediment record at Sokli is one of the
few well-dated sites in northern Europe that covers the Early Weichselian in high detail. The Sokli
sequence consists of tills, glacio-fluvial beds, and fluvial beds, interlayered with fossil-rich lacus-
trine sediments that according to multiple accelerator mass spectrometer (AMS) *C and optically
stimulated luminescence (OSL) datings extend from the present into the penultimate glacial, i.e.
representing the last ~130 kyrs, e.g. /Helmens 2009a/.

Past environmental and climate conditions have been reconstructed for MIS 5d (the Herning
stadial 117—-105 kyrs BP, Table 4-2) by analysis of insect remnants and botanical and zoological
macro remains /Engels et al. 2010/. The results show that, for the ice-free stadial conditions at the
investigated site, the summer July air temperature may have been ~7°C, which is ~6°C colder than
the present summer mean temperature (13°C), and indicative of arctic climate conditions.

During MIS 5c (the Brorup interstadial, 105-93 kyrs BP, Table 4-2), summer temperatures inferred
from plant macrofossil remnants indicate surprisingly warm conditions for northern Fennoscandia
/Viliranta et al. 2009, Engels et al. 2010/. Minimum July temperatures were as high as 16°C, which
is 3°C warmer than at present /Viliranta et al. 2009/. At that time, open birch woodland existed at
the site within a subarctic climate. This result is in contrast to other (lower-resolution) reconstruc-
tions from northern Fennoscandia indicate MIS 5c temperatures 6—7°C lower than present, see
/Engels et al. 2010/. However, several central European sites indicate that there was a phase during
the MIS 5d interstadial that was characterized by high summer temperatures, and a comparison
between the high-resolution reconstructions from western Europe and the results presented in
/Engels et al. 2010/ suggests that the north—south July air temperature gradient between the mid-
and high-latitudes was much weaker during MIS 5c than at present.

One suggested reason for the warm climate conditions during this interstadial could be that the con-
temporary astronomical forcing resulted in a weaker north-south temperature gradient and a longer
growing period, creating more favourable climate conditions that at present /Véliranta et al. 2009/.

4.3.2 Middle Weichselian (74-24 kyrs BP)

Examples of Fennoscandian climates during the MIS 3 interstadial (59—24 kyrs BP) have been
studied by use of geological information /Helmens 2009a, Wohlfarth 2009/ and by climate mod-
elling /Kjellstrom et al. 2009b (including erratum Feb 2010)/. MIS 3 covers a long time period
that includes both rapid millennial-scale climate shifts and longer trends in changing climate, see
/Wohlfarth 2009/. A few examples of climates occurring during MIS 3 are given below.
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Early MIS 3 (at ~50 kyrs BP)

A comprehensive environmental reconstruction of early MIS 3 conditions, at around 50 kyrs

BP, was made based on multi-proxy analysis on a two metre thick laminated, lacustrine clay-silt
sequence obtained at the Sokli site in northern Finland /Helmens 2009a/. The analyses included
lithological characteristics; organic content (loss-on-ignition, LOI); plant microfossils (pollen,
spores, algal and fungal remains); macrofossils of plants (e.g. seeds, moss remains) and of aquatic
animals (e.g. statoblasts of Bryozoa); head-capsules of chironomids (i.e. aquatic insects); and
diatoms and other siliceous microfossils (e.g. phytolits, chrysophyte stomatocysts). Additionally,
geomorphic evidence and analysis of DEM data are employed in the environmental reconstruction.
Mean July temperatures were reconstructed by applying transfer functions to the pollen, chironomid
and diatom records.

The results have been surprising in various aspects, seriously challenging previous concepts on
environmental conditions during early MIS 3 in the near-central area of the Weichselian glaciation.
Traditionally, the area is thought to have been ice covered throughout MIS 4-2, i.e. from around

60 kyrs BP to the final deglaciation, see above. /Helmens 2009a/ show not only ice-free interstadial
conditions but also climate warming to present-day temperatures. The laminated sediments seem

to have been deposited in a sheltered embayment of a glacial lake impounded along the ice front of
the Weichselian ice sheet. Throughout the deposition of the lacustrine sediments, the reconstructed
terrestrial ecosystem on the deglaciated land is low-arctic shrub tundra very similar in composition
to modern tundra in the continental sector of northern Fennoscandia. The distributional ranges of
pine and tree birch were probably only a few hundred kilometres south or south-east of the Sokli
site. This is concordant with the sparse evidence for the presence of boreal tree taxa during MIS 3 in
the Baltic countries and further east in Europe but contradicts with the commonly inferred treeless
tundra or grass-dominated steppe conditions in central Europe.

Mean July air temperatures in the magnitude of present-day values are reconstructed by the
chironomid and diatom records as well as by fossils from aquatic plants and Bryzoa. Temperature
inferences based on the terrestrial pollen are consistently lower than the temperatures reconstructed
from the fossil aquatic assemblages. It is possible that the regional terrestrial and the local aquatic
systems responded differently to the climatic and landscape features at around 50 kyrs BP. Warmest
and moistest conditions are recorded in the lower part of the laminated lacustrine sequence. This

is consistent with the pattern of the Greenland millennium-scale Dansgaard-Oeschger interstadials
in which abrupt warming is followed by a gradual cooling. The chironomid-inferred mean July air
temperatures amount to around 13°C (i.e. the current temperature) £1.15°C in the lower part of the
lake sequence and to around 12+1.15°C in the upper part. The mean July air temperatures inferred
from the terrestrial pollen data lie within the range of around 12+1.5°C (lower part of sequence)
and around 11£1.5°C (higher part of sequence). High summer temperatures are ascribed in part to
enhanced July insolation compared with present at the high latitude site of the site.

Comparison with recently published, well-dated sediment sequences in eastern and western Finland
suggests ice-free and warm conditions in major part of eastern Fennoscandia at ~50 kyrs BP. Open
birch forest seems to be registered in eastern Finland during part of the warming event. Direct
evidence is lacking to reconstruct the total time span with ice-free conditions at the studied sites.

It is argued that the Sokli site was glaciated during the overall colder late MIS 3. The absence of
well-dated geological data in northern Sweden hampers a reconstruction of the total ice-marginal
retreat in the continental sector of the Fennoscandian Ice Sheet during the early MIS 3 climate
warming event. For more details on this study, see /Helmens et al. 2007a, Engels et al. 2008, Bos

et al. 2009, Helmens 2009a, Helmens et al. 2009b, Helmens and Engels 2010, Engels et al. 2010/.

A warm climate during early MIS 3, such as reconstructed for northern Fennoscandia by e.g.
/Helmens 2009a, is in line with, and probably necessary for, a deglaciation of the large ice sheet
that existed during MIS 4, see above.

Middle MIS 3 (at 44 kyrs BP)

A comprehensive climate modelling study was made to investigate climate extremes within which
the climate in Fennoscandia may vary on a 100 kyr time scale /Kjellstrom et al. 2009b, including
erratum dated Feb 2010/. Three different periods were simulated, a cold glacial climate (at LGM,
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~21 kyrs BP), a periglacial climate (at MIS 3, 44 kyrs BP) and a warm future climate dominated

by global warming (a few thousands of years after present). In the present section, results from the
periglacial climate simulation are presented. Results from the LGM climate simulation are presented
in Section 4.3.3 whereas results from the global warming simulation are described in Section 5.1.7

In order to give a detailed example of a modelled periglacial MIS 3 climate over northern Europe,
climate modelling was performed using the global climate model (GCM) that produced boundary
conditions that were used by a regional climate model (RCM) /Kjellstrém et al. 2009b/. This model
study was designed to also test whether a cold and dry climate favourable for permafrost growth
would exist in the ice-free regions surrounding a Fennoscandian MIS 3 ice sheet with a restricted
ice configuration. Based on forcing conditions for a selected period during MIS 3 (Greenland
stadial 12 at 44 kyrs BP), a simulation of middle MIS 3 climate conditions was made with the
climate models. For the simulations performed and analyzed within this study, atmospheric and
land components of the CCSM3 used a grid spacing of approximately 2.8° in latitude and longitude.
The vertical resolution is 26 levels in the atmosphere and 40 levels extending to 5.5-km depth in the
ocean. The regional climate model used a horizontal resolution of 50 km and a time resolution of
30 minutes. For details on the models, how they were employed, and a discussion on climate model
uncertainties, see /Kjellstrom et al. 2009b/.

The choice of period to simulate for MIS 3 followed from a workshop on MIS 3 organised by

SKB in September 2007 /Nislund et al. 2008/ with the specific purpose of supporting this selection.
Only limited and in some cases controversial, palaco-information is available to reconstruct the
extent of the Fennoscandian ice sheet during the different warm and cold intervals of MIS 3. We
here assumed, in line with several recent studies, see above, that the southern part of Fennoscandia
was ice free during some of the MIS 3 stadials.

The modelling activities included the use of; 1) a fully coupled Atmosphere-Ocean General
Circulation Model (AOGCM), ii) a Regional Climate Model (RCM), and iii) a dynamic vegetation
model (DVM). The AOGCM was used to simulate the global climate in steady-state simulation for
the selected time period. Even though AOGCMs are powerful models they are relatively coarse in
their resolution due to computational limitations. Therefore, the output from the AOGCM was used
as input to the RCM that provides output at a relatively high horizontal resolution for Europe. Both
global and regional climate models hold descriptions of the land surface, including vegetation. In the
regional model, it is important to describe the vegetation cover with a high degree of regional detail.
Such details are missing in available global fields and details of the vegetation cover have to be
estimated, based on the global fields and consideration of among other things land/sea distribution.
In order to improve the representation of the regional vegetation, a dynamic vegetation model was
used to simulate the European vegetation resulting from the RCM-simulated climate. In a subsequent
step, the new vegetation was used in a new RCM simulation that provides the final climate output.
For the studied MIS 3 period, data on relevant climate parameters was extracted from the regional
model for the Forsmark area.

The global model simulation of the periglacial MIS 3 climate used a CO, concentration in the
atmosphere of 200 ppm /Kjellstrom et al. 2009b/. An ice sheet with a restricted configuration

was assumed, and in line with this, a simulated MIS 3 ice sheet configuration obtained from the
Weichselian ice sheet reconstruction described in Section 3.1.4 was used /Kjellstrdm et al. 2009b/.
For a detailed description of the assumptions made in the modelling process, model forcing and
initial conditions (such as astronomical and solar forcing, concentration of greenhouse gases and
aerosols in the atmosphere, extents of ice sheets, distribution of land and sea, topography and vege-
tation), also see /Kjellstrom et al. 2009b/.

In addition to the modelling activities, an effort was made to collect palacoclimatic information
by compiling various MIS 3 and LGM proxy data from different sources /Kjellstrom et al. 2009b,
Wohlfarth 2009/. An attempt to use part of this palacoclimatic information to constrain the forcing
conditions used in the climate models was made. Other proxy data were used for model evaluation
purposes. Results from the global climate model were compared with proxy records of sea-surface
temperatures and with terrestrial climate records. The regional climate model results have been
compared with existing terrestrial palacoclimate records from Europe.
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Global climate

Figure 4-4 shows the simulated global warming climate from the middle MIS 3 simulation.
Seasonal mean changes in temperature as compared with a simulation of the pre-industrial climate
(with forcing conditions set at levels consistent with those preceding the 18th century) climate are
also shown. Figure 4-5 shows the development over time of the simulated global mean temperature
for this steady-state climate simulation. The figure also shows the temperature development of a
LGM climate simulation that the MIS 3 simulation was initiated from.

The annual mean surface cooling in the MIS 3 simulation as compared with pre-industrial conditions
is most pronounced over the Laurentide and the Fennoscandian ice sheets and over the Greenland-
Iceland-Norwegian Sea, with a maximum cooling of 25°C (Figure 4-4). A large portion of the
cooling over the Fennoscandian and Laurentide ice sheets is due to the increased elevation over the
ice sheet. The cooling amounts to 5-10°C north of 40°N in the Atlantic Ocean, the Arctic Ocean and
over Antarctica and the Southern Ocean. The sea-ice extent is increased in the MIS 3 simulation in
the North Atlantic and north Pacific as compared with the pre-industrial simulation (Figure 4-4).

Even though proxy data for the period around 44 kyrs BP are sparse, comparison with available

sea surface temperature data shows that the globally modelled temperatures and proxy data are in
reasonable agreement. For further results and discussion of the MIS 3 simulation from the global
climate model, and for details about the comparison with MIS 3 climate proxy data, see /Kjellstrom
et al. 2009b/.
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Figure 4-4. Annual mean near-surface air temperature in the MIS 3 simulation (upper left) and the differ-
ence compared with a simulated pre-industrial climate (upper right). Units are °C. Also shown is the annual
mean sea ice edge (defined at 10% areal sea ice cover) for the pre-industrial simulation (white; upper right))
and the MIS 3 simulation (red; upper right).The lower panels show the simulated precipitation (lower left)
and the difference compared with the simulated pre-industrial climate (lower right). Units are mm/month.
From /Kjellstréom et al. 2009b/.
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Figure 4-5. Annual global mean near-surface air temperature in the MIS 3 (pink) and LGM (grey) climate
simulation. Black parts of the curves marks the 50-year periods analysed in /Kjellstrom et al. 2010/ and
presented here. Units are °C. From /Kjellstrom et al. 2009b erratum Feb 2010/.

Climate in Europe and Sweden

The regional climate model was then used to downscale the model results of the global climate
model in order to obtain a higher resolution data over Europe and Sweden. The resulting climate
over Europe was used to produce a new vegetation distribution with the vegetation model. This
vegetation was in turn, used as input to the regional climate model, to produce a climate in line with
the new vegetation. An evaluation of the results from this iterative process is given in /Kjellstrom

et al. 2009b/. Figure 4-6 and 4-7 presents selected results on temperature and precipitation from the
regional modelling.

During this part of the middle Weichselian, the temperature climate is dominated by a very strong
seasonal cycle (Figure 4-7) and a pronounced north-south gradient in the winter (Figure 4-6, upper
row, middle panel). In the north, the effect of the Weichselian ice sheet is clearly seen in the isolines
of temperature showing low temperatures in parts of Fennoscandia. The isotherm showing 0°C
annual mean temperature goes south of Ireland, through England and the southern parts of Denmark,
just south of Sweden and then eastwards (Figure 4-6, upper row, right panel). Compared with the
present climate (1961-2000), the annual mean temperature in the MIS 3 simulation is ~5°C colder
around the Mediterranean, 5—10°C colder in central Europe and more than 8°C colder in the ice-free
parts of Fennoscandia (Figure 4-6, lower row, right panel). The same values as for difference

in annual temperature apply for winter temperature in southern and central Europe. The winter
temperature of the British Isles is 10-15°C colder and the southern tip of Fennoscandia around 15°C
colder in comparison with the present climate (Figure 4-6, lower row, middle panel). Over the ice
sheet in northern Fennoscandia, temperatures are at least 30°C colder than in the present climate
(1961-2000) simulation. On Iceland and over the Norwegian Sea, the difference from the late

20th century is even larger. In summer, most of continental Europe is 0—5°C colder than in the late
20th century, western Europe and the British Isles are 5-10°C colder and northern Fennoscandia is
10-15°C colder than in the simulated present climate (Figure 4-6, lower row, left panel).

The annual mean precipitation in the MIS 3 simulation is characterized by considerably drier condi-
tions than in the simulated present climate (1961-2000), by more than 360 mm/year in large parts of
Fennoscandia and over the North Atlantic, and by an increase in precipitation of up to 360 mm/year
in parts of the southwest (Figure 4-8, upper row right panel). In the rest of the model domain, differ-
ences are, with few exceptions, smaller.

The drier climate in northern Europe is reflected in the seasonal cycle of precipitation. For Sweden
there is a reduction of more than a factor of two in winter and substantial reduction also during
summer (Figure 4-9). Further south, the reduction is most evident in the winter half of the year
whereas in southernmost Europe the changes relative to the present climate are small for all months.
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Figure 4-6. Mean air temperatures of the warmest month, coldest month and annual mean in the MIS 3
simulation (top). Shown also are temperature estimates based on proxy data as described in /Kjellstrom
et al. 2009b, Section 2.4/ (coloured circles). The lower row shows the differences between the simulated
MIS 3 climate and a recent-past climate simulated for the period 1961-2000. From /Kjellstrom et al. 2009b/.
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Figure 4-7. Annual temperature range in Sweden for MIS 3 (black), simulated present climate (red)
and according to the CRU (Climate Research Unit, East Anglia) observational data for the time period
1961-1990 (green). Shaded areas in corresponding colours indicate the 1 standard deviation range of
individual monthly averages in the three data sets. From /Kjellstrom et al. 2009b/.
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Figure 4-8. Mean precipitation of the warmest month, coldest month and annual mean in the MIS 3
climate simulation (upper row). Also shown are differences between MIS 3 simulation and the simulation
of the present (1961-2000) climate. Units are mm/month. From /Kjellstrém et al. 2009b/.
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Figure 4-9. Annual precipitation range in Sweden in the MIS 3 simulation (black), present climate
simulation (1961-2000) (red) and according to the CRU observational data (green). Shaded areas in
corresponding colours indicate the +1 standard deviation range of individual monthly averages in the
three data sets. From /Kjellstrom et al. 2009b/.
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For further results, on the European scale, from the MIS 3 climate simulations, including results
and discussion of the simulations of MIS 3 vegetation , comparisons with climate proxy data, and
comparisons with other model simulations of MIS 3 climates, see /Kjellstrom et al. 2009b/.

Do the results support a cold and dry climate favourable for permafrost growth? /Heginbottom
et al. 1995/ examined the relation between ground temperature and permafrost continuity. An annual
ground temperature of between —5 and —2°C is defined as the boundary for discontinuous permafrost
(50-90% of landscape covered by permafrost) and —5°C and colder as the boundary for continuous
permafrost (90-100%). However, it is also stated that a large part of areas with continuous perma-
frost has a ground temperature warmer than —5°C. Since the ground temperature differs from the
near-surface air temperature by a few degrees, see Section 3.4, the simulated annual mean ground
temperatures over Europe for MIS 3 are presented in Figure 4-10.

In central and northern Fennoscandia, outside of the prescribed ice sheet, the modelled MIS 3 annual
average ground temperature is colder than —5°C (Figure 4-10), which suggest that the climate condi-
tions are favourable for development of continuous permafrost. South of this, the modelled annual
average ground temperature increases, reaching 0°C in the southernmost parts of Fennoscandia.

The higher ground temperatures in the southern areas including northernmost Denmark, southern
Sweden, Estonia and part of what today is the Baltic Sea and Gulf of Finland do not fulfil the
thermal requirements for extensive permafrost. However, it is cold enough for sporadic permafrost
(less than 50% of landscape covered), which may exist when the annual mean ground temperature

is between 0 and —2°C. Based on these results of /Kjellstrom et al. 2009b/ it is concluded that condi-
tions are favourable for permafrost growth in the inferred ice-free parts of Fennoscandia.

Do the results support a restricted MIS 3 Fennoscandian ice sheet? The global and regional
climate models do not include dynamical modelling of ice sheets and thus an ice sheet cannot form
in the models, even if the climate conditions are favourable for ice sheet growth. The snowpack is,
however, allowed to build up in the model. If the snow depth increases in time in a specific region,
we can take this as an indication that an ice sheet would grow in this region if such processes were
included in the model. However, the opposite situation, a lack of snow accumulation in front of,

or at the margins of, a prescribed ice sheet, does not necessarily mean that the ice sheet would not
grow (simply the lowermost part of the ice sheet would have a net mass loss, which is typical for ice
sheets ending on land). Growth of the ice sheet could still be possible if the precipitation over the ice
sheet were large enough compared with its mass loss by melting, i.e. if conditions for the common
pattern of ice sheet growth were satisfied.

B ([ [ [ [ [ .

Ao H5 X2 9% N0 NP DS X o 6 A

VA

Figure 4-10. Annual mean ground temperature (left) and difference between near-surface air temperature
and the ground temperature (vight) in the MIS 3 simulation. Units are °C. White areas in Fennoscandia are
covered by the prescribed restricted MIS 3 ice sheet. From /Kjellstrom et al. 2009b/.
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In the middle MIS 3 simulation, the snow depth in eastern Sweden, including the Forsmark region,
does not increase in time. The annual minimum snow depth (occurring in September) is close to zero
(varying from 0—0.02 m equivalent water depth). For the issue of whether the simulated climate is

in line with the prescribed restricted middle MIS 3 ice sheet configuration, with ice-free conditions
in e.g. the Forsmark region (Figure 4-10), one can therefore conclude that 1) an ice sheet would not
grow locally from the local precipitation in front of the ice margin, 2) the modelled temperature and
precipitation climate in front of the ice sheet is consistent with the assumed ice-free conditions and
restricted ice sheet coverage, but it does not exclude the possibility of a larger ice sheet.

Climate in the Forsmark region

Figure 4-11 and 4-12 show average air temperature and precipitation for a 50 year period of the
simulated MIS 3 climate, and a comparison with the climate simulated for present conditions. The
results show that the climate is significantly colder and drier than at present, with arctic climate
conditions prevailing in the Forsmark region.
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Figure 4-11. Seasonal and annual mean temperature for the present (1961-2000) (upper row) and MIS 3
(middle row) climate simulations. The lower row shows the difference between the two. Units are °C. From
/Kjellstrom et al. 2009b/.
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Figure 4-12. Seasonal and annual mean precipitation in the present (1961-2000) (upper row) and MIS 3
(middle row) climate simulation. The lower row shows the difference between the two. Units are mm/month.
From /Kjellstrom et al. 2009b/.

The last step in the MIS 3 climate modelling study was to extract climatological data for the Forsmark
region from these regional modelling results. Figure 4-13 shows the grid boxes used for extraction of data.
Information was extracted from the model grid point located closest to the Forsmark site.

50-year averages values from the regional MIS 3 climate simulation show that the annual mean
air temperature in the Forsmark region is —7.6°C during the inferred ice free stadial 44 kyrs ago.
This is 12 degrees lower than in the simulated present climate (1961-2000). The largest difference
compared with the simulated present climate in the seasonal cycle of temperature is seen in winter
(Figure 4-14, upper row, second column).

The mean annual precipitation in the Forsmark region is 441 mm, which is 225 mm (or 30%) less
compared with the simulated present climate. In this periglacial climate, the precipitation is lower
than in the present climate for most parts of the year, and there is a very strong seasonal cycle in
snow cover as the temperatures during summer get well above 0°C allowing complete snow melting

TR-10-49 181



Figure 4-13. Land (green), ice sheet (blue) and sea extent (white) in the Fennoscandian region used for
the MIS 3 climate simulation. The 3-3-grids represent grid boxes covering the Forsmark, Oskarshamn and
Olkiluoto sites (centre box) and the eight surrounding boxes. Grid boxes with a land fraction lower than
20% are not filled. Results from Oskarshamn and Olkiluoto are presented in /Kjellstrom et al. 2009b/.
From /Kjellstrom et al. 2009b/.

(Figure 4-14, upper and lower row, second column). The length of the completely snow-free season
is three months and there is a more or less constant snow cover during at least 3 months.

The annual surface runoff is 139 mm in this exemplified periglacial climate, which is somewhat
less (36 mm/year) than in the simulated present climate. In the MIS 3 climate, there is a clear spring
peak in runoff connected with the snow melt which is more extensive than in the simulated present
climate, since more snow is accumulated on the ground during the winter. During the remaining
part of the year, the runoff is fairly small, due to the cold conditions during winter and the relatively
small amounts of precipitation during summer. Given the uncertainties and assumptions used in the
climate modelling, the model results thus show that the MIS 3 climate in the Forsmark region may
be characterized by a significantly colder and drier climate than at present and also that the surface
runoff is reduced.

The annual mean ground temperature is about —4°C in the Forsmark region (Figure 4-10). Accord-
ing to /Heginbottom et al. 1995/ these temperatures indicate that climate conditions are favourable
for discontinuous permafrost (covering 50-90% of the landscape). The cold and dry climate with
partially snow-free conditions implies that the climate is very favourable for permafrost growth.

In summary, the results from /Kjellstrom et al. 2009b, including erratum dated Feb 2010/ show
that 1) the climate models produce a cold and dry arctic climate in the Forsmark region for a stadial
during MIS 3, ii) the resulting climate is in agreement with ice-free conditions in south-central
Fennoscandia and iii) that this climate is suitable for permafrost growth in the Forsmark region.

The major uncertainties in the climate simulation are related to uncertainties in forcing, model
formulation and natural variability. These uncertainty aspects are discussed in detail in /Kjellstrom
et al. 2009b/. For further details on the setup, results, and discussion of the MIS 3 climate model-
ling results, see /Kjellstrom et al. 2009b (including erratum Feb 2010), Kjellstrom et al. 2010a,
Brandefelt et al. 2011/. For other climate modelling studies focussing on MIS 3, see /Barron and
Pollard 2002, van Huissteden and Pollard 2003, van Huisseden et al. 2003/ and references in
/Kjellstrom et al. 2009b/ and /Wohlfarth 2009/.

Following the very warm temperatures reconstructed for early MIS 3, described above, which are
suggested to have resulted in ice-free conditions over large parts of Fennoscandia during MIS 3,

e.g. /Helmens et al. 2009b, Wohlfarth 2009, Wohlfarth and Nislund 2010/, the low air temperatures
simulated for Fennoscandia for the middle MIS 3 stadial (44 kyrs BP) are in line with the view that
the Weichselian ice sheet needs to re-grow to attain the known large MIS 2 (LGM) ice configuration
in a relatively short time.
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Figure 4-14. Simulated seasonal cycles of temperature (°C), precipitation (mm/month), runoff (mm/month)
and snow fraction (dimensionless ranging from 0 to 1) at the grid box closest to the Forsmark site (ved
line). The spatial variability in the 3-3-grids (Figure 4-13) is displayed with the dashed lines represent-
ing +1 standard deviation calculated from the 9 grid boxes, and the grey area representing the absolute
maximum and minimum, of the 9 grid boxes. The green line for temperature and precipitation is the
observed seasonal cycle from the CRU data set in the period 1961-1990, see /Kjellstrom et al. 2009b/.
From /Kjellstrom et al. 2009b/.

TR-10-49 183



4.3.3 Late Weichselian including LGM (24-12 kyrs BP)

All of Fennoscandia was covered by the Weichselian ice sheet during the Last Glacial Maximum
(LGM), which occurred during the Late Weichselian (Figure 4-3, lower panel). At that time, air
temperatures were among the lowest of the last glacial cycle /Jouzel et al. 2007/ and Figure 3-13.

In order to study the climate during the LGM in a consistent way with the simulation of a periglacial
climate, the same models and modelling approach as for the periglacial climate modelling described
in Section 4.3.2 was used for LGM simulations. The LGM climate model simulations were set up

to resemble conditions at the time of LGM in a way as similar as possible to what was done in the
Palacoclimate Modelling Intercomparison Project /Joussaume and Taylor 2000, Harrison et al. 2002/.
This choice facilitates comparisons with other GCM results. It also allows the use of pre-existing
long simulations with the general circulation model CCSM3 performed at the National Centre for
Atmospheric Research (NCAR) in the USA /Otto-Bliesner et al. 2006/, reducing the model spin-up
time needed for this study. Further, as the LGM is part of the most recent Weichselian glacial period,
there is a better possibility of finding climate proxy data than for earlier cold stadials during the
Weichselian. The orbital year 21 kyrs BP and a CO, level of 185 ppm were used in the LGM simula-
tion. Ice sheet configurations were the same as in the PMIP-2 project /Harrison et al. 2002/, which
were based on the ICE-5G data /Peltier 2004/. For a description of the set up of all other forcing
conditions, see /Kjellstrdm et al. 2009b/.

Global climate

The global LGM simulation is a continuation of a LGM simulation performed at NCAR
/Otto-Bliesner et al. 2006/. The simulation was originally initiated from a simulation of pre-
industrial climate, except for the ocean which was initiated by adding three-dimensional anomalies
of ocean temperature and salinity derived from a LGM simulation with the Climate System Model
version 1.4 (CSM1.4) /Shin et al. 2003/ to the CCSM3 pre-industrial simulation. The simulation was
first run for 400 years at NCAR, and was then continued for another 856 years within the present
study. The annual global mean surface temperature reaches quasi-equilibrium after 100—150 years,
then it continues to cool and reaches a new quasi-equilibrium after a total of 750—800 years. This
second quasi-equilibrium extends until the simulation is ended at model year 1,538 /Kjellstrom

et al. 2009b erratum Feb 2010/. The annual global mean surface temperature is 9.0°C in the first
quasi-equilibrium and 7.9°C in the second LGM equilibrium, i.e. 4.5°C and 5.6°C colder than

the corresponding simulated pre-industrial temperature /Kjellstrom et al. 2009b, Brandefelt and
Otto-Bliesner 2009/. The second equilibrium also results in a 30% reduction in the strength of the
Atlantic Meridional Overturning Circulation (AMOC) compared with the first quasi steady-state
/Brandefelt and Otto-Bliesner 2009/.

The global climate model LGM simulation thus shows that the global mean air temperature

during the LGM could have been more than one degree colder than previously thought, and also
that the variability in global mean temperature was larger. The variability is attributed to coupled
ocean-atmosphere-sea ice variations in the North Atlantic region. The difference between globally
warm and cold years is focussed over oceans in the Northern Hemisphere outside the tropics. The
largest difference between cold and warm years is found over Greenland and Northern Europe, with
a maximum of 6.8°C. The total amount of precipitation is up to 32% higher over the North Atlantic
and North Pacific region in warm years than in cold years at the LGM. Furthermore, the sinking
branch of the AMOC is shifted further north in globally warm years as compared with cold years.
Further results, and discussions of their significance, are found in /Kjellstrom et al. 2009b, including
erratum dated Feb 2010/.

Significant effort was made to compile LGM climate proxy data for model validation. For the com-
parison between global LGM model results and marine and terrestrial LGM climate proxy data, see
/Kjellstrom et al. 2009b, Section 3.2.1/.

Climate over Europe and Sweden

A very cold LGM climate, with annual mean temperatures below 0°C in all of Europe north of about
50°N and also in high-altitude regions in southern Europe is clearly seen in the regional climate
model results (Figure 4-15, upper row right). In winter the situation is even more striking with the
0°C line encompassing basically all of continental Europe and monthly mean temperatures below
—40°C over the northern parts of the ice sheet (Figure 4-15, upper row middle). During summer,
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the area with the lowest temperatures is more confined to the ice sheet, the extent of which is readily
visible in Figure 4-15 (upper left). In winter when most parts of Europe are snow covered, the
gradient is less pronounced as there is no abrupt shift from snow-covered to snow-free conditions.
The annual mean temperature in the LGM simulation is 25-30°C lower than the simulated present
climate. Over the southern parts of the ice sheet (British Isles, southern Fennoscandia) the annual
mean temperature is around 15°C lower than today. At the edge of the ice sheet, there is a strong
gradient towards smaller temperature differences. Central Europe is around 8°C colder than today
and southern Europe around 6°C colder. In winter the temperature over the Fennoscandian ice sheet
is around 40°C colder than present Fennoscandian temperatures.

Annual mean precipitation has its maximum over the North Atlantic and over parts of western
Europe (Figure 4-16, upper right). Relatively small amounts of precipitation are simulated in the
northern parts of Fennoscandia and over the Mediterranean Sea and North Africa. Compared with
the simulated present climate (1961-2000), Fennoscandia, the British Isles and Iceland are drier
(Figure 4-16, lower right). More precipitation than at present is seen in southernmost Europe

(the Iberian Peninsula, Italy) and northwest Africa. Fennoscandia and western Europe receive less
precipitation than in the present climate. The steep coastlines of western Fennoscandia and Scotland
which today are facing the ocean and therefore get a lot of precipitation were, during the LGM, parts
of the ice sheet that extended further westward. Without the strong orographic effect, precipitation

is considerably smaller in this region during the LGM. In summer, as in winter, precipitation is less
than in the present climate in most parts of northern Europe. However, more precipitation in the
LGM simulation is seen on the edge of the Weichselian ice sheet northwest of Fennoscandia and the
British Isles (Figure 4-16, upper and lower left panels). Another area with more precipitation than

in the present climate is the area of what is today the Baltic Sea. During the LGM this area partly
coincided with the most elevated parts of the ice sheet in which the regional climate model produces

large amounts of precipitation during summer.

Warmest month Coldest month Annual mean

TLGMZ-r-veg

-42 -36-30-24-18-12 -6 0 6 12 18 24 30 36 42

TLGM2-r-veg — TRP-r

-45-42-39-36-33-30-27-24-21-18-15-12-9 -6 -3 0 3

Figure 4-15. Mean temperatures of the warmest and coldest month and annual mean for the LGM
simulation (denoted LGM2-r-veg) (upper row). Also shown are differences between LGM simulation and
the simulations of the present climate (years 1961-2000) (denoted RP-r) (lower row). Climate proxy based
temperature reconstructions are denoted in the filled circles. Units are °C. From /Kjellstrom et al. 2009b/.
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Figure 4-16. Mean precipitation of the warmest month, coldest month and annual mean in the LGM
simulation (denoted PLGM?2-r-veg) (upper row). Also shown are differences between the LGM simulation
and the simulation of the present (vear 1961-2000) (denoted RP-r) (lower row). Units are mm/month.
From /Kjellstrom et al. 2009b/.

Comparison to other model simulations

The simulated annual global mean temperature in the LGM simulation (i.e. the second quasi-
equilibrium described in the beginning of this section) is 6.9°C lower than in the present climate.
This is a stronger response than in most of the PMIP1 (full range is 1.85-9.17°C colder than in the
present climate) and PMIP2 simulations (3.4—5.46°C colder than the pre-industrial climate) pre-
sented by /Kageyama et al. 2006/. The results indicate that much of the strong cooling is associated
with low Sea Surface temperatures (SSTs) (up to 6°C colder than some proxy data indicates) and
extensive sea-ice cover in the North Atlantic and North Pacific.

These changes in sea-ice extent are a result of the changes in the temperature climate, but they

also act to amplify the changes, as increased sea-ice extent leads to a colder climate through the
feedback mechanisms involving increased surface albedo and reduced heat fluxes from the ocean
to the atmosphere. This connection between low SSTs at high northern latitudes and the global
mean temperature for the LGM simulation is in contrast with the PMIP simulations discussed by
/Kageyama et al. 2006/. They find that winter and summer temperature changes over the North
Atlantic, Europe and western Siberia do not relate closely to global temperature changes. Another
uncertainty relates to the response of the Atlantic Meridional Overturning Circulation (AMOC). This
has previously been shown to differ among different PMIP2 models for the LGM; one model gives
an unchanged AMOC, whereas two models give an increased AMOC strength /Otto-Bliesner et al.
2007/. The simulations presented in /Kjellstrom et al. 2009b/ indicate a relatively severe weakening
of the AMOC; the strength is reduced by more than 50% in the LGM simulation compared with the
pre-industrial climate.
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Regardless of possible biases in SSTs, the simulated changes in annual mean temperatures over
Europe in the global model are similar to those obtained in the high-resolution atmosphere-only
CCM3-simulations by /Kim et al. 2008/. In both our global and regional models, the coldest month
of the year is warmer than proxy data indicate. This is a result also shown for the PMIP1 and PMIP2
simulations /Ramstein et al. 2007, Kageyama et al. 2006/. However, even though the models are
warmer than the proxy data indicates, /Ramstein et al. 2007/ conclude that they are within the
confidence interval of the proxy based reconstructions. /Wu et al. 2007/ suggest that LGM winter
temperatures were ~10—17°C lower than today outside the ice sheet margin in Eurasia, with a more
significant decrease in northern regions. This is in line with the results by /Kjellstrom et al. 2009b/.

For a description of the results concerning using an improved European vegetation for the regional
LGM climate simulations, as well as for a detailed description of the comparison with climate proxy
data, see /Kjellstrom et al. 2009b/.

Just as for the simulation of a periglacial climate (Section 4.3.2), results from the regional climate
modelling were extracted for the Forsmark region also for the LGM simulation. However, for this
situation, the results naturally show the climate conditions prevailing at the ice sheet surface, high
above that overridden Forsmark landscape. They are thus of less importance for the present report
and are therefore not included here. The interested reader is referred to /Kjellstrom et al. 2009b/.

4.3.4 Climate variability during the last glacial cycle

The difference between the present warm interglacial temperatures and the coldest temperatures
during the last glacial cycle as recorded in the GRIP ice core is on the order of 12°C (Figure 3-13).
Using an alternative way of interpreting 6'30 values from the ice core in terms of air temperature,
/Lang et al. 1999/ suggested that this cold event reflects a temperature change of 16°C, which is sev-
eral degrees more than proposed in /Dansgaard et al. 1993/. From the LGM climate modelling study
described in Section 4.3.3, annual air temperatures in front of the southern sector of the ice sheet
are around 9-12°C colder than at present (Figure 4-15, lower right) while further towards northeast,
annual air temperatures are around 12—15°C lower than at present. The largest difference compared
to present occurs during the winter season (Figure 4-15, middle).

In a similar way, the air temperature simulated for the Forsmark region for an prescribed ice-
free MIS 3 stadial at 44 kyrs BP (see Section 4.3.2) are low, 12.5 degrees lower than at present
(Figur 4-11, lower right). Also for this situation, the largest change compared to present occurs
during the winter season.

As exemplified by the climate development around the modelled cold stadial at 44 kyrs BP, such
cold events were relatively short lived, around a few thousands of years long, and alternated with
warmer interstadials. A striking climate variability was found also in the simulated LGM climate
(Section 4.3.3). These results, from geological archives and from climate modelling, illustrate a
typical feature of the last glacial cycle, namely that the climate was highly variable on both long
and short time scales. This is also described in for instance the section on abrupt climate change in
the description on palacoclimate characteristics in /[IPCC 2007/. The last glacial cycle climate vari-
ability is also seen for example if looking at the full GRIP temperature proxy record (Figure 3-13).
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Figure 4-17. The NorthGRIP oxygen isotope (6'°0) stratigraphy for MIS 2 and 3. Warmer Greenland inter-
stadials were succeeded by colder stadial intervals. Heinrich (H) events 1-5, which have been described
from North Atlantic marine sequences, occurred after a series of progressively colder interstadials and in
the coldest phase of a stadial. From /Wohlfarth 2009/, modified after /Krogh Andersen et al. 20006/.
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When severe cold conditions occur, these conditions do not persist for long periods of time. Such
climate variability is observed also in frequency analysis of climate records /Moberg et al. 2005,
Witt and Schumann 2005/.

How low could temperatures have been in the Forsmark region during the last glacial cycle? The
simulated temperatures for the MIS 3 stadial suggest that the annual mean air temperature in the
Forsmark region was —7.6°C, which is 12.5°C lower than at present. If looking at the air temperature
curve produced for the region (Figure 3-13), transferred from Greenland conditions to regional
conditions in Sweden in a rather simplistic way (Appendix 1), the curve suggests that annual mean
air temperatures during the ice-free stadials of the last glacial cycle may have been around —10 to
—11°C in the Forsmark region (Figure 3-13), that is ¢. 2—3 degrees colder than the temperature
modelled for MIS 3 (Greenland Stadial 12) at 44 kyrs BP. However, considering the uncertainties

in e.g. the transfer functions between 6'°0 and temperature when constructing the temperature proxy
curve (Appendix 1), temperatures could even have been lower.

The climate variability seen during the last glacial cycle, e.g. (Figure 3-13 and 4-17) was caused
by the combined effect of variations in external orbital forcing (Section 2.2.2) and internal feed-
back mechanisms within and between the atmosphere, ocean, cryosphere and vegetation systems
(Section 2.3). These mechanisms will continue to operate also in the future. Therefore, it is
reasonable to assume that a similar climate variability that was characteristic for the last glacial
cycle would be characteristic also for future glacial cycles.

For further descriptions of last glacial cycle temperatures, see Appendix 1. Descriptions of geologi-
cal climate archives from various parts of the last glacial cycle found in Fennoscandia and Europe
are presented in e.g. /Hohl 2005, Kjellstrom et al. 2009b, Wohlfarth 2009, Helmens 2009a/.

4.4 Reconstructed last glacial cycle conditions at Forsmark

In this section, results from Sections 3.1.4, 3.3.4 and 3.4.4 are summarized to present key parameters
(development of ice sheet, shore-level, and permafrost) for the reconstruction of last glacial cycle
conditions at Forsmark. Additional results from these simulations are presented in Section 4.5, where
the results have been used for the construction of the future reference glacial cycle. Section 4.5 also
presents the resulting evolution of climate domains, as defined in Section 1.2.3.

441 Ice sheet evolution

In Section 3.1.4, an ice sheet model simulation of the Weichselian ice sheet was made, based on

e.g. the temperature reconstruction of the last glacial cycle (Appendix 1). The modelled ice sheet
configurations during Weichselian stadials were calibrated against the known maximum ice margin
positions for these periods. In the Weichselian ice sheet reconstruction, the overall behaviour of the
ice sheet can be characterised as being distinctly dynamic throughout the glacial cycle (Figure 3-14).
For instance, during the MIS 3 period (which was not used for model calibration), large parts of
Fennoscandia were modelled to be ice free (Figure 3-14), in line with several recent independent
Quaternary geological studies (Section 4.2.1).

From the ice sheet simulation, data on ice sheet thickness was extracted for the Forsmark region
(Figure 4-18). The Forsmark region was subject to two phases of ice sheet coverage, during the cold
stadials of MIS 4 and 2. During the last glacial maximum, the ice sheet thickness reached ~2,900 m.
Further description and discussion of this ice sheet evolution is given when these data are used to
construct the future SR-Site reference glacial cycle (Section 4.5).

In this ice sheet reconstruction, the two very short phases of ice sheet coverage at Forsmark at
around 70 kyrs BP (with 40 and 750 m of ice thickness occurring over 500 and 1900 yrs) are
considered very uncertain. They are the result of two short and severe cold phases existing in the
palacotemperature curve used to run the ice sheet model. However, the ice sheet model response to
these very rapid and strong temperature events is considered uncertain. Therefore these short phases
of ice coverage are not included here, nor in the construction of the SR-Site reference glacial cycle
(Section 4.5). However, a case with longer periods of ice sheet coverage than in the reference glacial
cycle is described in the extended ice sheet duration case (Section 5.3). Further uncertainties related
to the ice sheet model simulation are discussed in Section 3.1.4, 3.1.7 and Appendix 1.
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Figure 4-18. Reconstructed ice sheet thickness over Forsmark for the last glacial cycle using ice sheet
modelling (Section 3.1.4).

4.4.2 Shore-level evolution

In Section 3.3.4, a GIA model was used to reconstruct changes in shore-level during the last
glacial cycle, given input from various Earth models as well as ice load history from Section 3.1.4.
Shore-level data were extracted for the Forsmark region (Figure 4-19) showing that the area

was submerged after both reconstructed phases of ice sheet coverage (Figure 4-18). At times of
maximum isostatic depression, the Forsmark region was covered by the Weichselian ice sheet. The
uncertainties in reconstructed levels are rather large (Section 3.3.4). This has resulted in that, at
the time of deglaciation (10,800 BP), the inferred water depth at Forsmark in Figure 4-19 probably
is too large /S6derbéck 2008/. The results from the GIA modelling have for the following part of
the Holocene been combined with results from other shore-level estimates /Passe 2001/ in order to
decrease the uncertainty (Section 4.5.2).

Further description and discussion of this shore-level displacement, and the associated development
of the Baltic Sea, is given when these data are used to construct the future SR-Site reference glacial
cycle (Section 4.5). Uncertainties related to the GIA model simulation are discussed in Section 3.3.4.
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Figure 4-19. Reconstructed shore-level displacement at Forsmark for the last glacial cycle using GIA
modelling (Section 3.3.4) and Holocene data /Pdsse 2001/. Positive values mean that the area is submerged
under the contemporary level of the Baltic Sea. Note that during periods of maximum isostatic depression,
the area is situated under the ice sheet.
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4.4.3 Permafrost evolution

In Section 3.4.4, reconstructions of permafrost and freezing depths for the last glacial cycle at
Forsmark were made using two permafrost models (Figure 4-20 and 4-21). The simulations were
made by employing the air temperature curve reconstruction for the last glacial cycle (Appendix 1
and Section, 3.1.4) together with site-specific data on e.g. bedrock, soil, groundwater, lakes and
shore-level development, see Section 3.4.4 and /Hartikainen et al. 2010/.

The maximum Weichselian permafrost depth at the Forsmark repository location is ~250 m and it
occurs around 70 kyrs BP, prior to the MIS 4 ice sheet advance over the region (Figure 4-20 and
3-69). The maximum permafrost in the surrounding region, here represented by a 15 km long profile,
is ~300 m and it occurs at the same time (Figure 4-21 lower part). At this time the area is subject

to continuous permafrost coverage (more than 90% spatial coverage), see Figure 4-21, upper part.
During periods of ice sheet coverage, permafrost declines, especially during periods when the ice
sheet is warm-based (Figure 4-22). At the time of the deglaciations, there is no permafrost or frozen
ground present.

The values estimated for last glacial cycle air temperatures at ground level (Section 3.4.4 and
Appendix 1) are typically 2—4°C lower than mean annual temperature in the uppermost part of the
ground for the same climate, see Section 3.4.4 and Figure 4-10. As discussed above, really low air
temperatures during the last glacial cycle only prevailed during stadials which had a restricted dura-
tion. During cold ice-free periods, permafrost developed at the Forsmark site, but climate variability
with alternating cold and warm periods, e.g. Figures 3-54 and 3-65, as well as the presence of the
ice sheet (e.g. Figure 4-18), prevented permafrost from developing to great depths (Figure 4-20 and
4-21) and Section 3.4.4. Further description and discussion of this permafrost evolution is given
when these data are used to construct the future SR-Site reference glacial cycle (Section 4.5).

It should be noted that in the reconstruction of last glacial cycle permafrost development, heat from
the repository has been included in order to make the results useful for the subsequent construction
of a future reference glacial cycle with a repository present. The difference between including and
excluding heat from the repository has also been evaluated, see Figures 3-51, 3-87, as well as /SKB
2006a, Figure 3-59/. All uncertainties related to the permafrost simulations are examined in detail in
Section 3.4.4 and in /Hartikainen et al. 2010/.
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Figure 4-20. Evolution of permafrost and perennially frozen ground depth for the reconstruction of last
glacial cycle conditions for the repository location in Forsmark. The results were obtained using a 1D per-
mafrost model (Section 3.4.4). Due to the high sub-glacial pressure, a thick unfrozen cryopeg exists within
the permafrost (defined by the 0°C isotherm) after 60 kyrs and after 30 kyrs before present (including the
LGM). For the corresponding 2D modelling results see Figure 3-69.
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Figure 4-21. Reconstructed evolution of maximum permafrost depth, maximum freezing depth and percent
permafrost distribution over a 15 km long transect over the Forsmark area for the first 50 kyrs of the last
glacial cycle, see Section 3.4.4 . Upper panel: the transition from sporadic to discontinuous permafrost
occurs at 50% spatial coverage and from discontinuous to continuous permafrost at 90% coverage. Lower
panel: the shaded area in blue and red represents the range obtained when considering one dry and one
humid climate variant. The lilac colour indicates that the results for permafrost and perennially frozen
ground overlap.

4.4.4 Combined reconstructed last glacial cycle parameters

Figure 4-22 shows the combined evolution of ice sheet thickness, shore-level changes, permafrost-
and frozen ground depth at Forsmark as reconstructed in Sections 3.1.4, 3.3.4, 3.4.4 and above. This
reconstruction was used to construct the SR-Site reference glacial cycle for the coming 120 kyrs
(Section 4.5).
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Figure 4-22. Reconstructed Weichselian evolution of ice sheet, shore-level, permafrost and frozen ground
at Forsmark. This evolution was used to construct the SR-Site reference glacial cycle.

4.5 Reference glacial cycle

The SR-Site reference glacial cycle describes a conceivable future evolution of climate and
climate-related conditions and sequences that could be expected in a 100 kyr time perspective.

It is constructed by repeating the reconstructed conditions for the last glacial cycle described in
Section 4.4. The reference glacial cycle constitutes a climate evolution fully dominated by natural
climate change, i.e. without anthropogenic influence on climate. Therefore, the length of the present
temperate interglacial period is assumed to be within the range of interglacial durations as observed
within the past 800 kyr /Tzedakis et al. 2009/, see further Section 4.5.4. The case of having a climate
evolution e.g. affected by increased amounts of greenhouse gases in the atmosphere due to human
activity, resulting in a longer duration of the present interglacial period, is dealt with in Section 5.1
and 5.2.

In the SR-Site safety assessment the reference glacial cycle is used for constructing the base case of
the Main scenario, see Figure 1-3.

The climate evolution of the reference glacial cycle starts in the present warm interglacial climate,
characterized as a temperate, humid cold climate with year-round precipitation. For a description of
the present climate at Forsmark, see Section 2.4.2.

4.5.1 Ice sheet evolution

In the reference glacial cycle, the lowering of air temperature during the onset of the glacial

results in ice sheet inception. Following the ice sheet evolution in the model reconstruction of the
Weichselian glacial, see Section 3.1 and 4.4, the evolution of ice covered area and ice volume for the
reference glacial cycle are shown in Figure 4-23. The corresponding ice configurations for selected
time slices, depicting future stadial and interstadial configurations in the reference glacial cycle, are
shown in Figure 4-24. During the glacial cycle, the ice sheet grows progressively larger in a number
of distinct growth phases, with intervening phases of more restricted ice coverage. The Glacial
Maximum (corresponding to the LGM of the Weichselian glaciation), is reached at around 100 kyrs
into the future. As described in the previous section, the overall behaviour of the ice sheet can be
characterised as being distinctly dynamic throughout the glacial cycle.
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Figure 4-23. Ice sheet volume and ice covered area for the reference glacial cycle.
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Figure 4-24. Ice sheet configurations at stadials and interstadials for the reference glacial cycle. Contour
lines show ice surface elevation with a 300 m interval. All maps show present day shoreline position.
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The dynamic behaviour of the ice sheet during the glacial cycle is seen also at the Forsmark

site. The site is covered by ice during the cold stadials at around 60 and 100 kyrs after present
(Figure 4-25). Between these stadials, the site experiences ice-free warmer interstadial conditions
(corresponding to Marine Isotope Stage 3 in the reconstructed Weichselian glacial cycle). Advances
of the Fennoscandian ice sheet during stadials around 14 and 38 kyrs after present do not reach

the Forsmark site (Figure 4-24), although the ice sheet margin is close to Forsmark during latter
stage. Note that even though an ice sheet is present in Fennoscandia during most of the glacial cycle
(Figure 4-23), the Forsmark site, located in south-central Sweden, is not covered by the ice sheet for
the majority of the time (Figure 4-25).

In the reference glacial cycle, the Forsmark region is covered by the ice sheet for a total time of
~30 kyrs. For most of the ice-covered time, the numerical ice sheet modelling suggests that the site
is covered by warm-based ice with free water present at the ice-bed interface. Forsmark is covered
by wet-based ice for ~23 kyrs, corresponding to about 75% of the ice-covered time. This means that
during most of the time when the ice sheet covers the site in the reference glacial cycle, meltwater
is present at the ice sheet bed, typically produced at rates of a few mm/year, up to ~10 mm/year, and
hence groundwater recharge by glacial meltwater takes place.

The short periods of cold-based conditions, with no basal water production, always follow immedi-
ately after each time the sites become ice covered. During these periods, as well as during deglacia-
tion periods when the site is close to becoming ice free, water from surface melting may still reach
the bed. However, in cases when the ice sheet margin is located over permafrost ground, this melt
water would not contribute significantly to groundwater recharge. The prerequisites for groundwater
flow under glacial- and permafrost conditions are further discussed below. A study of groundwater
flow under glacial- and permafrost conditions is found in /Vidstrand et al. 2010/.

During the glacial maximum of the reference glacial cycle, at around 100 kyrs after present, the
maximum ice sheet thickness over Forsmark is ~2,900 m (Figure 4-25). It is worth noting that the
modelled ice sheet reaches significant thickness over the site not only during the glacial maximum,
but also during the cold stadial at around 60 kyrs after present. At that time, the modelled maximum
ice thickness is ~2,000 m.
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Figure 4-25. Development of ice sheet thickness at the Forsmark site in the SR-Site reference glacial
cycle. Note that even though an ice sheet is present in Fennoscandia during most of the glacial cycle
(Figure 4-23) the Forsmark site, located in south-central Sweden, is not covered by the ice sheet for the
majority of the time.
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The groundwater pressure at repository depth is, for non-glacial conditions, determined by the depth
of the repository, and for glacial conditions by the repository depth as well as an additional pressure
induced by the ice load. The ice sheet thickness sets a limit to the maximum hydrostatic pressure that
may occur at the ice sheet/bed interface. The additional hydrostatic pressure related to the maximum
thickness in the reference glacial cycle (Figure 4-25) is 26 MPa for Forsmark. This value is listed

in Table 5-6 together with other estimates of maximum possible ice loads and associated maximum
hydrostatic pressures.

Ice-marginal stillstands

Although not the case during the deglaciation of the Weichselian ice sheet, or in the SR-Site
reference glacial cycle, future periods of ice sheet-frontal stillstands cannot be excluded for the
Forsmark site during ice advance, maximum or retreat phases, given suitable climate conditions.
An extreme case in terms of hydraulic gradients and associated increased groundwater flow would
occur if the ice front came to a temporary halt with the frontal part of the ice sheet situated above
the repository. According to /Vidstrand et al. 2010/ there is an approximately one km wide zone of
high groundwater fluxes in front of the ice sheet margin and a similarly wide zone of increased flux
behind the ice sheet margin, i.e. two km wide influence area with significantly increased ground-
water flux. This situation is valid when there is no permafrost at the Forsmark site. If continuous
permafrost is present, which is the case in the SR-Site reference glacial cycle, and also very likely
during a future glaciation of the Forsmark site, a zone of increased groundwater flow is significantly
less pronounced /Vidstrand et al. 2010/. Using a two km wide near-frontal zone with significantly
increased groundwater flux is therefore a pessimistic choice for an analysis of the probability for a
future situation with an ice margin stillstand over the repository.

Assuming that future periods of ice margin stillstands would have the same characteristics as the
stillstands associated with the last deglaciation described above, one could make an estimate of the
probability of having such a situation occurring at the Forsmark site. By generalizing the develop-
ment of the last deglaciation, one could postulate ten temporary halts of shorter duration and one
major halt of longer duration, corresponding to the Younger Dryas event, for a deglaciation of a
full-sized ice sheet equivalent to the one of the LGM. For halts of short duration, completely stable
ice margin conditions are set to persist for 200 years, while during the major stillstand a completely
stable position of the ice margin is pessimistically set to a full 1,000 years. This is somewhat
longer than the time period that the ice margin was located somewhere within the 20-25 km wide
Younger Dryas zone in Sweden, which lasted around 900 years. In reality, it is likely that, during
such long phases, the ice margin would move slowly and/or oscillate within an ice-marginal zone.
Nevertheless, in order to cover uncertainties in future ice sheet behaviour, a completely stable
margin position for 1,000 years is assumed for the major stillstand. In this way, the major stillstand
constitutes a pessimistically chosen case in terms of the duration of a high hydraulic gradient and
associated high groundwater fluxes.

The deglaciation of the Weichselian ice sheet, from its LGM position in Poland and Germany to the
Scandinavian mountain range, occurred over a distance of ~2,500 km /Fredén 2002/. For each of the
postulated stillstands, there is a ~2 km wide frontal zone with significantly increased groundwater
fluxes /Vidstrand et al. 2010/. For each advance- or deglaciation phase, the probability of having a
200 year long stillstand at Forsmark is therefore 0.008 (10-2 km/2,500 km), while the probability of
having the postulated 1,000 year long stillstand at Forsmark is 0.0008 (2 km/2,500 km). For a com-
plete glacial cycle with two phases of ice advance and two phases of deglaciation over Forsmark, i.e.
a glacial cycle similar to the SR-Site reference glacial cycle, the probabilities for the 200 year and
1,000 year ice margin stillstands at Forsmark are 0.03 (0.008-4) and 0.003 (0.0008-4), respectively.
For the full assessment period of 1 million years, comprising eight repeated identical glacial cycles,
the probabilities grow correspondingly larger. There is thus a relatively low probability that the

ice margin zone with high groundwater flux would come to a temporary halt above the repository,
especially when considering the rarer stillstands of long duration. In this context, it should again be
pointed out that the assumption of a completely stable ice margin over the repository for 1,000 years
is a highly pessimistic case compared to what is known from the last deglaciation.
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4.5.2 Evolution of the Baltic Sea and the Forsmark shore-level

At the start of a GIA model run, the Earth is assumed to be in isostatic equilibrium. In reality, the
Earth is unlikely to reach such a state if glaciations occur with similar periodicity as in the past.

To correct for this, the GIA-modelling, Section 3.3.4, has been initiated by a glacial loading history
yielding shore-levels comparable to those reported by /Funder et al. 2002/ at the peak of marine
inundation in the Early Eemian about 130 kyrs before present. This gives shore-levels similar to the
present at the early phase of the reference glacial cycle. However, during the first 1,000 years after
present, and for the analysis of biosphere and hydrological evolution during the initial period of tem-
perate climate domain, the shore-level evolution is extrapolated from shore-level data /Passe 2001/.
From about 8 kyrs after present to the end of the reference glacial cycle, the shore-level evolution is
based on the GIA modelling described in Section 3.3.4.

The evolution of the Baltic Sea

During the initial phase of the reference glacial cycle, when climate is getting colder and ice sheets
expand globally, global sea-levels fall. At the same time, the rate of isostatic rebound from the last
glacial cycle decreases. However, even if the rate is low, the amount of remaining uplift for parts of
Fennoscandia is significant. For the central parts of the Fennoscandian ice sheet it has been estimated
to ~100 m, and in the distal parts to ~25 m. As long as the Baltic Sea is connected to the Atlantic, the
relative shore-level along the Baltic Sea coast is determined by isostatic rebound and global sea-level
change. If and when the relative sea-level at Darss sill, in the southern Baltic Sea south of Denmark,
falls below the sill depth (at present 18 m below mean sea-level), the Baltic Sea is transformed into a
lake. The surface level of this lake is determined by the altitude of the contemporary Darss sill.

In the reference glacial cycle, results from the GIA simulations (Section 3.3.4) indicate that the
Baltic Sea is isolated from the Atlantic around 9 kyrs after present. However, due to the uncertainties
in the GIA modelling, discussed in Section 3.3.4, it is likely that the suggested timing for this isola-
tion is too early. Given these uncertainties, the salinity of the Baltic Sea could thus remain high for

a considerably longer period than 9 kyrs after present. If extrapolation of present observed relative
sea-level trends /Péasse 2001/ is made, it seems unlikely that isolation of the Baltic Sea from the
Atlantic would occur at all, even if excluding the possibility of a considerable future global sea-level
rise due to global warming.

In addition, the northern part of the Baltic Sea, i.e. the Gulf of Bothnia at which the Forsmark site

is located, will be isolated from the rest of the Baltic Sea due to the remaining isostatic uplift. This
occurs around 25 kyrs after present /SKB 2010d/, i.e. well before the onset of the first phase of gla-
cial conditions in the Forsmark region in the reference glacial cycle (after 60 kyrs after present), see
Figure 4-25. The salinity in the Gulf of Bothnia is reduced as a consequence of this isolation, since
the Gulf at this stage constitutes a large lake fed by freshwater from surrounding terrestrial regions.
This freshwater stage is formed regardless of the isostatic and eustatic conditions in the southern
Baltic Sea (Darss sill). Note that at his stage, the Forsmark site is situated far from the shoreline of
the Gulf of Bothnia due to land uplift /SKB 2010d/.

In the reference glacial cycle, the isostatic load from the first major ice sheet advance, at ~60 kyrs
after present (Figure 4-25), most likely depresses the Gulf of Bothnia lake threshold so that the Gulf
of Bothnia regains contact with the southern part of the Baltic Sea. However, it is uncertain if the
Baltic Sea has contact with the Atlantic or not at this stage. The uncertainties in the GIA simulations
for the southern Baltic Sea region are too large to give useful information for that region at this time.
However, according to modelling studies by /Lambeck et al. 2010/, the Baltic may have constituted
a freshwater lake during MIS 3 of the Weichselian, which corresponds to the period following the
deglaciation of the first glacial period of the reference glacial cycle.

Following the deglaciation of the second and larger ice sheet coverage, at around 110 kyrs after
present (Figure 4-25) the Baltic regains contact with the Atlantic. Given that the reference glacial
cycle is based on the repetition of conditions reconstructed for the last glacial cycle (including
the Holocene), the development of the Baltic Sea for this future post-glacial period is envisaged
to follow the Holocene development, which includes both saline and freshwater stages. After

this deglaciation, large parts of southern Sweden are submerged by a predominantly saline Baltic
Sea. At the end of the reference glacial cycle, and as isostatic rebound proceeds, the Baltic Sea is
transformed to an inland brackish sea, similar to today’s situation.
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Shore-level displacement in Forsmark

For the first 30—40 kyrs of the reference glacial cycle, the Forsmark site continues to rise due to
post-glacial isostatic uplift. When the isostatic uplift is completed, the site is, according to the GIA
simulations (Section 3.3.4), elevated ~70 m above the contemporary sea-level (Figure 4-26).

During the first glaciated period of the reference glacial cycle, at 60-70 kyrs after present, the
Forsmark site is isostatically depressed by the weight of the ice sheet (Figure 4-26). The glacial
phase is followed by interstadial ice-free conditions around 65-90 kyrs after present. In connection
with the deglaciation that follows the first glaciated period, the isostatic depression results in the
Forsmark site being situated below the Baltic Sea water level, at around 70 kyrs after present
(Figure 4-26). In line with the description of the development of the Baltic Sea above, it is uncertain
if the site during this stage is submerged by a freshwater lake only, or if the water is more saline as a
result of a contact with the Atlantic.

Subsequently during this future interstadial, isostatic recovery results in the Forsmark site rising
above the Baltic water level, after 75 kyrs after present. At this time in the reference glacial cycle,
the Forsmark site is situated above sea-level, and is free of ice, for approximately 15 kyrs.

During the second and main phase of glaciated conditions around 100—110 kyrs after present
(Figure 4-25) the Forsmark site is again isostatically depressed (Figure 4-26). After the deglaciation
that follows this glaciated period, at around 110 kyrs after present, the Baltic Sea is in contact with
the Atlantic and the Forsmark site is submerged by a saline sea. In line with the development of

the Baltic Sea presented above, the development of salinity over the Forsmark site during this sub-
merged period follows that of the Holocene. The site finally rises above the Baltic Sea-level again
during a brackish phase at around 120 kyrs after present (corresponding to present-day conditions).

During periods of maximum salinity in the Baltic Sea, generally following sometime after periods of
maximum glaciation, the Forsmark site is submerged (Figure 4-26). A more detailed description of
the development of salinity in the Baltic Sea for this submerged period of the reference glacial cycle
is found in /SKB 2010d/.

The most important factor affecting modelled shore-level displacement is the Earth structure and
ice loading history, primarily the near-field history. The uncertainty in modelled shore-level mainly
manifests itself in that reported relative sea-level values are too high, resulting from an overestima-
tion of isostatic depression during glaciated periods, see Section 3.3.4. The size of the uncertainty
varies over the modelled glacial cycle. Postulating that the ice sheet evolution is correct, the mean
overestimation of relative sea-level over the whole glacial cycle may be up to 45 m for Forsmark.
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Figure 4-26. Shore-level displacement at Forsmark during the reference glacial cycle. The first

c. 8,000 years of the future period are based on observed relative sea-level data /Pdsse 2001/ whereas

the following part of the curve is constructed from Glacial Isostatic Adjustment modelling (Section 3.3.4).
The shore-level is expressed relative to the contemporary Baltic sea-level. Positive numbers indicate that
the site is submerged and vice versa. Note that for most of the time when the figure show submerged condi-
tions, the site is covered by an ice sheet (Figure 4-25). The figure also includes the relative shore-level from
the time of deglaciation up to present, used in e.g. the SR-Site biosphere programme.
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4.5.3 Permafrost evolution

The permafrost modelling is described in Section 3.4.4. The input data of geological, hydrogeologi-
cal, geothermal, geochemical and geomechanical properties are based on site-specific descriptions
and are summarised in /SKB 2006a/ and /Hartikainen et al. 2010/. In the reconstruction of last
glacial cycle conditions, permafrost develops during the progressively colder phases of the glacial
cycle. When the ice sheet subsequently comes to cover an area of permafrost, the permafrost
typically stops developing and starts to slowly diminish. When the ground is re-exposed to a cold
climate permafrost starts to grow again.

In the SR-Site reference glacial cycle, the development of permafrost at Forsmark starts about 8 kyrs
after present (Figure 4-27 and 4-28). The 1D modelling approach used for the results in Figure 4-27
could, in certain situations, result in somewhat higher temperatures than would be calculated using

a multi-dimensional model. However, a comparison between the 1D modelling results /SKB 2006a/
and the results from the 2D model /Hartikainen et al. 2010/, using the same air temperature curve

as input, shows that the results for this site and settings are in line with each other (Figure 4-28).
Since lateral groundwater flow only has a minor role in permafrost development compared to heat
conduction, e.g. /Hartikainen 2010/, it is likely that modelling including a 3D groundwater flow
(instead of the used 2D groundwater flow, and the 1D approach without groundwater flow) would
only contribute with minor changes of the permafrost and perennially frozen depths.

When permafrost starts to grow over the site, it starts as sporadic permafrost (i.e. with a spatial
coverage less than 50%). As climate gets colder, discontinuous permafrost (with a spatial coverage
between 50 and 90%) and continuous permafrost (more than 90% spatial coverage) form over the
site (Figure 4-29). Examples of permafrost development along the investigated profile (for profile
location, see Figure 3-58) for the dry climate variant of the reference glacial cycle are seen in
Figure 4-30. The upper panel in Figure 4-30 shows the situation at 8.5 kyrs after present when a
Subarctic climate prevails at the site. The profile is partially submerged by the Baltic and sporadic
permafrost has started to grow at the site (too shallow to be seen in the figure). At this time the
temperature is at its maximum within the repository, which has a large influence on the temperature
of surrounding bedrock. Figure 4-30 middle panel shows the situation at 25 kyrs after present in
the reference glacial cycle, with discontinuous permafrost coverage over the site. In Figure 4-30
lower panel, the situation 50 kyrs after present is shown. At this time an Arctic climate prevails at
the site which has resulted in a continuous permafrost cover. At this time the permafrost reaches its
maximum depth in the reference glacial cycle. As seen from the temperature contours, the heat from
the repository has decreased considerably at this time.

During periods of permafrost an unfrozen active layer develops above the permafrost during summer
conditions. The thickness of the active layer could typically be c. 40-70 cm deep, depending on the
vegetation and soil. For a bare surface the active layer thickness is greater, up to ~1 m.

During the permafrost development prior to the first ice sheet advance, unfrozen taliks are formed
under the two future lakes that are located along the profile (Figure 3-58).This is exemplified by
the dry climate variant of the reference glacial cycle (Figure 4-31). The upper panel shows the
situation at 25 kyrs after present when the taliks have formed 9 and 15 km from the south-western
starting point of the profile. Groundwater recharge and/or discharge is likely to occur in such taliks.
The lower panel of Figure 4-31 shows the situation at 46 kyrs after present. At this time permafrost
growth has developed further and none of the taliks reach through the permafrost anymore. In this
situation groundwater flow is heavily reduced or stopped.

The permafrost and frozen ground depth reach a maximum prior to the first major glacial advance,
at about 50 kyrs after present. At this time the maximum modelled permafrost depth reaches ~260 m
at Forsmark (Figure 4-27 and 4-28). The perennially frozen depth is, at the same time, a few tens

of metres shallower. When the ice sheet advances over the site, the permafrost stops developing

and instead starts to diminish, for example around 60 kyrs after present. Subsequently, permafrost
develops again at the site during the ice-free interglacial period between the two major ice advances,
but at this time to a somewhat shallower depth, about 180 m (Figure 4-27). During the major phase
of ice coverage, including the ice sheet maximum at more than 100 kyrs after present, the maximum
permafrost depth (defined by the 0°C isotherm) is around 100 m at Forsmark. Note that, at this time,
the permafrost consists only of a completely unfrozen cryopeg due to the insulation effect of the

ice sheet and due to the high pressure induced by ice load. Hence all bedrock is at this time at the
pressure melting point temperature (Figure 4-27).
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Figure 4-27. Evolution of permafrost and perennially frozen ground depth for the reference glacial
cycle for the repository location in Forsmark. The results were obtained using a 1D permafrost model
(Section 3.4.4). Due to the high pressure, a thick unfrozen cryopeg exists within the permafrost (defined
by the 0°C isotherm) after 60 kyrs and 90 kyrs after present.
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Figure 4-28. Evolution of permafrost and perennially frozen ground depth at the repository location for the
first 50 kyrs of the reference glacial cycle as simulated by the 2D and 1D permafrost models (Section 3.4.4).
The shaded area in blue and red represents the range obtained from the 2D modelling when considering
one wet and one humid climate variant. Further uncertainties in the permafirost modelling are discussed in
Section 3.4.4. Both model simulations show that permafrost starts to grow around 8 kyrs after present and
that the maximum permafrost depth is ~250 m around 50 kyrs after present.
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Figure 4-29. Evolution of maximum permafrost depth, maximum freezing depth and percent permafrost
distribution over the entire investigated profile (Figure 3-58) for the first 50 kyrs of the reference glacial
cycle. Upper panel: the transition from sporadic to discontinuous permafrost occurs at 50% spatial cover-
age and from discontinuous to continuous permafrost at 90% coverage. Lower panel: the shaded area in
blue and red represents the range obtained when considering one dry and one humid climate variant of
the reference glacial cycle. The lilac colour indicates that the results for permafrost and perennially frozen
ground overlap.

Some of the input data for the permafrost simulations are associated with significant uncertainty.
The largest uncertainly relates to the air temperature curve reconstructed for the Forsmark site for
last glacial cycle, which is estimated up to +6°C (Appendix 1). If this uncertainty in air temperature
is combined with the uncertainty in climate humidity, the permafrost (e.g. 0°C isotherm) uncertainty
range in the reference glacial cycle reach a maximum depth of ~410 m, while the uncertainty range
for the perennially frozen ground reaches ~380 m (Figure 3-79).

Uncertainties related to other surface conditions (vegetation type, surface wetness, snow cover)
and subsurface conditions (thermal conductivity and diffusivity, and geothermal heat flow) have a
smaller impact on the simulated permafrost results. If they all are combined with the uncertainty in
climate humidity, they result in a permafrost uncertainty interval down to between ~170 to ~290 m
depth (Figure 3-85).

Setting a/l known uncertainties (in air temperature curve, climate humidity, surface wetness, vegeta-
tion, snow cover, bedrock thermal conductivity and diffusivity, and geothermal heat flux) at their
most extreme values favourable for permafrost growth, the permafrost uncertainty range reaches a
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Figure 4-30. Temperature contours in (°C) and the extent of perennially frozen ground (light colour) and
permafrost (0°C isotherm) at times 8.5, 25, 46 and 50 kyrs after present for the reconstruction of last glacial
cycle conditions (humid climate variant, see Section 3.4.4). Blue colour on the top of the profile at 8.5 kyrs
after present shows the Baltic Sea. The yellow rectangle indicates the location of the repository. Vertical
areas with various light colours denote different rock domains. At 8.5 kyrs after present (upper panel) a
subarctic climate prevails. At this time the profile is partially submerged and the exposed ground surface

is partially underlain by permafrost (too thin to be seen in the figure). At this time the ground temperature
is at its maximum within the repository. At 25 kyrs after present (middle panel) a subarctic climate prevails
and discontinuous permafrost is developing. At 50 kyrs after present (lower panel) an arctic climate prevails
and continuous permafiost reaches its maximum depth in this humid climate variant of the reference glacial
cycle. In the dry climate variant, the permafrost grows deeper (Figure 4-29 and 4-31).
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Figure 4-31. Temperature contours in (°C) and the extent of perennially frozen ground (light colour) and
permafrost (0°C isotherm) at times 8.5, 25, 46 and 50 kyrs after present for the reference glacial cycle (dry
climate variant, see Section 3.4.4). The yellow rectangle indicates the location of the repository. Vertical
areas with various light colours denote different rock domains. At 25 kyrs after present (Upper panel) a
subarctic climate prevails and continuous permafrost has developed. Two major taliks have formed under
the future lakes located at c. 9,000 and 14,600 m along the profile. At 46 kyrs after present (middle panel),
the taliks are shallow, and not in contact with the deep groundwater. At 50 kyrs after present (lower panel)
an arctic climate prevails and continuous permafirost reaches its maximum depth in the reference glacial
cycle. The maximum permafiost depth is shallower in the humid climate variant (Figure 4-29 and 4-30).
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maximum depth of ~460 m, whereas the uncertainty range for the perennially frozen ground reaches
a maximum depth of ~420 m (Figure 3-86). It must be noted, however, that this most extreme
combination of uncertainties is quite unrealistic. Given that the uncertainty in the maximum depth
of perennially frozen ground does not reach 450 m depth even in the most extreme combination of
all uncertainties, freezing of groundwater at repository depth is excluded in the reference glacial
cycle. For a more detailed description of e.g. individual contributions of uncertainty from various
parameters affecting permafrost growth, see Section 3.4.4 and /Hartikainen et al. 2010/.

The presence of permafrost and perennially frozen ground may impact the buffer and backfill mate-
rial. The temperature criterion used in SR-Site for buffer freezing is —4°C /SKB 2011/. However,

in reality it is likely that buffer clay material freezes at even lower temperatures /Birgersson et al.
2010/. The criterion used for freezing of the material to be used for filling of e.g. deposition tunnels
is —2°C /SKB 2011/. The reference glacial cycle evolution of the 0°C isotherm (e.g. permafrost
depth) and the —4°C isotherm for the repository location are shown in Figure 4-32. The figures show
results from the dry climate variant, i.e. the climate variant with deeper permafrost. The 0°C and
—4°C isotherms reach a maximum depth at prior to the first major ice advance, around 50 kyrs after
present. As previously mentioned the 0°C isotherm (permafrost) reaches a maximum depth of 250 m,
whereas the —4°C isotherm reaches a maximum depth of 150 m (Figure 4-32) in the reference
glacial cycle.

Table 4-3 summarizes the maximum permafrost depths, frozen depths, and depths of the —2°C
isotherm and —4°C isotherm for the reference glacial cycle, and also presents the maximum depth
of the associated uncertainty intervals.

In this context it should be noted that the depths presented above and in Table 4-3, which were
calculated including the (declining) contribution of heat from the repository, are relevant for the
first future glacial cycle. In SR-Site, the full safety assessment period is 1 Myrs. This means that
for the second and following glacial cycles, the permafrost and frozen depths will be somewhat
deeper (~37 m), see Figure 3-87, since the heat contribution from the repository has become
insignificant. This issue is included in the analysis in the SR-Site buffer freezing scenario /SKB
2011, Section 12.3/.
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Figure 4-32. Evolution of 0°C isotherm (permafrost depth), perennially frozen ground and —2 and —4°C
isotherms at the Forsmark repository location for the first ~50,000 years of the reference glacial cycle
(solid lines, i.e. 0°C shift of reference glacial cycle air temperature curve). Dashed lines show the lower
boundaries of the corresponding uncertainty intervals when considering the maximum uncertainty in air
temperature (£6°C) (Appendix 1). The results are from the dry climate variant, i.e. the variant with deeper
permafrost, see Section 3.4.4. For corresponding results for other shifts of the temperature curve, see
/Hartikainen et al. 2010/.
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Table 4-3. Maximum depths of permafrost (0°C isotherm), perennially frozen ground, -2°C
isotherm and -4°C isotherm for the reference glacial cycle calculated using the 2D permafrost
model /Hartikainen et al. 2010/. The uncertainty interval includes the unlikely combination of
having all uncertainties, including air temperature, set at the most pessimistic values favouring
permafrost growth.

Maximum permafrost Maximum depth peren- Maximum depth Maximum depth

depth (0°C isotherm) nially frozen ground —-2°C isotherm -4°C isotherm

[max uncertainty [max uncertainty [max uncertainty [max uncertainty

interval] interval] interval] interval]
Reference glacial cycle 259 m 246 m 200 m 148 m

[down to 463 m] [down to 422 m] [down to 388 m] [down to 316 m]

The climate that may prevail in the Forsmark region during periods of periglacial climate domain
was as previously described, studied by climate modelling /Kjellstrom et al. 2009b, including
erratum Feb 2010/, see Section 4.3.2.

The results show that, given a prescribed restricted ice sheet coverage during the interstadial
between the two phases of ice sheet coverage (Figure 4-25), the climate at Forsmark is subject to
dry and cold periglacial conditions at the end of the interstadial. For the selected modelled time
period (44 kyrs BP), the climate in the Forsmark region is considerably colder and drier than at
present. The modelled mean annual air temperature is 12°C colder than at present whereas the
precipitation is reduced by more than 30% (Section 4.3.2). The results of the study thus show that
climate conditions are clearly favourable for permafrost growth during this cold stadial of the refer-
ence glacial cycle. These climatological description, and several other climatic parameters reported
in /Kjellstrom et al. 2009b/, together give one detailed example of the climatic characteristics that
may prevail at the Forsmark site during periods of periglacial climate domain. In addition to the
climate modelling performed by /Kjellstrom et al. 2009b/, the same study also simulated vegetation
types associated with the different climate cases studied. The results of the vegetation simulations
for e.g. the periglacial climate case are reported in /Kjellstrom et al. 2009b/ and /SKB 2010d/.

Some general conclusions about the site-specific evolution of permafrost and perennially frozen
ground for the reference glacial cycle can be drawn.

* Permafrost (i.e. the 0°C isotherm) reaches a depth of ~250 m in the reference glacial cycle.

» If considering the combined uncertainties related to surface conditions (vegetation types, snow
cover and climate humidity) and subsurface conditions (e.g. bedrock thermal conditions and geo-
thermal heat flow), the uncertainty range for the perennially frozen ground reaches a maximum
depth of ~290 m (Figure 3-85).

» If considering the uncertainties in climate (in air temperature curve and humidity), the uncertainty
range for the perennially frozen ground reaches a maximum depth of 380 m (Figure 3-79).

» If considering the extreme and unrealistic combination of setting a// known uncertainties (in air
temperature curve, climate humidity, surface wetness, vegetation, snow cover, bedrock thermal
conductivity and diffusivity, and geothermal heat flux) at their values most favourable for perma-
frost growth, the uncertainty range for the permafrost depth reaches a maximum depth of ~460 m
and for the perennially frozen ground ~420 m (Figure 3-86).

e The maximum depth of the —4°C isotherm reaches a depth of ~150 m over the repository in the
reference glacial cycle (Figure 3-69).

* Ifincluding the extreme and unrealistic combination of setting a/l uncertainties (in air tempera-
ture curve, climate humidity, surface wetness, vegetation, snow cover, bedrock thermal conduc-
tivity and diffusivity, and geothermal heat flux) in their most favourable setting for permafrost
growth, the uncertainty range for the —4°C isotherm reach a maximum depth of ~320 m (see
Figure 3-86).

Given these results, freezing of groundwater at repository depth is excluded in the reference glacial cycle.

The maximum depths of permafrost, frozen ground, —2°C isotherm, —4°C isotherm, and uncertain-
ties for both the reference glacial cycle are summarised in Table 4-3. For a detailed description of
the uncertainties associated with the permafrost modelling, see Section 3.4.4.
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4.5.4 Evolution of climate domains

Based on the above evolutions of ice sheet, shore-level and permafrost, the climate development at
the Forsmark site for the reference glacial cycle can be described as successions of climate domains
and submerged periods (Figure 4-33). The temporal evolution of all climate domains relevant for
Forsmark in the SR-Site reference glacial cycle is presented in Figure 4-34. Considering that the
development of permafrost in Figure 4-34 has been simulated specifically for the repository location
(Section 3.4.4 and 4.5.3), the development of climate domains in Figure 4-33 and 4-34 also refers
specifically to the repository location and not to the entire Forsmark site (Figure 3-58). For a descrip-
tion of the spatial representativity and development of the climate domains, see the description on
Transitions between climate domains below in this section.
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Figure 4-33. Duration of climate domains and submerged conditions at Forsmark in the SR-Site reference
glacial cycle, expressed as percentage of the total time of the reference glacial cycle. The bar below the pie
chart shows the development of climate-related conditions for the reference glacial cycle as a time series
of climate domains and submerged periods. Other possible future climate developments are described in
Chapter 5.
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Figure 4-34. Evolution of important climate-related variables at Forsmark for the coming 120 kyrs in the
SR-Site reference glacial cycle. Other possible future climate developments are described in Chapter 5.
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At Forsmark, periods with periglacial climate domain correspond to 34% of the total time of the
reference glacial cycle (Figure 4-33), whereas periods with temperate climate domain occupies 26%,
the glacial climate domain 24% and periods with submerged conditions 16% of the reference glacial
cycle, see also Table 4-4.

Table 4-4. Duration of climate domains in the SR-Site reference glacial cycle.

Climate domain Duration Duration
(% of reference glacial cycle) (years)
Temperate climate domain 26% 31,200
Periglacial climate domain 34% 40,800
Glacial climate domain 24% 28,200
Submerged conditions 16% 19,200

The climate succession bar in Figure 4-33 shows that the Forsmark site is dominated by temperate
climate conditions for the first ~25 kyrs, although shorter periods of periglacial climate domain
occur around 10 kyrs after present. Subsequently, up to the first period of glacial climate domain,
temperate conditions are gradually replaced by periglacial conditions. The ice-free interstadial period
around 8090 kyrs after present in the reference glacial cycle is dominated by permafrost conditions.
The trend with gradually more dominating permafrost conditions is a natural result of the progres-
sively colder climate during the glacial cycle. An exception to this trend is the short period after the
submerged phase that follows the final deglaciation, at the very end of the scenario. At that time,
ice-free conditions are again dominated by temperate conditions in a warm interglacial climate. Yet
another effect of the progressively colder climate during the glacial cycle is the increasing length of
the periods with glacial climate domain.

Periods of temperate climate domain occurs in Forsmark in the early phase of the glacial cycle,
during short periods of the interstadial between the two major ice advances, and during the inter-
glacial period following the glacial maximum. The periods of temperate climate domain in the early
phases of the reference glacial cycle are generally warmer and longer than those occurring during
interstadials in the later part of the glacial.

During the first 50 kyrs of the reference glacial cycle, and in the period between the two ice
advances, the increasingly colder climate results in progressively longer periods of periglacial
conditions. The total duration of the periglacial climate domain at Forsmark is about 41 kyrs

(Table 4-4). During the most severe permafrost periods in the reference glacial cycle, at around

70 kyrs BP (Figure 4-34), the permafrost at the repository location develops to between ~180 and
~250 m depth depending on assumed ground cover. The corresponding depths of perennially frozen
conditions are between ~180 and ~250 m. The maximum permafrost depth along the entire profile
investigated for permafrost development (Figure 4-21) is between 220 and 300 m for the same simu-
lation. The maximum depth of perennially frozen ground along the profile is from 210 to 300 m.
The uncertainties related to the simulated permafrost depths are described in Section 3.4.4 and 4.4.3.

Forsmark is exposed to two major ice advances and retreats during the reference glacial cycle,
the first advance occurs around 60 kyrs after present and the second after about 90 kyrs after
present (Figure 4-34). Prior to both of these glaciated periods, the Forsmark site is situated above
sea-level with prevailing permafrost conditions when the ice sheet advances towards and over the
site. A period of basal frozen conditions initiates the first major period of glacial climate domain.
The period of basal frozen conditions is ~4 kyrs long.

After the first glacial period, the site is submerged under the Baltic Sea (Figure 4-34). Following
from the warm climate conditions reconstructed for the first part of MIS 3 during the Weichselian
(Section 4.3.2), with present-day air temperatures during summer in northern Fennoscandia, temper-
ate climate conditions are envisaged to prevail at Forsmark during the first several thousands of
years of the submerged period (not seen in Figure 4-34). That is, if the site were not submerged after
the first glacial period, due to a thinner ice sheet and less isostatic depression, subaerial temperate
climate conditions would prevail at the site for considerable amount of time after ~66 kyrs after
present.
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The landscape is in a state of continuous permafrost coverage during the time of the first ice advance
over the site, at around 70 kyrs after present (Figures 4-29 and 4-34). At this time, all present and
future lakes at the Forsmark site are infilled /SKB 2010d/, and hence there are no taliks present
under lakes. Nevertheless, a hypothetical situation with an ice sheet co-existing with taliks under
lakes at the Forsmark site is investigated by groundwater modelling in /Vidstrand et al. 2010/.

When the ice sheet expands over the site, it insulates the ice sheet bed from the cold air temperatures
and in time induces ice sheet basal melting conditions. During periods of ice sheet coverage, the
development of subglacial permafrost is more restricted than permafrost development during ice-free
conditions (Figure 4-34). The total length of periods of glacial climate domain in the reference gla-
cial cycle is 28 kyrs at Forsmark (Table 4-4). During this time, basal melting conditions dominate.

For detailed examples of how the climate may be characterized in Sweden and in the Forsmark
region under periglacial and glacial conditions, see the exemplified climates of the Weichselian
glacial cycle in Section 4.3.

The climate simulations /Kjellstrom et al. 2009b/, show that there is a large range in possible climates
for the Fennoscandian region in a 100 kyr time perspective. Excluding the situation when the region
is covered by an ice sheet, annual mean air temperatures for the Forsmark region differ from the
simulated cold MIS 3 stadial climate (Section 4.3.2) to the future warm climate (Section 5.1.7) by
12-15°C. Correspondingly, annual mean precipitation is almost a factor two higher in the future
warm climate compared with MIS 3 at these sites.

Figure 4-35 shows both the first and second repetition of conditions reconstructed for the last glacial
cycle (i.e. the reference glacial cycle), illustrating how glacial cycles are envisaged to follow each
other in the 1million year time perspective of the safety assessment reference evolution see /SKB
2011/.

The first full interglacial period, following the present one, is shown at around 110 to 130 kyrs
after present (Figure 4-35). The onset and ending of this future interglacial period, as well as the
corresponding onset and ending of the Holocene, is here defined from the development in the
Forsmark region; the onsets of the interglacials are defined by the timing of the deglaciation of the
area, whereas the ending is defined by the first occurrence of permafrost in the reference glacial
cycle (Figure 4-35). The timing and duration of the Holocene and future interglacial period in
Figure 4-35 is thus determined from the development in the reference glacial cycle, which for this
part of the glacial cycle is based on site-specific observations and modelling. The resulting, locally
defined, Holocene interglacial and future interglacial periods have a length of ~18 kyrs. This duration
is in line with the longer of the two types of interglacials, with durations roughly of either ~20 kyrs
or ~10 kyrs, that have occurred during the past eight glacial cycles /Tzedakis et al. 2009/.

Climate domains / Submerged
Sequence of climate domains X
according to Reference glacial cycle Temperate [{] Glacial - basal frozen [ ]
Periglacial [l Glacial - basal melting [ ]
Remaining part of Submerged [ ] First part of
Holocene interglacial interglacial
7 Glacial Interglacial Glacial \
Reference glacial cycle Reference glacial cycle

I
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240
Time (kyrs after present)

Figure 4-35. Evolution of climate at Forsmark for the coming 240 kyrs using repetitions of the reference
glacial cycle. The figure illustrates how the reference glacial cycle is repeated in order to finally cover the
1 million year time perspective of the SR-Site reference evolution see /SKB 2011/. The resulting duration
of the locally defined interglacial periods, see the text, is in this case approximately 19 kyrs. For approxi-
mately half of that interglacial time, the Forsmark site is submerged under the Baltic water level. Other
possible future climate developments are described in Chapter 5.
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The uncertainties in the actual length of the present and future interglacial periods are naturally

very large. Given these uncertainties, it is again emphasized that the evolution of climate domains

as described in the reference glacial cycle (Figures 4-33, 4-34, 4-35), and corresponding base case
of the SR-Site main scenario (Figure 1-3), is not an expected future climate evolution. It is one
relevant example of an evolution covering the climate-related conditions that can be met in a 100 kyr
time perspective. Other possibilities for the length of the present interglacial period are handled in
the additional climate cases, including the global warming case and extended global warming case
(Chapter 5).

The sequence of main climate-related events for the reference glacial cycle, including times of
transitions between events and corresponding climate domains, is summarized in Table 4-5.

For the set up of the groundwater modelling, a simplified climate development for the reference
glacial cycle has been produced (Figure 4-36, Table 4-6). In the simplified reference glacial cycle,
climate periods of short duration have been removed and longer periods are used to describe the
general climate development in Figure 4-33 and 4-34. In the simplified reference glacial cycle, the
total duration of each climate domain is however the same as in the detailed reference glacial cycle
presented in Table 4-4.

Table 4-5. Sequence of climate-related events for the reference glacial cycle, including the full
Holocene. The same sequence of events is seen in Figure 4-33 and 4-34.

Event Time for transition between Climate domain
events

Deglaciation/ 10,800 before present (BP) -

Start Holocene interglacial (8800 BC)

(locally defined as time of deglaciation
of Forsmark)

Holocene interglacial - Temperate climate domain
(incl. submerged conditions)

Present 0BP

End of Holocene interglacial 7400 after present (AP) -

(locally defined as first occurrence of permafrost (9400 AD)
in reference glacial cycle)

Periglacial and temperate conditions - Periglacial- and temperate

(progressively longer periods of permafrost climate domains

conditions) (progressively shorter phases
of temperate climate conditions)

End of periglacial and temperate conditions. 57,600 AP -

Start of glacial conditions (59,600 AD)

First phase with glacial conditions - Glacial climate domain

Deglaciation at site. 66,200 AP -

Start interstadial conditions (68,200 AD)

Interstadial conditions - Mainly periglacial climate domain
(incl. submerged conditions and
short temperate periods)

End of interstadial conditions. 90,800 AP -

Start of glacial conditions (92,800 AD)

Second and main phase with glacial conditions - Glacial climate domain

Deglaciation/start of interglacial 109,500 AP -

(locally defined as time of deglaciation (111,500 AD)

of Forsmark)
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Figure 4-36. Simplified reference glacial cycle. The total durations of the climate domains are the same as
in the detailed reference glacial cycle seen in Figure 4-33.

Table 4-6. Simplified climate development for the reference glacial cycle.

Climate domain/ Time Duration
Submerged conditions (kyrs after present) (kyrs)

Temperate 0-8 8
Periglacial 8-12 4
Temperate 12-35 23
Periglacial 35-58 23
Glacial 58-65 7
Submerged 65-75 10
Periglacial 75-89 14
Glacial 89—-111 22
Submerged 111-120 9

Transitions between climate domains

Depending on what spatial scale is considered, the transitions between climate domains need to be
described differently. If considering the repository site only, or even the central part of the repository,
the transitions between climate domains (temperate-, periglacial-, glacial domain and submerged
conditions) may be described as more or less instantaneous in time, as perceived from the way

the succession of climate domains are depicted in Figure 4-34. This is in line with the fact that the
permafrost modelling used for Figure 4-8 was conducted specifically for the repository site, see
Section 3.4.4 and 4.5.3. (The ice sheet and GIA modelling used for Figure 4-34 were done on a
much coarser spatial scale, but the results from the larger model grid cells are here taken to repre-
sent the ice sheet- and shore-level development at the repository location).

However, if looking at Forsmark on a site-scale, i.e. several hundreds of square km (see Figure 4-37),
the transition between climate domains is of a gradual nature, both spatially and temporally. The
main transitions within the reference glacial cycle occur when the site goes from i) temperate climate
domain to periglacial climate domain, ii) periglacial climate domain to glacial climate domain,

iii) glacial domain to submerged conditions and finally iv) from submerged conditions back to
temperate climate domain.

The transient nature of the change from temperate climate domain to periglacial climate domain is
illustrated in Figure 4-29. Sporadic permafrost starts to grow more or less simultaneously over the
site. Subsequently, if climate allows, the permafrost may develop to a discontinuous- and continuous
spatial coverage. The duration of such a full transition in the reference glacial cycle, i.e. the develop-
ment from a landscape without permafrost to a landscape with a permafrost coverage of 90% or
more at the Forsmark site, is approximately between 2 and 5 kyrs (Figure 4-29).
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The transition from periglacial- to glacial climate domain manifests itself as an ice sheet margin
that advances over the site. A spatially transient change takes place in one specific direction over
the Forsmark site, by which the periglacial climate domain is replaced with glacial climate domain
following the advance of the ice sheet front. In the reference glacial cycle, the ice sheet margin
advances over the site at a speed of ~50 m/year. The duration of this transition in the reference
glacial cycle, i.e. the time it takes for the ice sheet to advance over the Forsmark site, is around
250 years. Note that permafrost may still exist under the ice sheet for some of the time that the site
is assigned to the glacial climate domain (Figure 4-34).

The transition from glacial to submerged conditions constitutes the deglaciation phases of the site,
when ice sheet conditions are replaced by submerged conditions. The retreat rate of the ice sheet
margin during deglaciation of the Forsmark site is, in the reference glacial cycle, ~300 m/year. The
duration of this transition, i.e. the time during which one deglaciation occurs over the Forsmark site
in the reference glacial cycle, is around 50 years.

According to the model reconstruction of the last phase of ice sheet coverage in the Forsmark area
(Section 3.1.4), the ice flow direction during the MIS 2 ice sheet advance was approximately from
north, while the ice flow direction during the deglaciation was from north-west. This is in line with
the interpretation of glacial striae, with a northerly direction recorded both in the oldest glacial striae
and the oldest documented directional transport of the till material as recorded in clast fabric analysis
/Sundh et al. 2004/, and with an overall dominating younger striae system showing transport and depo-
sition from the north-west /Sohlenius et al. 2004/. This demonstrates that the transition to and from
the glacial climate domain may be spatially different during phases of ice sheet growth and decay.

The transition from submerged conditions to temperate climate domain is manifested by the shore-
level displacement caused by the isostatic rebound that follows deglaciation. The duration of this
transition in the reference glacial cycle, i.e. the time it takes from the very first appearance of land at
the site (Figure 4-37) until the last remnants of sea have disappeared from the site is around 12 kyrs
/SKB 2010d/. This is the transition that is occurring at the Forsmark site at present, manifested by
the slow movement of the shore line across the site. The transient nature of shore-level displacement
over the site is further described in /SKB 2010d/.

The durations of the four transitions above are summarised in Table 4-7.

Given the climate evolution of the reference glacial cycle, the assumptions made in all modelling
exercises (Chapter 3), and the physiographical characteristics of the site, the glacial processes
result in the fastest transition between climate domains (Table 4-7). The transition from glacial
climate domain to submerged conditions for the Forsmark site is around 50 years. The transition
from periglacial to glacial climate domain is about five times slower. These two fastest transitions
relate to the glacial climate domain, i.e. to the relatively fast processes of ice sheet advance and
decay. The transition from temperate- to periglacial climate domain with continuous permafrost

is 40 to 100 times slower than the transition from glacial climate domain to submerged conditions
(Table 4-7). The slowest transition is the one from submerged conditions back to temperate climate
domain, which, in the reference glacial cycle, is around 240 times slower than the transition from
glacial climate domain to submerged conditions. This is due to very slow glacial isostatic adjustment
of the Earth’s crust to the unloading associated with the ice sheet deglaciation (Section 3.3).

Table 4-7. Approximate durations of full transitions between climate domains over the Forsmark
site (as shown in Figure 4-37) for the SR-Site reference glacial cycle. In order to compare the
duration of the transitions from and to various climate domains, the relative duration time of the
transitions are in the last column expressed as numbers compared to the duration that takes
place during the deglaciation of the site.

Transition Approximate duration in Relative duration
reference glacial cycle of transition

Temperate- to periglacial climate domain with continuous ~2,000 to ~5,000 years 40 to 100-

permafrost coverage

Periglacial- to glacial climate domain ~250 years 5

Glacial climate domain to submerged conditions (deglaciation) ~50 years 1

Submerged conditions to temperate climate domain ~12,000 years 240-
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Figure 4-37. The Forsmark site as defined and analysed in the SR-Site biosphere programme (stippled)
/SKB 2010d, e/ and the location of the profile studied by 2D permafrost modelling (ved line) (Section 3.4.4
and 5.5). The figure is the same as Figure 3-58.

Note that for any given time during these transitions, the Forsmark site (Figure 4-37) contains more
than one type of climate domain. For instance, parts of the site may be subject to the periglacial
climate domain, having permafrost conditions without an ice sheet, at the same time as another part
of the site may be overridden by an ice sheet and thus being subject to the glacial climate domain.
Also note that the transition from one climate domain to another over the site does not need to be

a full transition (as in the above examples). For instance, discontinuous permafrost may start to
form within the site due to lower air temperatures, transforming the affected areas to periglacial
climate domain. Thereafter, climate may become warmer and permafrost (and the periglacial
climate domain) diminishes and disappears.

The hydrogeological consequences of the ongoing transition from submerged conditions to temper-
ate climate domain at Forsmark is analysed in /Salas et al. 2010/. The hydrogeological consequences
of transitions between temperate-, periglacial- and glacial climate domains are analysed in /Vidstrand
etal. 2010/.
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4.5.5 Evolution of hydrological conditions and groundwater

In SR-Site, dedicated groundwater flow modelling has been performed for all types of climate
domains that occur in the reference glacial cycle. Groundwater flow modelling of periods with
temperate climate conditions are found in /Joyce et al. 2010/, while groundwater modelling of
periods with periglacial and glacial conditions are found in /Vidstrand et al. 2010/. The geochemical
development during the different climate conditions are presented in /Salas et al. 2010/. An overview
of the hydrological and groundwater conditions of the reference glacial cycle is given below.

A schematic section through an arbitrary south-western sector of a Fennoscandian ice sheet large
enough to cover the Forsmark site is shown in the upper panel of Figure 4-38. A zone of basal melting
reaches some hundreds of kilometres from the ice margin in the southeast. The production of basal
melt water here varies between 1 and 10 mm/year and can be regarded as constant over the year. In
the ablation area below the equilibrium line, melt water from the ice surface and rain is brought to the
ice sheet bed through crevasses and moulins. In the reference glacial cycle (Figures 4-23 and 4-24)
surface melt water production in the ablation area typically varies up to 4-8 m of water per year.
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Cold snow zone —--— Percolation zone —---— Wet snow zone

En-glacial system

Sub-glacial system

Groundwater
150 m| E

150 km

Supra glacial system
X00 km | X0 km

" ', ’
et
NI I I

>l

S LS L ool > ‘Q’i

ESeite sttty
mi&m;:n:nhsa?'j&,‘nﬁ

Ice flow direction

\ 4

yIpIm [spow [eucibay

In the ablation area, downstream of the equilibrium line, a system of catchment areas is assumed. Each catchment
area is assumed to be connected to the en- and sub-glacial systems through which surface melt water is assumed
to reach the bed.

Sub-glacial system

Cold (frozen) bed Warm (thawed) bed

Basal melt water only . Basal and surface melt water
T
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In the area of basal melting, where the water supply is from basal melting only, a slow system is assumed.
In the ablation area, downstream the equilibrium line, where both basal and surface melt water are assumed
to reach the bed, a fast system with channels or tunnels is assumed.

Figure 4-38. Conceptual model of the ice sheet hydrological system. Upper panel: arbitrary south-western
section through a Fennoscandian ice sheet. Middle and lower panels: possible configurations of the supra-
and sub-glacial hydrological systems. At present it is not known if water generated at the surface could
reach the bed also upstream of the equilibrium line.
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More ice melts in lower parts of the ice sheet, and less ice closer to the equilibrium line. During
the final deglaciation of the ice sheet in this reference glacial cycle, a maximum modelled surface
melt rate of 14 m/year occurs. The modelled typical surface melt rate values of 4—8 m/year can be
compared with observed present average surface ablation rates of the Greenland ice sheet of a few
metres/year /Krabill et al. 2000/ up to ~10 m/year /Boggild et al. 2004/. During the deglaciation
of the Weichselian ice sheet, melt rates of more than 10 m/year may have occurred /Humlum and
Houmark-Nielsen 1994/.

During periods of temperate climate domain, the groundwater flow pattern is similar to the present
ice free situation, with a mixture of local areas of groundwater recharge, typically at topographically
high positions, and discharge, typically in low positions. The groundwater flow is at this time to a
large degree driven by topographic gradients in the landscape.

During the initial periods of periglacial climate domain, the permafrost distribution in the Forsmark
region is first sporadic followed by discontinuous spatial permafrost coverage, see section on
permafrost development above. This results in a modified pattern of groundwater flow, but still with
significant groundwater recharge and discharge taking place. When climate gradually gets colder,
permafrost grows progressively thicker and more widespread (see section on permafrost develop-
ment above and Section 4.5.3). When the climate is cold enough, continuous permafrost forms.
When continuous permafrost occurs, the precipitation recharge of groundwater is strongly reduced
or even stopped, since permafrost influences subsurface hydrology by drastically reducing the
hydraulic conductivity of the frozen unit /Burt and Williams 1976, Vidstrand et al. 2010, Hartikainen
et al. 2010/. At locations of future deep lakes, unfrozen taliks may exist where groundwater recharge
and discharge takes place, see section on permafrost development above and Section 4.5.3. Details
on the permafrost and hydrological conditions during such situations are found in /Hartikainen et al.
2010, Vidstrand et al. 2010/.

In this context it is worth noting that even in cases when continuous permafrost is present in the
landscape, it is unlikely that the permafrost layer has zero permeability for groundwater flow.

A zero permeability would probably require a uniform and very deep permafrost distribution. In
many cases, the permeability of the frozen ground could instead be large enough to allow for some
groundwater flow through the permafrost. In addition, the increased groundwater flow associated
with an advancing ice sheet margin over permafrost terrain is likely to enhance the creation of taliks.

During the first period of glacial climate domain, the ice sheet overrides ground with permafrost
(Figure 4-34). In line with the situation with ordinary permafrost, subglacial permafrost under the
ice sheet margin acts as a hydrological barrier for groundwater flow /King-Clayton et al. 1997/.
Therefore, this phase is characterised by a period with no groundwater recharge under the frontal
near part of the ice sheet. Groundwater recharge may still take place further in under the ice sheet,
where permafrost may have melted. Even though the ice sheet is cold-based in its frontal-near parts
at this time, water from surface melting may still reach the glacier bed or forefield. However, since
permafrost is present, this water does not contribute significantly to groundwater recharge.

Even if the 2D permafrost modelling (Section 3.4.4) did not indicate any taliks at the time of ice sheet
overriding (at 50 kyrs after present in the reference glacial cycle) it is probably not correct to assume an
effective large-scale permeability of zero for the pro-glacial landscape at this time. The permeability of
the frozen ground can in places be large enough to allow some groundwater flow through the perma-
frost, and furthermore, the increased groundwater flow due to the large pressure gradient associated
with an advancing ice sheet /Vidstrand et al. 2010/ could enhance a creation of taliks.

After the initial cold-based period, subglacial groundwater recharge again takes place at the
Forsmark site, this time under the ice sheet due to melting of basal ice (Figure 4-34). In local areas
of former groundwater discharge, groundwater recharge typically occurs under glacial conditions
e.g. /Breemer et al. 2002/. This results in a dominant subglacial groundwater flow directed down-
wards under the major part of the warm-based ice sheet, recharging the groundwater aquifer. Sub-
glacial groundwater discharge may possibly occur close to the ice margin /Breemer et al. 2002,
Vidstrand et al. 2010/. Even if the permeability of the bedrock were to decrease under the load of an
ice sheet, the increased physical and hydraulic gradient, especially associated with passages of the
ice sheet margin, would likely increase groundwater flow in bedrock compared to temperate climate
domain conditions /Hokmark et al. 2010, Vidstrand et al. 2010/.
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As known from present glaciers and ice sheets e.g. /Jansson and Nislund 2009, Jansson et al. 2007/,
as well as from the esker and geomorphological record in e.g. Sweden, subglacial ice tunnels may
be present at the ice sheet bed. The reason why an ice tunnel may form, and is kept open, is the
presence of a high enough basal water pressure and water flux. From observations from glaciers, it is
known that atmospheric pressure may exist in parts of the tunnels during parts of the year, typically
at the end of the melting season when the input of surface melt water is reduced or stopped, and the
ice deformation has not yet reduced the size of the tunnel. However, the tunnel width and length
are reduced during the winter season due to the ice deformation and since no meltwater from the
surface system is entering the glacial en- and subglacial hydrological system. There are very few
observations of these processes from ice sheets. However, it is likely that this closing process is
more efficient some distance away from an ice sheet margin, where the ice thickness is greater and
associated ice deformation faster. Over one full year, it is likely that the major stretch of subglacial
tunnels under ice sheets is dominated by water pressures higher than atmospheric pressure.

The first direct observation of these processes from an ice sheet was made by Wadham et al., see
/GAP team members 2009/. For summer conditions at the Russel Glacier, located in the marginal
zone of the Greenland ice sheet (Figure 4-39), they concluded that meltwater generated in the lower
ablation zone was routed by an efficient, channelized basal drainage system during the height of
the melt season. At this time, the conduits were water filled, except for a few km near the ice sheet
margin where the tunnels were at atmospheric pressure. The water-filled conduits fluctuated between
open and closed channel flow over timescales of days to weeks, as a response to the varying melt
water fluxes. Given the information from theory and from observations at smaller glaciers and the
Greenland ice sheet, it is unrealistic to envisage large open subglacial ice channels at atmospheric
pressure stretching many tens of km in under the ice sheet at Forsmark, and that such channels
would stay constantly open for many years.

After the first period of glacial climate domain, the Forsmark site is submerged for up to 9 kyrs
(Figure 4-34). When the site subsequently is situated above sea-level during this interstadial at
around 8090 kyrs after present (Figure 4-34), climate is generally cold, which induces new long

Figure 4-39. Part of the Greenland ice sheet in the Kangerlussuaq region, west Greenland. During summer
conditions, subglacial channels are here water filled except for a few km near the ice sheet margin where the
tunnels were at atmospheric pressure, see Wadham et al. in /GAP team members 2009/. The proglacial area
is characterized by continuous permafrost with sub-lake taliks that penetrate the permafrost down to the
deep groundwater system. Within this region, SKB, Posiva and NWMO carry out the Greenland Analogue
project (GAP) in order to study questions on glacial hydrology and hydrogeology. Photo. Jens-Ove Ndslund.
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periods of deep permafrost, and associated reduced conductivity in the upper part of the bedrock.
During the short temperate conditions during this interstadial, groundwater flow may again be
characterized by local areas of recharge and discharge.

During the second and most severe glacial phase, starting around 90 kyrs after present, the ice
sheet is cold-based for a considerably shorter initial time than during the first major glacial phase
(Figure 4-34). This makes water from surface and basal melting available for groundwater recharge
during most of this period of ice sheet coverage. As in the case of the first ice-covered period,
steeper physical and hydraulic gradients, especially associated with the passage of the ice sheet
front, may, for a limited period, induce more rapid and substantial groundwater flow than under
present ice-free conditions, see /Vidstrand et al. 2010/.

Thereafter, at the very end of the reference glacial cycle, an evolution corresponding to the Holocene
occurs, with Forsmark first being submerged after deglaciation for around 10 kyrs. When the site
emerges above sea-level, the climate is much warmer than during the non-submerged period between
the two major glacial advances. The Forsmark site is again dominated by temperate climate condi-
tions, with groundwater flow similar to present-day conditions. For a description of the geochemical
evolution in this scenario, see /SKB 2011/.

4.5.6 Evolution of mechanical conditions

During the reference glacial cycle (Figure 4-23 and 4-24) the temporal evolution of the ice sheet
will cause time-varying stresses and deformations in the Earth /Lund et al. 2009/. Due to the long
time spans both elastic and viscous deformation occurs. Properties of the ice sheet controlling the
deformation and stress change are duration, areal extent, thickness and slope of the ice margin. The
evolution of stresses in the crust during a glacial cycle has been studied by /Lund et al. 2009/, who
used numerical finite-element modelling of the glacially induced stresses based on the ice sheet
development in the reference glacial cycle. As the ice sheet advances and the load from the ice
increases, the vertical and horizontal stresses will both increase in direct and immediate response to
the increasing load. The elastic lithosphere will bend and the viscoelastic mantle will flow laterally.
This will, on a large scale, result in a depression beneath the load, where crustal flexure will give
an additional slow increase in horizontal stresses in the upper crust. Outside the ice sheet margin,
crustal flexure will result in an up-warping peripheral bulge (see also Section 3.3.4), in which the
horizontal stresses are reduced. The thicker the ice sheet and the longer duration an area is covered
by ice, the larger the induced bending stresses will become. When the growth rate of the ice sheet
decreases, the induced horizontal stresses under the load grow larger than the vertical stress and
remain so during times of steady-state ice conditions and all through the deglaciation phase. As the
ice sheet retreats during deglaciation, the depressed lithosphere will experience isostatic rebound,
which is a much slower process than the ice load removal process. Consequently, high horizontal
stresses remain in the lithosphere for a significant amount of time after the ice sheet induced vertical
stress has disappeared.

The pore pressures in the crust are increased during glaciation as a result of the consolidation of
the bedrock, the recharge of meltwater available at the base of the ice sheet and the additional
hydrostatic pressure induced by the ice sheet itself. Furthermore, increased pore pressure-levels
may also potentially develop beneath an impermeable permafrost layer in front of an approaching
ice sheet, cf. /Lonnqvist and Hokmark 2010/. Estimates of the magnitude of the glacially induced
pore pressure at different depths and during different phases of a glacial cycle have been made by
/Hokmark et al. 2010/.

The discussion on glacially induced stresses and pore pressures implies that the effective rock stress
(i.e. the normal stress reduced by the water pressure) varies both with changes in the mechanical
load and changes in the pore pressure produced by the ice sheet. The evolution and magnitude of the
effective stress during the different parts of the glacial cycle will dictate the mechanical behaviour of
rock fractures, and hence, also their water-conducting ability, see /Hokmark et al. 2010/. In general,
the increase in total stress during ice sheet advance will act to reduce the transmissivity of fractures
and fracture zones. But since the vertical stress increases more rapidly than the horizontal stresses,
upper crustal stress axes may rotate so that the vertical stress is the intermediate or largest principal
stress. These stress changes, together with the increase in pore pressure as compared with non-glacial
hydrostatic conditions, may result in changed transmissivity anisotropy.
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Outside the edge of the ice sheet, the reduction in horizontal stresses may give rise to a decreased
normal stress acting across steeply dipping fractures, leading to an increase in transmissivity. In
the absence of reduced temperatures or increased pore pressure levels due to proglacial permafrost,
calculations by /Hokmark et al. 2010/ indicate that the increase will be modest. /Hokmark et al.
2010/ also consider two cases associated with the scenario of proglacial permafrost coinciding
with the forebulge stress regime. Firstly, they consider the possibility of increased pore pressure-
levels beneath the permafrost layer. Secondly, a further reduction of the horizontal stresses due

to reduced temperatures /Hartikainen et al. 2010/ is considered in combination with high pore
pressures. /Hokmark et al. 2010/ found that, for the former case, the transmissivity will increase by
a factor 23 at most. For the latter case, significant transmissivity increases of some vertical fracture
orientations (factor around 7) were found at shallow depths. For repository depth more moderate
increases by a factor 2—3 were found for identically oriented fractures.

Increased deviatoric stresses may also give rise to shearing of critically oriented fractures, which
in turn can yield larger fracture apertures and increased transmissivities. The same effect may also
result from elevated pore pressures that will act to reduce the shear strength. However, /Hokmark
et al. 2010/ argue that transmissivity increases resulting from shear displacements taking place at
high normal stress (>6—7 MPa) are negligible. As described by /Lonnqvist and Hokmark 2010/,
hydraulic jacking of fractures is also possible, but most likely not deeper than at most 200 metres.

In general, the emplacement of a large ice sheet stabilises faults in the crust and suppresses earth-
quake activity. During deglaciation, however, the rapid decrease in vertical stress tends to destabilise
the crust. Crustal pore pressures are of great significance in the faulting process, since an increased
pore pressure decreases the effective normal stress on faults, and hence, reduces their shear strength.
If the pore pressure is still enhanced at the end of glaciation, when the vertical load from the ice
disappears, fault stability will be further reduced. Observations of large end- or postglacial faults in
northern Scandinavia show that such a process was indeed active at the end of the last glaciation.

4.5.7 Surface denudation

For the reference glacial cycle, the total amount of surface denudation, i.e. the combined effect of
surface erosion and weathering, is expected to be 1-2.6 m for the repository location in Forsmark
(Section 3.5.4, Table 3-17).

The major part of this denudation is a result of glacial erosion, occurring during phases of warm-based
ice sheet coverage. These warm-based periods of glacial erosion occur after 60 kyrs, and between
90 and 110 kyrs into the reference glacial cycle (Figure 4-34). The amount of glacial erosion at the
repository location is estimated to 1-2 m for this glacial cycle (Table 3-17). This relatively low amount
of expected glacial erosion is a result of the very flat topography in the area, and that the erosional
capacity of the ice sheet is relatively small (compared with considerably more active erosion by more
active ice sheets or smaller glaciers in other climatological and topographic settings, such as along the
Norwegian coast or alpine environments. For examples of various glacial erosion rates from different
climatological and topographic environments, see /Olvmo 2010/, and references therein).

The non-glacial component of surface denudation, resulting from all other active erosion and weath-
ering processes, such as weathering and fluvial erosion during temperate- and periglacial climate
conditions, is estimated to amount up to 0.6 m for the reference glacial cycle (Table 3-17).

All in all, the total denudation for the reference glacial cycle is estimated to be limited at Forsmark
(less than 3 m), since the area is dominated by the well-preserved sub-Cambrian peneplain
(Section 3.5.4). The dissected area with sometimes considerable relief in the coastal areas, some
25 km south-east of Forsmark, may experience more efficient glacial erosion during a glaciation
with a similar erosional characteristics as during the Weichselian. In this area, glacial erosion of
more than 10 m is expected locally in low topographic positions. However, this is not the case for
Forsmark and the repository location.

The removal of bedrock by surface denudation results in a reduction of the repository depth. A reduced
repository depth could in turn lead to permafrost and frozen ground reaching closer to the repository.
However, a total denudation of less than 3 m for the reference glacial cycle (Table 3-17) has a negli-
gible effect, in terms of repository safety, on the estimated permafrost- and freezing depths presented
in Section 4.5.3 and 5.5.3. In this context, also the estimated total denudation of around 20 m over the
repository in a 1 Myr time perspective (Table 3-17) is insignificant in terms of repository safety.
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5 Additional climate cases for the safety
assessment SR-Site

In order to cover the uncertainty in future climate development, the reference glacial cycle
(Section 4.5) has been used to construct additional climate cases with a potentially larger impact
on repository safety than the reference cycle, see Figure 1-3. Consequently, they form the basis
for the global warming variant of the main SR-Site safety assessment scenario, and also for other
additional safety assessment scenarios, see Figure 1-3 and /SKB 2011/. The climate-related issues
having the greatest impact on repository safety functions are:

*  Maximum permafrost and ground freezing depth;

* Maximum hydrostatic pressure;

* Penetration of oxygen to deep groundwater;

*  Occurrence of dilute or extremely saline groundwater;

* Reduction of retardation in the geosphere due to high groundwater fluxes and/or mechanical
influences on permeability.

These issues are mainly related to extremes within the temperate-, periglacial-, and glacial climate
domains. For a description of the strategy for using and selecting the additional climate cases, see the
section on Strategy for managing long-term evolution of climate-related processes (Section 1.2.3),
and the section on Rationale and general approach (Section 4.1). For the SR-Site safety assessment,
the climate cases presented in Table 5-1 are considered.

Chapter 5 describes climate cases 2—6 in Table 5-1 and Figure 1-3. In addition to the description of
the parameters that the climate cases were designed to take care of, for instance maximum thick ice
sheets, a description of expected changes in surface denudation are also described for each case.
The removal of bedrock by surface denudation affects the repository depth, which in turn may affect
e.g. the possibility for permafrost- and frozen ground to reach the repository. Climate cases with an
expected larger total denudation than in the reference glacial cycle are therefore considered more
important, and are thus described in more detail, compared with cases with an expected denudation
smaller than in the reference glacial cycle, which are described only briefly.

5.1 Global warming case
5.1.1 Background

There is a large range of potential future climate developments when considering the combined
effect of natural and anthropogenic climate change. One such case is described in the present global
warming case. This case describes a future climate development influenced by both natural climate
variability and climate change induced by anthropogenic emissions of greenhouse gases, with the
latter resulting in weak to moderate global warming. In order to cover a reasonably broad array of
future climate developments based on present knowledge, a case of extended global warming is also
included in the SR-Site safety assessment (Section 5.2), describing a situation with stronger and
longer-lasting global warming.

Table 5-1. Climate cases considered in the SR-Site safety assessment. Cases 2 to 6 are described
in the present chapter of the report. The table contains the same information as Table 4-1.

Case number Climate case Description
(section in present report)

1 (Section 4.5) Reference glacial cycle Repetition of reconstructed last glacial cycle conditions

2 (Section 5.1) Global warming Longer period of initial temperate conditions than in case 1
3 (Section 5.2) Extended global warming Longer period of initial temperate conditions than in case 2
4 (Section 5.3) Extended ice sheet duration Longer duration of ice sheet coverage than in case 1

5 (Section 5.4) Maximum ice sheet configuration  Largest ice configuration in past two million years

6 (Section 5.5) Severe permafrost Favourable for early and deep permafrost growth
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The purpose of the global warming case and the extended global warming case is to give a picture
of the possible impact of global warming on the repository and also to cover extremes of warm
conditions with respect to repository safety. In general, temperate climate conditions are not negative
for the repository safety, as the conceivable conditions occurring within the temperate domain have
limited impact on repository safety functions. However, if for some reason, a release from the reposi-
tory does occur, previous safety analyses have shown that peak doses occur during periods when

the area above the repository is situated above sea-level, and areas of discharge are located within
that area. In addition, prolonged periods of temperate climate conditions above sea-level may result
in lower groundwater salinity. The effects of this also needs to be assessed in terms of e.g. buffer
stability /SKB 2011/.

There is a large amount of published information on various aspects of global warming in recent
literature. The intention with this section and the section on the extended global warming case is
not to give a comprehensive description of the present status on knowledge in the global warming
issue (with its causes, effects, uncertainties etc). Instead, the aim is to include information and data
that support the treatment of this complex topic at a level required for the safety assessment. To this
end, both general scientific literature is used as well as dedicated studies performed for SR-Site.
For further descriptions of the topic of global warming, the reader is referred to the compilations
by /IPCC 2007, Bates et al. 2008, Jol et al. 2008, Allison et al. 2009, Richardson et al. 2009,
Rummukainen and Killén 2009, Arndt et al. 2010/, and references therein. Detailed descriptions
of global warming and its effects specifically on Sweden and the Baltic region is found in /SOU
2007, Miljovardsberedningen 2007, BACC author team 2008/.

In SR-Site, there are two main reasons for analysing cases of climates warmer than the reference
glacial cycle; 1) modelling studies of the climate response to increased greenhouse gas emissions,
mainly CO,, indicate that global temperatures will increase in the future under such conditions, e.g.
/IPCC 2007, Kjellstrdm et al. 2009b/, and ii) natural long-term climate cycles are believed to be
driven mainly by changes in solar insolation (Section 2.2). The coming 100 kyr period is initially
characterised by exceptionally small amplitudes of insolation variations /Berger 1978/, suggesting
that the present interglacial may be exceptionally long. If considering the known future changes in
insolation, /Loutre and Berger 2000/ and /Berger and Loutre 2002/ suggest that the interglacial may
end ~50 kyrs after present. This is illustrated in Figure 5-1, showing modelled Northern Hemisphere
ice sheet volumes for the coming 130 kyrs, based on a model forcing only by future variations in
insolation and natural as well as anthropogenically increased CO, levels. Given this insolation
forcing, the model results suggest that a growth of the Greenland-, Eurasian- and North American
ice sheets would not start until after 50 kyrs after present even without increased CO; levels.

However, /Miiller and Pross 2007/ suggest that under natural climate forcing conditions, the present
insolation minimum holds the potential to terminate the Holocene interglacial. This supports a
hypothesis by /Ruddiman 2003/ which proposes that early anthropogenic greenhouse gas emissions
prevented the inception of a glacial that otherwise already would have started.

In addition to handling future variations in insolation, the global warming case also includes the
effect of low to moderate global warming from an anthropogenic increase of atmospheric CO;
levels, e.g. /IPCC 2007/. (Higher levels of greenhouse gas concentrations, also described by e.g.
/IPCC 2007/, with an associated longer period of temperate climate conditions, are treated in the
extended global warming case, see Section 5.2). In the global warming case, peak air temperatures
are envisaged to be reached within the first hundreds to thousands of years. Mean annual air
temperatures several degrees warmer than at present then occur in central Sweden and Forsmark.
Subsequently, following a decline in atmospheric CO; concentrations, air temperatures are envisaged
to show a general slow decline for the rest of the long initial period with temperate climate condi-
tions.

The reduction of atmospheric CO, concentrations, following peak values, is a very slow process, e.g.
/Archer 2005, Lenton and Britton 2006, Tyrell et al. 2007, Archer and Brovkin 2008, Schaffer et al.
2009/. This suggests that the onset of colder climate conditions, after the initial temperate period,
also would be a gradual and slow process. Therefore, it is appropriate to use the mild onset of colder
climate conditions reconstructed for the last glacial cycle (Section 4.5.4) for the climate development
following the initial temperate period. In order to describe the combined effect of known variations
in insolation and a low- to moderate global warming, the global warming case therefore assumes
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Figure 5-1. Simulated ice volume of the Northern Hemisphere over next 130 kyr using model forcing

only by variations in insolation and natural CO; levels (left). The right figure shows a corresponding
simulation but with a global warming scenario with an atmospheric CO, concentration peak of 750 ppmv
within 200 yrs. Ice volume of the Northern Hemisphere (full line), Greenland ice sheet (dotted line), North
American ice sheet (dashed line) and Eurasian ice sheet (long-dashed line). The initial Greenland ice sheet
corresponds to the present one. Modified from /Loutre and Berger 2000/.

that the present temperate climate domain, albeit with higher initial air temperatures, will prevail for
50,000 years longer than in the reference glacial cycle. Following the first 50 kyrs of additional tem-
perate climate conditions, the first 70 kyrs of the reference glacial cycle is assumed to follow. This
results in c. 60 kyrs of temperate climate conditions at Forsmark before the ending of the present
interglacial (the ending locally defined as the time of first occurrence of periglacial conditions with
permafrost, see Section 4.5.4). This development is in broad agreement with results simulated for
two global warming cases within the BIOCLIM project /BIOCLIM 2003/.

5.1.2 Ice sheet evolution

In this case of low to moderate global warming, colder climates again arise in the latter half of the
coming 120 kyrs. The climate cooling associated with a slow reduction in atmospheric greenhouse
gas concentrations results in a Fennoscandian ice sheet forming in the same way as in the reference
glacial cycle, but in this case 50,000 years later. In the reference glacial cycle, two main phases of
ice sheet coverage took place at Forsmark. In the global warming case, only the first of these two
phases occurs, around 110 kyrs after present. The characteristics of this glacial period are identical to
the first major glacial period of the reference glacial cycle. The maximum ice sheet thickness during
this event is just above 2,000 m. The glacial climate domain persists for around 10 kyrs, of which
the first half consists of cold-based ice sheet conditions, without local formation of groundwater,
whereas the second half consists of warm-based ice sheet conditions with active sub-glacial ground-
water formation at Forsmark. Prior to the ice sheet overriding, periglacial conditions with permafrost
exist at the site.

5.1.3 Shore-level evolution

The main process of importance for repository safety in the temperate climate domain is changes
in shore-level. Due to the near-coastal location of Forsmark, one question related to future global
warming is the response of the present glaciers and ice sheets, and associated changes in sea-level
and shore-level.
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Ice sheets and sea-level

At present, there are major uncertainties in the estimates of future sea-level rise due to global
warming. A major part of this uncertainty relates to the response of the cryosphere to increased
temperatures. Given the location in a warmer climate at present, the Greenland ice sheet may be
more sensitive to increases in air temperature than are the Antarctic ice sheets, especially the East
Antarctic ice sheet. After the publication of the fourth assessment report from the Intergovernmental
Panel on Climate Change (IPCC) /IPCC 2007/, a wealth of scientific literature has highlighted
aspects of the Greenland ice sheet response to climate change, e.g. /Hall et al. 2008, Hanna et al.
2008, Howat et al. 2008, Mernild et al. 2009, van den Broeke et al. 2009, Vinther et al. 2009, Wake
et al. 2009, Robinson et al. 2010, Stone et al. 2010b/, including the role of oceanographic warming
e.g. /Holland et al. 2008, Hanna et al. 2009, Rignot et al. 2010, Straneo et al. 2010/ and the coupling
between climate, ice sheet dynamics and glacial hydrology, e.g. /van de Wal et al. 2008, Joughin et
al. 2008, Price et al. 2008/. A summary of various aspects of the Greenland ice sheet in a warming
climate is found in /AMAP 2009/. The sea-level contribution from glacial sources are specifically
dealt with in e.g. /Gregory and Huybrechts 2006, Meier et al. 2007, Shepherd and Wingham 2007,
Pfeffer et al. 2008, Velicogna 2009, Bamber and Riva 2010/.

The present volume of the Greenland ice sheet corresponds to a global sea-level rise of 7.3 m
/Bamber et al. 2001/, whereas the maximum contribution to future global sea-level change from
melting glaciers and ice caps (i.e. excluding the Greenland and Antarctic ice sheets) is considerably
smaller, no more than 0.5 metres (corresponding to the total volume of water stored in glaciers and
ice caps at present) /IPCC 2007/.

In some studies, the decay of the Greenland ice sheet under global warming is a relatively smooth
function of the temperature increase /Huybrechts and de Wolde 1999/. However, many recent studies
have highlighted that the response of the Greenland ice sheet is a complex process, involving internal
ice sheet processes as well as the interaction between the cryosphere, atmosphere and ocean, e.g.
/Huybrechts et al. 2004, Howat et al. 2008, Thomas et al. 2009, Wake et al. 2009, Vinther et al.
2009, Rignot et al. 2010/. According to /Gregory and Huybrechts 2006/ an increase in annual
temperature of 4.5+0.9° or more over Greenland, corresponding to a global temperature increase of
3.140.8°, could result in an irreversibly collapsing Greenland ice sheet. In the most pessimistic CO,
scenario of /IPCC 2007/, with a 4° global climate warming by the year 2100 (compared to the period
1980-1999), with a likely range of 2.4°-6.4°, the warming would in the long run be sufficient to lead
to a complete Greenland ice sheet collapse /Huybrechts and de Wolde 1999, Gregory et al. 2004,
Alley et al. 2005a, Gregory and Huybrechts 2006, Lunt et al. 2008, 2009, Stone et al. 2010a, b/, and
eventually a global mean sea-level rise by 7 m. According to these model simulations, which are
acknowledged to not properly represent the dynamics of fast-flowing ice streams, this could happen
within a few millennia. If proper ice stream dynamics could have been considered, the ice sheet
response to a warmer climate could perhaps be faster than this.

One crucial aspect of sea-level rise due to ice sheet collapse is that the effect of the rising sea-level is
not distributed evenly over the seas and along continental coasts. This is due to changes in the grav-
ity field associated with the melting of ice sheets and water entering the ocean basins /Milne et al.
2009, Whitehouse 2009, Bamber and Riva 2010/. For instance, a complete collapse of the Greenland
ice sheet would result in gravitational changes that counteracts the sea-level rise in the near field of
the collapsed ice sheet, resulting in a lower sea-level, in the near field, than when the ice sheet was
present /Milne et al. 2009/. This aspect is one key aspect of the GIA model used for SR-Site, see
below. /Milne et al. 2009/ studied this spatially-variable change in sea-level assuming a complete
melting of the Greenland ice sheet, and they predicted a ~0 mm/yr sea-level change in the region

of Fennoscandia.

Even if considered less sensitive to global warming, several studies have been published, since the
publication of /IPCC 2007/, on the possible contribution to sea-level rise by the West Antarctic ice
sheet e.g. /Mitrovica et al. 2009, Bamber et al. 2009, Ivins 2009, Rignot et al. 2008/. According to
the literature reviewed in /IPCC 2007/, a collapse of the West Antarctic ice sheet could contribute
with a maximum of ~5 m of global sea-level rise. A more recent study suggests that the potential
maximum rise in global mean sea-level from the West Antarctic Ice Sheet is 3.3 m /Bamber et al.
2009/. The effects of a collapse of the West Antarctic ice sheet was studied by /Mitrovica et al.
2009/ and /Bamber et al. 2009/. By using the traditional ice volume value for West Antarctica,
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corresponding to 5 m of global mean sea-level rise, /Mitrovica et al. 2009/ estimated that a collapse
of the West Antarctic ice sheet would result in a sea-level rise around Fennoscandia of 5+1 m, when
including the gravitational effects associated with the ice sheet collapse. However, using the revised
West Antarctic ice volume value, corresponding to 3.3 m of global mean sea-level rise, /Bamber

et al. 2009/ suggested that a full collapse of the West Antarctic ice sheet would give a sea-level rise

around Fennoscandia of around 3 m, gravitational effects taken into account.

Sea-level rise up to year 2100

The fourth assessment report from IPCC did a summary of expected future global mean sea-level
rise given various greenhouse gas emission scenarios. The maximum global mean sea-level rise for
year 2100 was estimated to +59 ¢cm /IPCC 2007/. The maximum corresponding value reported by
IPCC in 2001 amounted to +88 /Church et al. 2001/. The difference between these two estimates

is dependent on how the risks of global sea-level changes are evaluated. Primarily, in /IPCC 2007/,
the contribution response to global warming from internal ice sheet dynamics was excluded from the
estimate of sea-level rise because of its large uncertainty.

In addition to the studies mentioned under the ice sheets and sea-level heading, many studies have
attempted to improve the numbers and approach to address the question on future sea-level rise since
/IPCC 2007/, e.g. /Rahmstorf 2007, Grinsted et al. 2009, Sidall et al. 2009, Cazenave et al. 2009/.
/Rahmstorf 2007/ predicted a maximum global sea-level rise by year 2100 of +138 cm (relative

to the level year 1990). This is considerably higher than the value reported by /IPCC 2007/, a
difference that is mainly due to the different methodological approach taken by /Rahmstorf 2007/.
In /Rahmstorf 2007/, a semi-empirical relationship is used to connect global sea-level rise to global
mean surface temperature, proposing that the rate of sea-level rise is roughly proportional to the
magnitude of warming above the temperature of the pre-Industrial Age. In a study by /Pfeffer et al.
2008/, the Greenland and Antarctic ice sheet dynamic response to global warming is estimated and
included. Also in this study the large uncertainty in sea-level rise is emphasised. /Pfeffer et al. 2008/
points to two probable cases of global sea-level rises by year 2100 (relative to the level year 2000)
amounting to +79 and +83 cm, respectively. /Pfeffer et al. 2008/ also describe a less probable, but
still possible, worst case where a calculated maximum ice discharge from the Greenland and West
Antarctic ice sheets result in a global sea-level rise of +200 cm by year 2100, i.e. +141 cm above the
/IPCC 2007/ estimate (that excluded this process).

The short term effect (by year 2100) of these worst case estimates of global sea-level rise for the
Forsmark site is described in the extended global warming case, Section 5.2.3, and in /Brydsten et al.
2009/.

Sea-level rise beyond year 2100

The long-term sea-level response to global warming is naturally also associated with major uncer-
tainties, and is for instance not discussed in /IPCC 2007/ which does not describe events more

than 3,000 years into the future. It is clear however, that global sea-level would continue to rise far
beyond year 2100 as a response to global warming. The effects on sea-level related to the response
of the Greenland and West Antarctic ice sheets to global warming are discussed above, where a full
collapse of the Greenland and West Antarctic ice sheets are suggested to contribute with a sea-level
rise around Fennoscandia of ~0 and ~3 m respectively. There are major uncertainties related to the
amount of global warming and the associated amount of ice sheet disintegration, as well as on the
timing of such events.

/Rohling et al. 2009/ showed the (non-linear) relationship between Antarctic temperatures and
sea-level elevation for the past five glacial cycles, indicating that the equilibrium sea-level for the
present day CO; concentration in the atmosphere lie within the broad range of 0 and +25 (£5) m,
and that such levels might be reached within the next two to five millennia. The higher CO; levels
that result from future emissions, results in even higher equilibrium sea-levels.

Another uncertainty relates to the long-term response from thermal expansion of ocean (thermo-
steric sea-level rise) due to a global warming climate. The rate of global sea-level rise from thermal
expansion of ocean water would initially be low and then increase. /IPCC 2007/ estimated the total
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sea-level increase due to thermal expansion in year 2300 to be 0.3—0.8 m (A1B emission scenario),
and to be 0.5-2 m in year 3000 AD compared with year 2000 AD. Because of the large heat capacity
of the ocean, thermal expansion would continue for many centuries after a warmer climate has
stabilised. The final maximum contribution to sea-level change from thermal expansion would thus
be considerably larger than at the time of peak climate warming.

There is thus a large uncertainty in the future long-term response of global sea-level on global warm-
ing. Despite these uncertainties, it is clear that the final sea-level rise resulting from global warming
is reached several thousands of years into the future, and that the global mean sea-level rise could
amount to several tens of metres.

GIA modelling

Despite the large uncertainty in future sea-level rise, reflected in the references above, many
researchers believe that substantial long term sea-level rise will continue for centuries as a result

of global warming, e.g. /IPCC 2007, Overpeck and Weiss 2009/. For the global warming case

it is not meaningful or possible to assign probabilities to the various predictions of future global
sea-level change above. Instead, for the GIA model simulations, it is adequate to assume a complete
collapse of the Greenland ice sheet as a response to global warming. It is assumed that this ice sheet
completely melts away at a linear rate during the coming 1,000 years, resulting in 7 m of global sea-
level rise. If the rate would be different, or if the ice sheet response would be non-linear and more
complex, which is very likely, this does not influence the modelled long-term (glacial cycle time
scale) shore-level signal at the Forsmark site.

Just as for the reconstruction of last glacial cycle conditions (Section 3.3.4) and the resulting
reference glacial cycle (Section 4.5.2), the effect of sea-level rise on the development of the Baltic
shore-level was for the global warming case investigated by GIA modelling. In the GIA simulations
made for the reconstruction of last glacial cycle conditions there was a discrepancy between the
GIA results on modelled present-day uplift rates and present uplift rates as observed by GPS
measurements. In Section 3.3.4 and in /Whitehouse 2009/ it was shown that the discrepancy was
partly due to the fact that a laterally homogeneous Earth model (2D Earth model) was used in the
GIA simulations. A 3D modelling approach significantly reduces this discrepancy (Section 3.3.4
and Whitehouse 2009). Another contributing factor to the discrepancy can be a too large an ice load
provided to the GIA model from the ice sheet model (Section 3.1.4). By sensitivity tests made in
SR-Can using the GIA model, it was found that a reduction in ice thickness to 80% of the value in
the reference glacial cycle yielded GIA results on present uplift rates that were in accordance with
the observed present-day uplift. Even if a large part of the discrepancy now can be attributed to the
2D GIA modelling approach (Section 3.3.4), the global warming case for SR-Site uses the 2D GIA
model simulation together with an 80% reduction in ice sheet thickness. However, this is judged

as not having a large impact on the usefulness of the results on relative sea-level, given the large
uncertainty interval presented for the results.

In line with the approach used in the GIA modelling of the reference glacial cycle, the GIA model
was initiated by running one full glacial cycle in order to obtain realistic initial uplift rates for

the greenhouse scenario. This was followed by linear melting of the Greenland ice sheet over
1,000 years, inducing corresponding changes in global sea-levels. This was followed by a 50 kyr
long period of no change to the loading model, simulating a warm global warming climate without
a Fennoscandian ice sheet forming. Finally a second full glacial cycle was added in the simulation.
No contribution from thermal expansion of oceans was included, which adds an uncertainty to the
results, see below.

After the GIA simulation, the relative shore-level curve from the GIA model was combined with
observed shore-level data for the present day /Passe 2001/ in order to produce the final shore-level
curve for the global warming variant (Figure 5-2). In the GIA simulation, the rise in global sea-level
due to the melting of the Greenland ice sheet does not result in a sea transgression at Forsmark. This
is due to the counterbalancing gravitational effect associated with the removal of the mass of the
Greenland ice sheet mentioned above, in Section 3.3 and in /Milne et al. 2009, Whitehouse 2009/.

As mentioned above, /Milne et al. 2009/ studied the spatially-variable change in sea-level assuming
a melting of the Greenland ice sheet, and predicted a ~0 mm/yr sea-level change in the region
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of Fennoscandia. This is in line with the results of the GIA modelling performed for the global
warming case, where the isostatic rebound is larger than the sea-level rise even when including a
1,000 year long complete melting of the Greenland ice sheet. The results show that the Forsmark
site is situated above sea-level basically for the entire coming 120 kyrs in the global warming case.

However, here it is important to note that there are large uncertainties in the shore-level curve
presented in Figure 5-2. They relate to uncertainties and assumptions made in the GIA modelling
and also to the uncertainties in present knowledge on future global sea-level rise discussed above.
The main uncertainty in future global sea-level rise is, as described above, related to the uncertain
response of the Greenland and West Antarctic ice sheets to global warming and to the contribution
from thermal expansion. The assumed complete collapse of the Greenland ice sheet covers the
uncertainty of the most sensitive ice sheet. The uncertainty in the shore-level curve may thus be
up to several tens of metres, see also Section 3.3.4.

Given the uncertainties described above, it is possible that, in contrast to what is shown in Figure 5-2,
there might be an initial period of sea transgressions at the Forsmark site in the global warming
case, lasting some thousands of years, before the isostatic uplift component starts to dominate.

After an early phase with these large uncertainties in the global warming case, the results of the GIA
modelling suggest that in the long run the Forsmark site is situated above sea-level until the end of
the 120 kyr period (Figure 5-2).

Situations with worst case scenarios for global sea-level rise up until year 2100, and the resulting
effect on shoreline migration at the Forsmark site, are described in Section 5.2.3 and /Brydsten et al.
2009/.

Another expected effect of a global warming climate is that the increased precipitation in the Baltic
drainage basin leads to increased surface runoff to the Baltic Sea, with less saline conditions in the
Baltic as result, e.g. /BACC author team 2008/.

5.1.4 Permafrost evolution

In the global warming case, the evolution of permafrost is postponed 50 kyrs compared to the
development in the reference glacial cycle. After the first 50 kyrs, the development of the temporal
pattern and depths of permafrost is identical to the development in the reference glacial cycle. The
permafrost starts to develop at around 60 kyrs after present. After that, progressively longer periods
of permafrost conditions and shorter periods of temperate climate conditions occur, up until the
glacial period at around 110 kyrs after present. The maximum permafrost depth is, in this climate
case, the same as in the reference glacial cycle, ~260 m (with a maximum uncertainty interval down
to ~460 m), but it occurs later, c. 100 kyrs after present. At the same time, the depth of the frozen
ground is somewhat shallower than the permafrost depth, due to the pressure and salinity; ~245 m
(with a maximum uncertainty interval down to ~420 m).
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Figure 5-2. Shore-level evolution at Forsmark for the global warming case. For comparison, the shore-
level evolution for the reference glacial cycle (Section 4.5.2) is also shown. Negative numbers indicate
that the area is situated above the contemporary sea-level. The curve was constructed by GIA modelling
combined with results from observations of present-day uplift rates /Passe 2001/. There are significant
uncertainties in the future shore-level development, which, in contrast to what is shown in the figure, may
result in a sea transgression at Forsmark during the first thousands of years of the evolution.
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5.1.5 Evolution of climate domains

The development of climate domains for the global warming case is shown in Figure 5-3 and 5-4.
Given the assumption of a long initial period of temperate climate conditions, the temperate climate
domain is dominating. Temperate conditions prevail for ~78,000 years (65% of the time), permafrost
conditions for ~28,000 years (23% of the time), glacial conditions for ~11,000 years (9% of the time)
and submerged conditions prevail for ~3,000 years (~3% of the time).

In this climate case, the climate at Forsmark is dominated by the initial ~60 kyr long period with
temperate climate conditions. The variation in air temperature and precipitation is considerable
within this temperate period, with air temperatures and precipitation rates considerably higher than at
present in the early phase of the 120 kyr period. A detailed example of the characteristics of a climate
dominated by global warming in Forsmark is given below, derived from the climate modelling study
by /Kjellstrom et al. 2009b/. In time the high temperatures are slowly reduced, as a response to the
slow decrease in atmospheric CO; concentrations. During the initial long temperate period, climate
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Figure 5-3. Duration of climate domains at Forsmark, expressed as percentage of the total time for the
global warming case. The bar below the pie chart shows the development of climate as a future time series
of climate domains and submerged periods.
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Figure 5-4. Evolution of climate-related conditions at Forsmark as a time series of climate domains and
submerged periods for the global warming case.
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varies within a range that is larger than that during the preceding parts of the Holocene. The length
of the initial period of temperate climate domain should not be taken as a prediction or statement
on how a future global warming climate will manifest itself. Under a future warming climate, this
period could be shorter or longer than that described here. One such alternative case, with an even
longer duration of temperate climate conditions, is described in the extended global warming case,
see Section 5.2.

Between ~60 kyrs after present and more than 100 kyrs after present, periods of periglacial condi-
tions with permafrost occur and get progressively more severe (Figure 5-4). The first major ice
sheet advance in the global warming case occurs at around 110 kyrs after present. The maximum
ice sheet thickness, around 2,000 m, occurrs at around 115 kyrs after present. Table 5-2 summarizes
the sequence of events for the global warming case.

During the second half of the global warming case (Figure 5-3 and 5-4), climate varies within the
same range as during the first part of the reference glacial cycle (Section 4.5), and consequently the
climate-related processes act in the same way as in the reference glacial cycle. The global warming
variant reduces the effects of climate-related processes of importance for repository safety that are
related to cold climate conditions, i.e. in the periglacial- and glacial climate domains.

Another possible course of events within a generally warming global climate, is that the annual
mean Atlantic Meridional Overturning Circulation (AMOC) in the North Atlantic is reduced, e.g.
/Wu et al. 2004, IPCC 2007, Zickfeld et al. 2007, Drijthout et al. 2008/. This would result in less
heat being transported towards Fennoscandia by the North Atlantic Drift sea current, which in
theory could lead to a regional cooling over Fennoscandia. However, in the global warming climate
simulations by /Kjellstrom et al. 2009b (including erratum Feb 2010)/, the AMOC is reduced by

up to 22% compared with the control period (1961-2000). These changes are not large enough to
cause regional cooling over Fennoscandia. This results is in general agreement with the Atmosphere
Ocean General Circulation Model (AOGCM) simulations of the 21st century as presented by /Meehl
et al. 2007/. They show that the AOGCMs suggest a decreased intensity of the AMOC in the 21st
century in the range from 0 to 50%. As in the simulations by /Kjellstrom et al. 2009b/, none of these
AOGCM simulations indicates a cooling over Fennoscandia.

However, it is believed that the general warming would be considerably larger than such a cooling
effect, resulting in net warming in Fennoscandia /IPCC 2007, Kjellstrom et al. 2009b/. Nevertheless,
a case with a more severe permafrost development than in the reference glacial cycle is investigated
in the severe permafirost case (Section 5.5).

Table 5-2. Sequence of climate-related events for the global warming case.

Event Transition date Climate domain

Deglaciation/ —-9,500 after present -
Start Holocene interglacial
(locally defined)

Holocene interglacial - Temperate climate domain

(incl. submerged conditions)
End of Holocene interglacial c. 59,400 after present -
(locally defined)
Periglacial conditions - Periglacial climate domain
(progressively longer periods (incl. progressively shorter phases
of permafrost conditions) of temperate climate conditions)
End of periglacial conditions 109,600 after present -
Start of glacial conditions
First phase with glacial conditions ~ — Glacial climate domain
Deglaciation at site, 118,200 after present -
Start interstadial conditions
Interstadial conditions - Periglacial climate domain
(corresponding to MIS 3) (incl. submerged conditions and

short temperate periods)
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In the global warming climate variant, the warmer annual mean air temperatures do not affect
repository safety functions. Furthermore, the increase in precipitation would not affect groundwater
formation significantly, since, on a regional scale, the major part of the groundwater aquifer is filled
already by present-day precipitation rates. Instead surface-runoff is increased, discussed further
under the section on surface denudation. However, low groundwater salinity due to persistent
infiltration of meteoric water during the prolonged temperate periods in the greenhouse variant
may have a potential effect on the function of the clay buffer /SKB 2011/.

5.1.6 Surface denudation

The relative importance of different denudation processes, as well as the resulting amount of surface
denudation, is expected to change in the global warming case as compared with the reference glacial
cycle. The major difference between the global warming case and the reference glacial cycle is that
glacial conditions with warm-based erosive ice only exist for a few thousands of years in the former
case compared with around 24,000 years in the latter case. Glacial erosion is identified as the most
important denudation process in the reference glacial cycle, with the largest contribution to the total
denudation rate (Section 4.5.7). Since the duration of periods with glacial erosion is significantly
shorter in the global warming case, the expected amount of glacial erosion is also significantly
smaller in this case compared with the reference glacial cycle.

In the global warming case, the annual air temperature and precipitation are expected to increase
in Forsmark during the initial part of the temperate climate domain, see above. For the first tens of
thousands of years of this climate case, increased precipitation results in increased surface runoff,
see above and /Kjellstrom et al. 2009b/, which probably leads to increased fluvial erosion. In this
global warming variant, with 50,000 initial extra years of temperate climate conditions, the effect of
this increased fluvial erosion is most probably significantly smaller than the effect of the anticipated
decrease in glacial erosion. The increased fluvial erosion most probably has a minor impact on
total denudation rates for this climate case. Even if the fluvial erosion process were to have been
large, the resulting amount of fluvial erosion is limited by the fact that fluvial erosion cannot erode
deeper than the level of the Baltic Sea and that the site is located at sea-level today. The period of
increased precipitation is accompanied by a slowly regressing, stationary or even transgressing
sea-level (Section 5.1.3), which further precludes deep fluvial erosion during the period influenced
by increased precipitation.

Increased temperatures in a global warming climate could lead to somewhat higher weathering rates.
Some studies suggest that such climate change feedbacks may be weaker than previously thought
and in fact could even accelerate the recovery from fossil fuel CO; perturbations /Lenton and Britton
2006/. However, given the large expected reduction in glacial erosion, and a considerably smaller
expected effect of increased weathering rates, the feedback mechanisms between climate, weathering
and vegetation, are not further treated in the present report.

Other, minor, differences compared with the reference glacial cycle relate to periglacial conditions,
which have a shorter duration in this climate case than in the reference glacial cycle. Aeolian
erosion is therefore expected to contribute even less to the total denudation in the global warming
variant.

All in all, the relative importance of various erosion and denudation processes are changed in the
global warming case, with the overall result that total denudation is more restricted in this climate
case than in the reference glacial cycle. The one process that could give a relevant contribution to
increased denudation, fluvial erosion, is limited by the near-sea-level location of the site. The refer-
ence glacial cycle is judged as resulting in a larger surface denudation that the global warming case,
mainly because of the reduction in duration of periods with the most efficient denudation process
(glacial erosion), as identified in Section 3.5.4.

A climate case with an estimated larger amount of surface denudation than in the reference glacial
cycle is described in the extended ice sheet duration case (Section 5.3).
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5.1.7 Exemplified climate conditions for the global warming case

In order to give a detailed example of how a climate influenced by global warming could appear
in Forsmark, climate modelling was used to describe a situation with a temperate climate with
increased greenhouse gas concentrations in the atmosphere (750 ppm), a few thousands of years
from now /Kjellstrom et al. 2009b, including erratum Feb 2010/. According to /Lenton et al. 2006/,
a 750 ppm CO; level still means that all “conventional” fossil fuel resources (including coal, oil,
and gas) need not have been used.

In the climate modelling simulations, a complete loss of the Greenland ice sheet was assumed.

Since this deglaciation is a process that may take up to a couple of thousand years, it is very uncertain
what other climate-related conditions may be prevailing at that time. According to climate-change
scenarios from simulations with GCMs, irreversible melting of the Greenland ice sheet may start at
a time when the global mean temperature has increased by about 1.9-5.1°C above today’s conditions
and the temperature over Greenland has increased by about 3—6.5°C /Gregory et al. 2004, Gregory
and Huybrechts 2006/. Recent studies indicate that the ice sheet might be more sensitive to increased
concentrations of atmospheric greenhouse gases than previously thought /Stone et al. 2010a, b/.

Increases in temperature large enough for making the Greenland ice sheet collapse are projected

by GCMs within the 21st century for some emission scenarios /Meehl et al. 2007/. If such high
temperatures persist for a long enough time (several hundreds to a couple of thousand years depend-
ing on the degree of warming) the Greenland ice sheet will eventually collapse and disappear. In this
time perspective, CO, levels will start to decrease again (when emissions cease). Nevertheless, at
one thousand years from now, the atmospheric CO; concentrations will remain considerably higher
than today /Lenton et al. 2006/. Here, the time period for the global warming simulation was chosen
as a compromise between a high level of CO; (needed to simulate a warm climate that melts the
Greenland ice sheet), and a not too high level (that remains in the atmosphere a long time after the
emissions have ceased). Thus, the simulations can be considered as representative of the climate a
few thousand years into the future after a complete melting of the Greenland ice sheet and a partial
recovery towards lower background CO, concentrations.

For these simulations, a global GCM model (Community Climate System Model version 3,
CCSM3), a regional climate model (Rossby Centre Regional Climate Model RCA 3) and a
vegetation model (LPJ-GUESS) were used. For the simulations performed and analyzed within
this study, atmospheric and land components of the CCSM3 used a grid spacing of approximately
2.8° in latitude and longitude. The vertical resolution is 26 levels in the atmosphere and 40 levels
extending to 5.5-km depth in the ocean. The regional climate model used a horizontal resolution
of 50 km and a time resolution of 30 minutes. For details on the models, how they were employed,
and a discussion on model uncertainties, see /Kjellstrom et al. 2009b/. The simulation of the global
warming climate used a CO; concentration in the atmosphere of 750 ppm. In order to include the
effect of also other greenhouse gases in the RCA 3 model, a CO2 equivalent value of 841 ppm was
used /Kjellstrom et al. 2009b/. For a detailed description of the assumptions made in the modelling
process, model forcing and initial conditions (such as astronomical and solar forcing, concentration
of greenhouse gases and aerosols in the atmosphere, extents of ice sheets, distribution of land and
sea, topography and vegetation), also see /Kjellstrom et al. 2009b/.

The simulated global warming climate should not be taken as a prediction or prognosis on how a
future global warming climate will manifest itself. Instead, it is a detailed example of how such a
climate may be manifested. Given another model forcing, for instance using a lower or higher CO,
concentration, the resulting climate would have been different. However, the model results are useful
for exemplifying a climate affected by global warming, also for Forsmark. In this context it is worth
noting that the results of /Kjellstrom et al. 2009b/ resemble those for many of the scenarios for the 21st
century from the climate model intercomparison project (CMIP3) /Meehl et al. 2007/. For a detailed
discussion and comparison with other climate model results, see /Kjellstrom et al. 2009b, Section 3.1.4/.

Global climate

Figure 5-5 shows the simulated global warming climate from the GCM simulations. Seasonal mean
changes in temperature in the global warming simulation as compared with a simulation of the
present (1961-2000) climate are also shown in Figure 5-5. The removal of the Greenland ice sheet
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produces a strong heating of up to 17°C over Greenland in both summer and winter. This heating is
primarily due to a combination of 1) the lowering of the surface by up to 3,000 m and ii) the decrease
in surface albedo and changes in heat fluxes between the atmosphere and the ground produced by the
replacement of the glacier ice surface by tundra /Kjellstrom et al. 2009b/. Similar to all greenhouse
warming scenarios presented in the IPCC AR4 report /Meehl et al. 2007/, the Arctic region exhibits
strong heating by up to 15°C in winter (due to a substantial decrease in the Arctic sea-ice cover and
a decrease in the snow cover). The seasonal mean temperature is up to 5°C warmer in summer and
up to 7.5°C warmer in winter over Fennoscandia in the global warming simulation as compared with
the simulation of the present climate. Seasonal mean summer temperatures in Sweden vary in the
range 12-18°C and winter temperatures vary in the range 0—6°C. Sensitivity to changes in vegetation
in these GCM simulations is discussed in /Kjellstrom et al. 2009b/.

The change in precipitation in the global warming simulation as compared with the simulation of
the present climate is also shown in Figure 5-5. The removal of the Greenland ice sheet leads to a
25% decrease in precipitation in particular over south-eastern Greenland in both summer and winter,
indicating that much of the precipitation in that area in today’s climate is triggered by the steep ice
sheet topography. Similar to all greenhouse-warming scenarios presented in the IPCC AR4 report
/Meehl et al. 2007/, precipitation is increased over mid-latitude Northern Hemisphere continents

and the Arctic. For Fennoscandia there is an increase in precipitation, most notably in the north.
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Figure 5-5. Upper panels: Simulated near-surface air temperature in the global warming simulation
(Twarm) and the difference compared with the simulated present climate (Tgrp) (1961-2000). Units are
°C. Also shown by isolines in the rightmost panels is the extent of sea-ice in the simulation of the present
climate (white) and in the global warming simulation (blue). Lower panels: Precipitation in the global
warming simulation (PRwary) and the difference compared with the simulated present climate (PRgp).
Units are mm/month. From /Kjellstrom et al. 2009b/.
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Climate in Europe and Sweden

The regional climate model was then used to downscale the model results of the global climate
model in order to obtain higher resolution data over Europe and Sweden. The resulting climate
over Europe was used to produce a new vegetation distribution with the vegetation model. This
vegetation was in turn, used as input to the regional climate model, to produce a climate in line with
the new vegetation. An evaluation of the results from this iterative process is given in /Kjellstrom
et al. 2009b/. Figures 5-6, 5-7 and 5-8 present selected results on temperature and precipitation from
the regional modelling.

In the regional global warming simulation, the warming compared with the simulated present
climate (1961-2000) is strongest over northern Europe in winter. The simulated temperature increase
for the coldest month is more than 5°C in northern Fennoscandia (Figure 5-6, second row, middle
panel). In southern Europe the warming is stronger in summer, where the temperature of the warmest
month increases with more than 4°C in large areas (Figure 5-6, second row, left panel). The stronger
warming in the areas of the Bothnian Bay, Bothnian Sea and in the Gulf of Finland in summer in this
experiment is due to the land uplift converting sea to land in those areas. The same phenomenon is
also responsible for the weaker warming in these areas in winter. Differences between the results of
the global and regional model simulations are discussed in /Kjellstrom et al. 2009b/.

As expected, the simulated climate of the global warming case clearly resembles many of the
scenarios for the 21st century from the climate model intercomparison project (CMIP3) as presented
by IPCC /Meehl et al. 2007/. Seasonal mean changes in precipitation and temperature from a large
number of the CMIP3 scenarios have been analysed for Sweden by /Lind and Kjellstrém 2008/.
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Figure 5-6. Mean near-surface air temperatures of the warmest month, coldest month and annual mean in
the global warming simulation with improved vegetation (upper row). Also shown are differences between
the global warming simulation and the simulations of the present climate (RP-r) (1961-2000) (lower row).
Units are °C. From /Kjellstrom et al. 2009b/.
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Figure 5-7. Annual cycle of temperature for Sweden in the global warming (black line) and simulated
present climate (1961-2000) (red line). Also shown is the CRU observational data from 19611990 (green
line). Shaded areas in corresponding colours indicate the +1 standard deviation calculated for the range of
individual monthly averages in the three data sets. From /Kjellstrom et al. 2009b/.
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Figure 5-8. Mean precipitation of the warmest month, coldest month and annual mean in the global
warming simulation. Also shown are differences between the global warming simulation and the simulated
present climate (RP-r) (1961-2000). Units are mm/month. From /Kjellstrém et al. 2009b/.
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/Lind and Kjellstrom 2008/ report increased temperatures of 4-6°C by the end of the 21st century
in northern Sweden and about 3°C in southern Sweden relative to the 1961-1990 period. The cor-
responding increases in precipitation are about 25% in the north and only a small average increase in
the south albeit with a large spread between the models. These changes are annual averages over a
range of different emission scenarios. As noted in /Kjellstrom et al. 2009b/, the uncertainties related
to the future forcing in the global warming simulation are large and substantially lower or higher
greenhouse-gas concentrations than the one used cannot be ruled out. Considering the large spread
between the emission scenarios and the uncertainty related to the climate models one cannot rule
out that a future warmer climate can be warmer than the one simulated in /Kjellstrom et al. 2009b/.
However, the high-end emission scenarios (A1FI and A2) /Naki¢enovi¢ and Swart 2000/ may have
CO; concentrations that are too high to be sustained over the long period that it takes to melt the
Greenland ice sheet, which was part of the set-up here. But, even so, the CO, concentrations may
very well reach levels high enough to sustain long-term (i.e. multi-century) temperature anomalies
exceeding those simulated here.

Clearly, the results from the regional model gives a climate change signal that is within the range
defined by the global model results for southern Sweden compiled in /Lind and Kjellstrém 2008/,
see Figure 3-15 in /Kjellstrom et al. 2009b/. The climate change signal for entire Sweden is +4°C
in winter and +3.5°C in summer and the corresponding numbers for precipitation are +37% in
winter and no change (+0%) in summer. Further model results and discussion for all of Sweden
from the global- and regional climate modelling and from the vegetation modelling are presented
in /Kjellstrom et al. 2009b/.

The vegetation simulated by LPJ-GUESS for the global warming climate is reported in the context
of the biosphere studies /SKB 2010d/.

Here it is also worth noting that the Greenland summer temperatures are well above 0°C, clearly
indicating that there is no chance of ice sheet regeneration under these circumstances once the ice
has been removed. A similar result was obtained previously for the pre-industrial climate when the
Greenland ice sheet was removed in the Hadley Centre HadCM3 coupled model /Toniazzo et al. 2004/.

Climate in the Forsmark region

In the last step in the climate modelling study of the global warming climate, climatological data
for the Forsmark region were extracted from the regional modelling. Figure 5-9 shows the grid
boxes used for extraction of data. Information was extracted from the grid point located closest to
the Forsmark site. As there is a high degree of spatial heterogeneity in land-sea distribution and
topography, information from the surrounding eight grid boxes were also used to discuss uncertain-
ties related to these inhomogeneities.

In addition to the results from the modelled case, data from the simulation of the present climate
(1961-2000) (RP-r) and from the CRU observations representing conditions in the late 20th century
are also shown for the Forsmark region (Figure 5-10). In addition to this, results from three other
climate-change simulations with RCA3 for the 21st century as described in /Persson et al. 2007/ are
also shown. These simulations follow the A2, A1B and B2 emission scenarios /Naki¢enovi¢ and
Swart 2000/. The A1B emission scenario leads to greenhouse gas concentrations close to the one in
the global warming case by the end of the 21st century. The two other scenarios have more (A2) or
less (B2) emissions than the A1B scenario.

The fairly small annual temperature range in the present climate is even smaller in the future global
warming climate for the Forsmark region (Figure 5-10, upper row, first column). This reduction in
the seasonal cycle of temperature is a consequence of the future warming being stronger in winter
than in summer. The snow season is much shorter, or even totally absent, in the warm climate. The
seasonality of the runoff is closely connected to the presence or absence of snow. In the warmer
future climate, the spring peak in runoff is absent and there is now a more widespread wintertime
maximum related to the large amounts of precipitation for that season.

In the global warming simulation, the spread in the presented variables due to differences in geo-
graphical location is reduced compared with that in the simulation of the present climate. This is
partly a result of the land uplift turning two of the Baltic Sea grid boxes east of Forsmark into land
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Figure 5-9. Land (green) sea extent (white) in the regional climate model in the Fennoscandian region
used for the global warming climate simulation. The 3-3-grids represent grid boxes covering the Forsmark,
Oskarshamn and Olkiluoto sites (centre box) and the eight surrounding boxes. Grid boxes with a land
fraction lower than 20% are not filled. Results from Oskarshamn and Olkiluoto are presented in /Kjellstrom
et al. 2009b/.

in the global warming case. Thereby, the surrounding area becomes more homogeneous than in the
present-day situation. When including also the uncertainty ranges based on results from the three
other climate simulations for the 21st century, also simulated with RCA3 /Persson et al. 2007/, it is
seen that the weakening of the annual cycle is a robust trend when going to a warmer climate.

50-year averages values from the regional global warming climate simulation show that the annual
mean air temperature in the Forsmark region is +8.3°C. This is a temperature increase of 3.6°C com-
pared with the simulated present climate (1961-2000). The future warming is stronger in winter than
in summer and there is an associated reduction in the seasonal cycle amplitude in temperature. The
mean annual precipitation in the region is 804 mm, which is an increase of 138 mm (or 20%) com-
pared with the simulated present climate. Most of the precipitation increase occurs during the winter
season (DJF). The snow season is much shorter than at present or even totally absent (Figure 5-10).
Finally, the annual surface runoff is 337 mm in this exemplified global warming climate, which is
an increase of 162 mm compared with the present climate. Given the uncertainties and assumptions
used in the climate modelling, and the CO; level chosen, the model results thus show that the global
warming climate in the Forsmark region, may be characterized by a clearly warmer and wetter
climate than at present, and also that the surface runoff is significantly increased.

The major uncertainties in the climate simulation are related to uncertainties in forcing, model
formulation and natural variability. These uncertainty aspects are discussed in detail in /Kjellstrom
et al. 2009b/.

Another recent study that focussed on regional climate modelling is /Kjellstrom et al. 2010b/ where
changes in seasonal mean temperature, precipitation and wind over Europe were studied in an
ensemble of 16 regional climate model simulations for 1961-2100. The study used the A1B emission
scenario /Naki¢enovi¢ and Swart 2000/ in which the CO; equivalents in RCA 3 were set to 902 ppm,
somewhat higher than the 841 ppm used in /Kjellstrdm et al. 2009b/. Six-member ensemble means
of winter season (DJF) conditions suggest an increase in temperature by c. 4°C and precipitation

by 20-30% in south central Sweden, including the Forsmark region, by year 2100. Corresponding
model ensemble means for the summer season (JJA) indicate an air temperature increase of 2-3°C
and a precipitation increase of c. 10%. The study also shows that the climate-change signal gets
stronger the larger the forcing becomes, i.e. more greenhouse-gas emissions leads to a stronger
warming and larger changes in precipitation. The results of the A1B-scenario-simulations are thus

in line with the detailed results described above from /Kjellstrom et al. 2009b/. Similar results were
obtained also in the SWECLIM project /Rummukainen 2003, Tjernstrom et al. 2003/. Other model-
ling results that give similar pictures of future global warming climates are reported in /BIOCLIM
2003, Meehl et al. 2007 and Lind and Kjellstrom 2008/.

232 TR-10-49



Recent past Permafrost

Temperature

.50 .50

JFMAMJJASOND JFMAMJJASOND
150 : . . . : . . : : . : 150 :
S 100 100} -
=} :
S
=
o
o e
o 50 50
0 S - B S 0 S - S
JFMAMJJASOND JFMAMJJASOND
150 : . . . : . . : : . : 150 :
100} 100} -
&
]
c :
=] :
14 50
. o .

JFMAMIJIASOND OJFMAM J ASOND

Snow cover

A 7

JFMAMJJASOND

N D
Figure 5-10. Simulated seasonal cycles of temperature (°C), precipitation (mm/month), runoff (mm/month)
and snow fraction (dimensionless ranging from 0 to 1) at the grid box closest to the Forsmark site (red
line). The spatial variability in the 3-3-grid (Figure 5-9) is displayed with the dashed lines representing

+/ standard deviation calculated from the 9 grid boxes, and the grey area representing the absolute
maximum and minimum, of the 9 grid boxes. The green line for temperature and precipitation is the
observed seasonal cycle from the CRU data set in the period 1961—1990. In the global warming case (left
column), an additional uncertainty range defined by +1 standard deviation of the data calculated from the

9 surrounding grid boxes from three additional simulations for the 21st century with RCA3 is shown with
blue full lines. From /Kjellstrom et al. 2009b/.
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5.2 Extended global warming case
5.2.1 Background

There is a large range of potential future climate developments when considering the combined
effect of natural climate variability and anthropogenic climate change, e.g. /[IPCC 2007, Archer

and Brovkin 2008, Kjellstrom et al. 2010b/ and references therein. One such case is the global
warming case described in Section 5.1. In order to cover a reasonably broad array of future climate
developments based on present knowledge, an extended global warming case is also included in the
SR-Site safety assessment. This case describes a future climate heavily influenced by anthropogenic
emissions of greenhouse gases, resulting in strong global warming. In this case, all fossil fuel sources
are envisaged to have been used, resulting in that peak CO; levels might reach above 1,000 ppm,

cf. /Rahmstorf and Ganopolski 1999, IPCC 2007/, before the CO, concentration again start to
decline. One consequence of this, together with the known future insolation changes from the orbital
cycles, is the possibility of a very long duration of the present interglacial period, prior to the onset
of ice sheet growth.

One case of long-lasting global warming is described in /Archer and Ganopolski 2005/, suggesting
that a release of 1,000 Gton of greenhouse gases together with orbital variations would result in

the present interglacial persisting for another 130 kyrs, before ice sheet growth commences on

the Northern Hemisphere. A larger release is suggested to results in an even longer interglacial.
Naturally, such estimates of the length of the present interglacial are associated with very large
uncertainties. They relate both to the uncertain amount of future greenhouse gases in the atmosphere,
and to poorly known feed-back mechanisms in the ice sheet-, climate-, vegetation- and carbon cycle
system, and how, or if, these mechanisms are implemented in the models.

In order to cover a reasonable wide range of possibilities, an additional 100 kyrs of temperate
climate conditions is added prior to the slow onset of a reference glacial cycle for the extended
global warming case. This results in a temporal development of climate and ice sheet growth very
similar to the case with 130 kyrs until the next glaciation as described by /Archer and Ganopolski
2005/, see below, and it is also in broad agreement with results in /BIOCLIM 2003/.

For a more detailed motivation for addressing climate cases of global warming and a long inter-
glacial, see Section 5.1.1.

5.2.2 Ice sheet evolution

This climate case results in there being no ice sheets present at the Forsmark site during the coming
120 kyrs. The first glacial conditions at Forsmark occur at ~160 kyrs (158 kyrs) after present.

5.2.3 Shore-level evolution

Given the envisaged strong global warming for the extended global warming case, also the sea-level
response to the warming is envisaged to be strong. And just as in the global warming case, there are
significant uncertainties in the estimated sea-level changes and associated shore-level displacement.

Sea-level rise up to year 2100

In order to investigate worst-case scenarios for sea-level and shore-level displacement at Forsmark
for year 2100, /Brydsten et al. 2009/ conducted a study that included estimates of global sea-level
rise, local isostasy (e.g. ongoing isostatic rebound) and their trends, as well as regional (North Sea)
and local (Baltic Sea) annual extremes of today’s sea-levels and those in year 2100. The aim of the
study was to illustrate the location of the shoreline at Forsmark if applying worst-case assumptions
on global- and local sea-level from the literature, together with short-term effects that increase the
shore-level during severe storms. The most uncertain factor of the various input parameters is the
future global sea-level change, and specifically the contribution by ice sheets (see Section 5.1.3).
Possible future developments on global sea-level rise were included from /IPCC 2007, Rahmstorf
2007, Pfeffer et al. 2008/.
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/Rahmstorf 2007/ estimated the maximum global sea-level rise by year 2100 to be +138 cm relative
to the year 1990. In the study by /Pfeffer et al. 2008/, the Greenland and Antarctic ice sheet response
to global warming is estimated and included. Also in this study the large uncertainty in sea-level
rise is emphasised. /Pfeffer et al. 2008/ points to two probable cases of global sea-level rises by
year 2100 (relative to the level year 2000) amounting to +79 and +83 cm, respectively. /Pfeffer et al.
2008/ also describe a less probable, but still possible, worst case where a calculated maximum ice
discharge from the Greenland and West Antarctic ice sheets result in a global sea-level rise of +200
cm by year 2100, i.e. +141 cm above the /IPCC 2007/ estimate (that excluded this process).

According to model simulations reported by /IPCC 2007/, the North Sea is expected to have a

+20 cm higher level than the global mean on a permanent basis, which is termed interregional
distribution. The intraregional distribution within the North Sea area has been modelled by /Woth
et al. 2006/ and amounts at most to +7 cm in the Skagerrak. In order to estimate the worst case, this
episodic contribution was also included, even if it is unlikely that it would occur with sufficient
duration and at times that could accentuate extreme sea-levels in the Baltic Sea.

The global sea-level rise is locally compensated for by the glacial isostatic rebound that occurs

at Forsmark. With the shore-level displacement equation for the site /S6derback 2008/, the future
course of the isostasy can be calculated by subtracting the eustasy from the shore-level displacement.
In this way Rahmstorf’s prediction of future global sea-level rise was adjusted for local isostasy
(Figure 5-11).

Besides the changing global eustasy and local isostasy, sea-level variations of short duration occur
due to temporary weather systems (atmospheric pressure, winds etc). The highest sea-level measured
in Forsmark occurred in 2004 and amounted to +144 cm above mean sea-level, equivalent to +141 in
the height system RH70. This value was included in the assessment of extreme shore line values for
Forsmark.

Future climate change may also lead to increasing wind speeds. This means that the local sea-level
rises generated by weather systems in the future may be higher than the values measured so far, a
process also accounted for in the study by /Brydsten et al. 2009/. For a more detailed description of
the methodology and handling of global sea-level, isostasy, and for a discussion on return periods
and storm surges at Forsmark, see /Brydsten et al. 2009/.
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Figure 5-11. Prediction of sea-level according to /Rahmstorf 2007/ adjusted for local isostasy at Forsmark
and corrected to the height system RH70. Modified from /Brydsten et al. 2009/.
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The calculated extreme values on possible future sea-level elevations for Forsmark in the year 2100
are summarized in Table 5-3. For a description of the contribution from local variation in North Sea
and Baltic Sea, see /Brydsten et al. 2009/. The maximum sea-level during storm events in year 2100,
based on the maximum sea-level rise estimate by /Rahmstorf 2007/, is +254 cm. The uncertainty in
this value is large. In addition to the estimate of maximum global sea-level change by /Rahmstorf
2007/, the /TIPCC 2007/ and /Pfeffer et al. 2008/ global sea-level estimates may be used to illustrate
the uncertainties in future sea-level rise.

/IPCC 2007/ predicted a 79 cm lower sea-level compared with /Rahmstorf 2007/ by year 2100,
whereas /Pfeffer et al. 2008/ estimated a maximum theoretical global sea-level value 62 cm higher
than /Rahmstorf 2007/. Using the /IPCC 2007/ and /Pfeffer et al. 2008/ values, the resultant total
sea-level in 2100 at Forsmark, with unchanged values for the other constituent processes, is seen in
Table 5-4. Figure 5-12 summarizes the various contributions to extreme sea-levels at Forsmark for
year 2100. In relation to /Rahmstorf’s 2007/ maximum value for year 2100 (+138 cm), the difference
relative to the /IPCC’s 2007/ estimate (—79 cm) is similar to the difference relative to the maximum
value given by /Pfeffer et al. 2008/ (+62 cm). These differences can therefore serve as a measure of
the present-day uncertainty of future global sea-level rise (see Figure 5-12).

Figures 5-13 to 5-15 show which areas will be flooded at Forsmark if the sea-level, during short
events, reaches +175, 254 and 316 cm above the reference level in the height system RH70
(Table 5-4). The consequences are relatively small at a level of +175 cm, whereas more serious
consequences result from levels of +254 cm and +316 cm.

The estimates on maximum sea-levels presented in Table 5-4 and Figure 5-12 to 5-15 describe what
might happen due to the cumulative worst-case effects of possible future processes spanning over
the global, regional and local scales. The numbers apply for occasions of short duration during heavy
storms. The selected processes are characterized by the fact that they are unfavourable as regards

a possible raised water level, but they can at present not be dismissed as unrealistic. However, it
should again be emphasised that research on e.g. possible future global sea-level rise is in a very
intensive phase, and that major uncertainties still exist in this field. Nevertheless, these uncertainties
should be considered when planning to build near the present day coast-line.

Table 5-3. Maximum sea-level at Forsmark in year 2100 during storm events, based on e.g. the
maximum global sea-level rise as estimated by /Rahmstorf 2007/.

Process Forsmark Source

Global eustasy 138 /Rahmstorf 2007/

Local isostasy -82 /S6derback ed. 2008/

Global variation in North Sea 20 /IPCC 2007)

Local variation in North Sea 7 /Woth et al. 2006/

Local variation in Baltic Sea 171 /Meier 2006 and Nerheim 2008/
Total 2100 254

Table 5-4. Resultant maximum sea-levels (cm in RH70) at Forsmark in the year 2100 based on
three different estimates of future global sea-level rise.

Source Forsmark
/IPCC 2007/ 175
/Rahmstorf 2007/ 254

/Pfeffer et al. 2008/ 316
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Figure 5-12. Graphic presentation of the compilation of estimated contributions to possible extreme sea-
level at Forsmark in year 2100. The isostasy is indicated by downward arrows according to the colour
scale. Elevations are expressed in the height system RH70. A first-order expression of uncertainty in global
sea-level rise is indicated by a bracket centred on the maximum estimate of /Rahmstorf 2007/, which cor-
responds to the top edge of the red bar. The numbers apply for the worst possible case in regard to future
sea-level rise, and for occasions of short duration during heavy storms. In this context it is important to note
that the data on which these estimates are based are the subject of intense research, and that revisions are
therefore to be expected.

Sea-level rise beyond year 2100

In the present climate case, air temperatures are raised more than in the global warming case. The
Greenland ice sheet is envisaged to experience a total collapse, contributing 7.3 m to global mean
sea level rise /Bamber et al. 2001/. Also a West Antarctic ice sheet collapse is envisaged included in
this case, contributing with 3.3 m of global mean sea level rise /Bamber et al. 2009/. The net results
of the collapse of the Greenland ice sheet may be a =0 mm/yr sea level change around Fennoscandia
/Milne et al. 2009/, whereas the collapse of the West Antarctic ice sheet could result in a sea level
rise around Fennoscandia of ~3 m /Bamber et al. 2009/. A 0.5 m sea level contribution from melting
of all glaciers and ice caps are also envisaged for this case. The thermosteric sea level rise is larger
in this case than in the global warming case, due to the larger temperature increase, amounting to
several metres.
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Figure 5-13. Area at risk of flooding at an extreme level of +175 cm in Forsmark in year 2100 AD. Note
that these results show extreme situations when assumed worst cases from the present scientific literature
are combined with local effects also set to pessimistic values. From /Brydsten et al. 2009/.

Given these contributions and the assumed extreme global warming, equilibrium sea-levels at
Forsmark of up to around 10 metres may be possible. This results in an initial period with a sea-level
rising faster than the isostatic uplift at the Forsmark site, resulting in submerged conditions for sev-
eral thousands of years. Following the results of /Rohling et al. 2009/, that equilibrium sea-levels for
the present day CO; concentration could be reached within the next two to five millennia, submerged
conditions are somewhat arbitrarily set to prevail for 10 kyrs in this extended global warming case.
The duration of this initial submerged period is uncertain; it could be shorter or longer than this.

After this transgression, isostatic rebound, and in time a slow lowering of global sea-level, mainly
due to cooling and associated thermal contraction of sea water, results in the site again emerging
from the sea. Subsequently, the site is situated above sea-level for the rest of the 120 kyr climate
case, in line with the GIA modelling results on shore-level changes in the global warming case

(Figure 5-4).
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Figure 5-14. Area at risk of flooding at an extreme level of +254 c¢cm in Forsmark in year 2100 AD. Note
that these results show extreme situations when assumed worst cases from the present scientific literature
are combined with local effects also set to pessimistic values. From /Brydsten et al. 2009/.

In the long run, around 130-140 kyrs after present, the growth of ice sheets results in a general
lowering of global sea-level.

5.2.4 Permafrost evolution

In the extended global warming case, the very long period of temperate climate conditions is
followed by permafrost develop at the Forsmark repository location at ~110 kyrs (107 kyrs) after
present. Subsequently, temperate climate conditions develop again before the ending of the first
120 kyrs. Given the local definition of the ending of the present interglacial (by the development
of permafrost at the repository location, see Section 4.5.4), the Holocene ends per definition at
~110 kyrs after present in this climate case. Periglacial conditions with permafrost prevail for

c. 4 kyrs (3%) of the coming 120 kyrs.
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Figure 5-15. Area at risk of flooding at an extreme level of +316 cm in Forsmark in year 2100 AD. Note
that these results show extreme situations when assumed worst cases from the present scientific literature
are combined with local effects also set to pessimistic values. From /Brydsten et al. 2009/.

5.2.5 Evolution of climate domains

As mentioned above, a 100 kyr long period of temperate climate conditions is added before a slow
onset of the first reference glacial cycle for the extended global warming case. After these additional
100 kyrs of temperate conditions, regular Late Pleistocene glacial cycles, represented by the
reference glacial cycle described in Section 4.5, are envisaged to follow (Figure 5-16). This results
in there being ~160 kyrs before the first glacial conditions occur at the Forsmark site, while the
first permafrost occurs at ~110 kyrs after present. The climate development in the extended global
warming case thus describes a situation without periglacial- or glacial climate conditions in central
Sweden, including Forsmark, for a very long period of time.

Peak air temperatures are envisaged to be reached within the first hundreds to thousands of years as
a result of anthropogenic greenhouse-gas emissions. Mean annual air temperatures several degrees
warmer than at present then occur at Forsmark. In line with the results of /Kjellstrom et al. 2010b/,
higher atmospheric greenhouse gas concentrations than in the global warming case are envisaged

to give, at peak global warming conditions, air temperatures in excess of the global warming tem-
peratures modelled for the Forsmark region (annual mean air temperature of +3.6°C a few thousands
of years into the future) by /Kjellstrom et al. 2009b/. The changes in climate also result in a larger
initial increase in precipitation than the +20% modelled for the Forsmark region /Kjellstrom et al.
2009b/.
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Figure 5-16. Evolution of climate conditions at Forsmark for the extended global warming case. Following
from the assumption of this case, temperate climate conditions prevail at the site for the coming 120 kyrs,
except for an initial period of submerged conditions and for a few thousands of years at the end of the
period. The duration of the initial period of submerged conditions is uncertain, it could be shorter or
longer than indicated in the figure. Note that there is a very large range in e.g. temperature, precipitation
and other climate parameters within these temperate conditions, ranging from strong global warming
conditions to conditions with temperatures significantly cooler than at present (prior to the development of
periglacial conditions). For a detailed example of more moderate global warming conditions at Forsmark
than envisaged for this case, see Section 5.1.7.

Following the reduction in e.g. CO, emissions, air temperature and precipitation are envisaged to
slowly decline for the rest of the long interglacial period, in response to the slow decline in atmos-
pheric CO, concentration e.g. /Archer 2005, Lenton and Britton 2006, Tyrell et al. 2007, Archer and
Brovkin 2008, Schaffer et al. 2009/.

The cryosphere response to the extreme global warming results in raised global sea-levels and
submerged conditions at the Forsmark site at the start of the period (Figure 5-16). The length of the
initial submerged period is uncertain; it could be shorter or longer than illustrated in Figure 5-16.

5.2.6 Surface denudation

Since the extended global warming case envisages an even larger fossil fuel CO, climate perturba-
tion than in the global warming case, fluvial erosion and chemical weathering in the wetter and
warmer climate are anticipated to be more efficient than in the global warming case (Section 5.1).
For a description of denudation processes that are anticipated to change compared with the reference
glacial cycle, see the description of denudation under the global warming case.

Even if fluvial erosion and chemical weathering increase in this climate case compared with the
reference glacial cycle, the extended global warming case mainly comprises temperate climate
conditions for the entire 120,000 years, and consequently completely excludes the most efficient
denudation process (glacial erosion) as defined in Section 3.5.4. Given this, and that feedback-
mechanisms between climate, weathering and vegetation, e.g. /Lenton and Britton 2006/ could
partly counteract the climate perturbation, the expected total amount of denudation for the present
climate case is considered smaller, or at least not larger, than in the reference glacial cycle. Surface
denudation is therefore not described and treated further in the extended global warming case. A
climate case with an anticipated /arger amount of surface denudation than in the reference glacial
cycle is described in the extended ice sheet duration case (Section 5.3).
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5.3 Extended ice sheet duration case
5.3.1 Background

In order to cover the uncertainty in duration of ice sheet coverage for the coming 120 kyrs, a climate
case with extended ice sheet duration is constructed, describing a situation with a longer time of

ice sheet coverage than in the reference glacial cycle. To this end, a climate evolution similar to

that of the reference glacial cycle is used, with the important exception that the long interstadial
with ice-free conditions between the two ice advances does not occur at Forsmark. In the reference
glacial cycle, interstadial conditions, dominated by periglacial climate conditions with permafrost,
occur between 66 and 91 kyrs (Table 4-5, Figure 4-34). In the present case, no ice-free conditions
occur during this period. Accordingly, the scenario with extended ice sheet coverage describes one
long single phase of ice sheet coverage at Forsmark, with a timing of glaciation and deglaciation
according to Table 5-5.

This ice sheet evolution is similar to the Weichselian glacial history presented by /Lundqvist 1992/.
In /Lundqvist 1992/, the main phase of the Weichselian glaciations starts ~50 kyrs BP with the ice
sheet envisaged to cover Sweden continuously up to the final Weichselian deglaciation, see the
literature review on ice-marginal fluctuations during the Weichselian glaciation by /Lokrantz and
Sohlenius 2006/. Several recent studies suggest that there was a long period of ice free-interstadial
conditions over large parts of Fennoscandia during MIS 3 (59-24 kyrs BP), i.e. in the middle of the
main phase of glaciation as traditionally suggested, see Section 4.2.

The duration of ice sheet coverage over the Forsmark region in the extended ice sheet duration case
is comparable with the total time of ice sheet coverage as coarsely deduced from the Weichselian
reconstruction by /Lundqvist 1992/. In the Lundqvist reconstruction, most of Scandinavia is covered
by ice from the mid-Weichselian (around 50 kyrs BP) until the deglaciation (around 10 kyrs BP),
and during a phase of the early Weichselian (90-80 kyrs BP), which gives a total time of ice sheet
coverage for the major part of Scandinavia of roughly 50 kyrs. Acknowledging that the Lundqvist
reconstruction was not intended to give a detailed picture of ice sheet durations, the approximate
duration in the Lundqvist reconstruction is similar to the duration of ice sheet coverage at Forsmark
(60 kyrs) in the present climate case. In line with the ice sheet reconstruction by /Lundqvist 1992/,
the Fennoscandian ice sheet is assumed to have started to grow considerably earlier than the time of
ice sheet overriding at Forsmark. For a compilation of information on Weichselian glacial history,
see Section 4.2 and references therein.

5.3.2 Ice sheet evolution

As an illustration of a situation with a persistent ice sheet coverage over the site for a long time
(also during the ice-free phase corresponding to MIS 3 during the Weichselian glaciation, 70-90 kyrs
ago), ice thickness data from an uncalibrated ice sheet model reconstruction of the Fennoscandian
ice sheet are used (Figure 5-17). The data were produced by the same ice sheet model that was

used for the simulation of the calibrated ice sheet development used for the reference glacial cycle
(Section 3.1.4). In this climate case, the precise evolution of the ice thickness is not important.
Therefore, the uncalibrated ice sheet simulation may be used to illustrate the ice sheet development
for the case when it covers the Forsmark site without interstadial conditions between the two glacial
phases in the reference glacial cycle.

As during the initial 4 kyrs of the first glacial phase of the reference glacial cycle (Figure 4-34),
cold-based conditions with subglacial permafrost are envisaged to exist under the first 4 kyrs of
glacial conditions in this case. Subsequently, the subglacial permafrost melts, and the ice sheet
becomes warm-based at around 56 kyrs and remains so for the rest of the glacial period.

Table 5-5. Duration of climate domains at the Forsmark site in the extended ice sheet duration case.

Temperate climate domain Periglacial climate domain Glacial climate domain Submerged conditions
[kyrs] (percent of time of [kyrs] (percent of time of [kyrs] (percent of time [kyrs] (percent of time
glacial cycle) glacial cycle) of glacial cycle) of glacial cycle)

28 kyrs (23%) 22 kyrs (18%) 60 kyrs (50%) 10 kyrs (8%)
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The ice sheet evolution for this case starts with glacial conditions at c. 50 kyrs after present

(Figure 5-17), i.e. around 7 kyrs earlier than in the reference glacial cycle. Glacial conditions per-
sist until c. 110 kyrs after present when the site is deglaciated (Figures 5-17 and 5-18). The duration
of all climate domains is summarized in Table 5-5. The ice thicknesses in this uncalibrated model run
are somewhat smaller than in the reference glacial cycle. In this context, it should be noted that the
maximum possible ice thickness over Forsmark, used for the safety assessment scenario for canister
failure due to isostatic load /SKB 2011/, is not derived from this climate case or the reference glacial
cycle, but from the case describing a maximum ice sheet configuration (Section 5.4).

In light of recent results indicating that the Weichselian ice sheet exhibited a more dynamic behaviour
during the middle Weichselian than traditionally assumed (see above and Section 4.2), the ice sheet
development in Figure 5-17 is considered a pessimistic estimate of the duration of ice sheet coverage
for the coming 120 kyrs. The degree of pessimism in this case may also be seen in the light of the
inferred present global warming, which may result in a longer than usual interglacial, and conse-
quently shorter time of glacial conditions than in the reference glacial cycle (Section 4.5 and 5.2).
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Figure 5-17. Ice sheet coverage over Forsmark in the extended ice sheet duration case (blue). For com-

parison, the ice sheet development of the reference glacial cycle, based on a reconstruction of Weichselian
conditions, is also shown (grey).
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Figure 5-18. Evolution of climate conditions at Forsmark as a time series of climate domains and
submerged conditions for the extended ice sheet duration case. Glacial conditions start earlier and lasts
considerably longer than in the reference glacial cycle (Section 4.5.4).
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5.3.3 Surface denudation

The extended ice sheet duration case results in the period with warm-based ice sheet conditions,
and associated glacial erosion over the repository, being longer than in the reference glacial cycle
(Section 4.5.4. and 4.5.7). Given that the ice sheet duration is about twice as long in this case
(Figure 5-17) compared with the reference glacial cycle (Section 4.5.4), the amount of glacial
erosion is estimated to be around doubled compared with the reference glacial cycle. The maximum
amount of glacial erosion in fresh bedrock could thus be up to 2—4 m at the repository location for
this case. However, if periods of cold-based, non-erosive, conditions would be longer in this climate
case, which could be the case if climate conditions are colder, the duration of periods with glacial
erosion would be shorter and the amount of erosion smaller.

The amount of non-glacial denudation is somewhat less than in the reference glacial cycle, since

the time of temperate- and periglacial (mainly periglacial) climate conditions are shorter than in the
reference glacial cycle. However, if the estimated amount of non-glacial surface denudation pes-
simistically is kept at the same value as for the reference glacial cycle, the resulting total denudation
for the glacial cycle with extended ice sheet duration is still less than 5 m (4 m of glacial erosion and
up to 0.6 m of non-glacial denudation, Table 3-17).

Surface denudation results in a reduction of the repository depth. A reduced repository depth could
in turn lead to that permafrost and frozen ground reach closer to the repository. However, a 5 m
reduction in repository depth for a glacial cycle with prolonged ice sheet duration has a negligible
effect, in terms of repository safety, on the estimated permafrost- and freezing depths presented

in Section 4.5.3 and 5.5.3. Also in the 1 Myr time perspective, a pessimistic use of the case of
prolonged glacial conditions and the associated amount estimated glacial erosion (4 m of erosion

in fresh bedrock) for each of the 8 glacial cycles, combined with the estimated 5 m of non-glacial
denudation in 1 million years (Table 3-17), results in a limited amount of total denudation, less than
40 m, over the repository.

5.4 Maximum ice sheet configuration case
5.4.1 Background

For glacial conditions an additional hydrostatic pressure related to the ice sheet thickness is added
to the hydrostatic pressure for ice-free conditions. The extremes regarding hydrostatic pressure

in the glacial climate domain depend on the ice sheet configuration and on its hydraulic systems.
Under the Antarctic ice sheet, sub-glacial lakes have been observed. The hydrostatic pressure in
these lakes is assumed to correspond to the ice overburden pressure. A hydro-thermo-mechanical
balance is assumed, where supply of basal melt water, re-freezing and ice deformation result in a
hydrostatic equilibrium where the ice sheet rests, or floats, on the water surface, e.g. /Pattyn et al.
2004/. As further justified below, it is reasonable to assume that also for the Fennoscandian ice sheet,
the maximum ice sheet thickness sets a limit to the maximum hydrostatic pressure that may occur at
the ice sheet-substrate interface. To find and analyze the effects of the extremes regarding ice sheet
thickness additional simulations were performed with the ice sheet model used to construct the ice
sheet development of the reference glacial cycle.

5.4.2 Ice sheet evolution

To investigate the maximum ice sheet thickness that may occur in Fennoscandia, the UMISM ice sheet
model (Section 3.1.4) was used for a sensitivity test to see what ice configurations were possible with
different degrees of climate cooling. The sensitivity experiment used the same model setup as used

for the reconstruction of last glacial cycle conditions (Section 3.1.4). However, the model was not run
using the palaco-temperature curve for the last glacial cycle, but instead by using a set of temperature
evolutions in which annual air temperatures decreased linearly by 1° per 2 kyrs, from present-day tem-
peratures down to various constant levels. In these sensitivity tests, temperatures were lowered between
4 and 16° (Figure 5-19). Model uncertainties and simplifications are described in Section 3.1.7.

Ice sheet growth started at a temperature lowering of 6 to 7°. If temperature is lowered by 9° or
more, the ice sheet covers the Forsmark site. Warmer cases did not produce an ice sheet. In all cases
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ofice sheet growth, the model simulated a total period of 100 kyrs, after which approximately
steady-state conditions were obtained with little further change in ice volume and area. The results
indicate that cold climate conditions with annual mean temperatures lowered by 10°C are required
for the ice sheet to advance to and over the Forsmark site. The resulting maximum ice sheet thick-
nesses from the sensitivity simulations are shown in Figure 5-20.

As expected, the maximum ice sheet thickness increases with colder climates (Figure 5-20, black
line). However, the degree of increase in thickness with temperature lowering declines as colder
cases are considered. For a temperature lowering of more than approximately 13°C, colder climates
do not generate thicker ice sheets. This result is in general agreement with what is known of
Antarctic ice sheet variations, see below.

These simulated temperature cases (Figure 5-19) are extreme as regards their prolonged duration.
Variations in temperature of this magnitude have occurred in the past, e.g., but never of this long
duration without interruptions, see Appendix 1 and references therein. The extreme nature of these
sensitivity cases is reflected also in the resulting ice sheet configurations. For the colder cases, the
ice sheet covers all of northern and central Europe, and extends southward all the way to the Alps.
Geological observations of traces from Fennoscandian ice sheets show that such large ice configura-
tions have never occurred during the last 2 million years e.g. /Ehlers and Gibbard 2004/, and can
thus be considered unrealistic for the time scale of interest for the safety assessment.

The maximum ice thickness at Forsmark in the reference glacial cycle was 2,920 m (Section 4.5).
In the sensitivity tests, the maximum ice sheet thickness developed over Forsmark was 3,670 m.
The uniform and high values reflect that the Forsmark site has an interior location within these
unrealistically large ice sheets.

o
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Figure 5-19. Temperature lowering schemes (upper graph) and resulting development of Fennoscandian/
Eurasian ice sheet volumes (lower graph) in the sensitivity test on air temperatures and ice sheet configura-
tions. The volume of the ice sheets is expressed as metres sea-level contribution.
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Figure 5-20. Maximum modelled ice sheet thicknesses for the ice sheets modelled using the schematic
climate evolutions in Figure 5-19. The blue curve represents maximum ice thicknesses extracted specifically
over the Forsmark region. The overall largest ice thicknesses for these ice sheets are shown in black. The
short line marked Reference glacial cycle show the maximum ice thickness of the ice sheet in the reference
glacial cycle (Section 4.5.1), whereas the line marked Saalian ice sheet shows the maximum ice thickness
for the largest Fennoscandian ice sheet configuration supported by geological observation for the past

2 million years.

Estimate of maximum ice thickness during the past 2 million years

From geological information, it is known that the maximum ice extents of Pleistocene Fenno-
scandian ice sheets (i.e. those occurring during the past ~2 million years) were larger than that of the
Weichselian ice sheet, and occurred during the Saalian glaciation, e.g. /Svendsen et al. 1999, 2004,
Lambeck et al. 2006, Colleoni et al. 2009/. At the peak of the Saalian glaciation, around 140 kyrs
BP, the ice sheet reached up to c. 200 km further south and more than 1,000 km further east than the
Weichselian ice sheet. Modelling of the maximum Saalian ice sheet configuration (Section 5.4.2)
indicated that the maximum ice thickness of this ice sheet was c. 3,100 m over the Forsmark region.
According to /Lambeck et al. 2006/ the maximum Saalian ice thickness over the Forsmark region at
140 kyrs BP was around 3,400 m. Similar values may be inferred from /Colleoni et al. 2009/. Based
on this information, the maximum expected ice sheet thickness for Forsmark is set to 3,400 m.

From the results of the extreme cases in the sensitivity test (Figure 5-20), it is unlikely that the ice
thickness at Forsmark could under any circumstance exceed 3,700 metres. The results of the sensitiv-
ity tests can be considered as high values since it is unlikely that the Fennoscandian ice sheet would,
in reality, ever reach its maximum equilibrium size, i.e. the size simulated in these experiments.

In the climate cooling sensitivity tests, the maximum simulated overall thickness of the ice sheets is
4,360 metres. This is 1,000 m more than the maximum overall ice thickness for the reference glacial
cycle which is 3,300 m. Estimating the maximum thickness of the largest geologically feasible
Pleistocene ice sheet yields a maximum overall Saalian ice thickness of 3,600 m. Other simulations
of the Saalian ice sheet result in a maximum ice thickness of 4,500 m, over the Kara Sea in the
Arctic /Lambeck et al. 2006/.
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For comparison, the maximum ice sheet thickness occurring on Earth today is ~4,500 m for parts
of the East Antarctic ice sheet /Lythe et al. 2001/. The Greenland ice sheet has a maximum thickness
of ~3,400 m /Bamber et al. 2001/. In a colder glacial climate, the maximum ice thickness of the
Antarctic ice sheet will probably not change significantly. In a colder climate, the marginal parts

of the Antarctic ice sheet grow significantly, whereas, at the same time, more interior parts of the
ice sheet keep the same thickness or even gets thinner due to moisture starvation /Huybrechts 1990,
Néslund et al. 2000/. Therefore, it is likely that the maximum thickness of the Antarctic ice sheet
seen also over an entire glacial cycle is around 4,500 m. This value is close to the largest overall ice
thickness obtained in the sensitivity test, 4,360 metres (Figure 5-20). These results are also in line
with a largest inferred thickness of the Laurentide ice sheet of 4,300 metres (Tarasov and Peltier
2004). These observations and results suggest that Pleistocene ice sheets up to date have not grown
thicker than approximately 4,500 m, which gives an upper limit for ice sheet thickness.

Hydrostatic pressures exceeding ice overburden pressure

Hydrostatic pressures exceeding ice overburden can occur in some situations, for example in
relation to jokulhlaups, i.e. large sudden outburst floods of glacial melt water from subglacial or
supraglacial ice-dammed water reservoirs /Roberts et al. 2000/. In a few cases, higher pressures of
non-jokulhlaup origin have been registered also in the ablation area of smaller glaciers. These high
pressures are of artesian character, with the amount of pressure being ultimately determined by
upglacier ice thickness and the presence of meltwater. This may also occur in near-frontal parts of
ice sheets /Roberts 2005/. However, during times of maximum ice sheet thickness over Forsmark,
e.g. during the Last Glacial Maximum, this site is located within the ice sheet interior, far from

the ablation area and the margin. For this ice sheet configuration, surface melting is thus absent or
negligible above and upstream of the Forsmark site, due to the high ice surface elevation and associ-
ated low air temperatures. In addition, climate is at its coldest at this time during the glacial cycle,
also precluding surface melt in these high-polar regions of the ice sheet. Therefore, it is reasonable
to assume that maximum hydrostatic pressures at Forsmark are dependent only on the local ice
thickness during periods of maximum ice thickness, and not on ice thickness and surface melting
upstream of the site.

Conclusions

For the reference glacial cycle, the additional hydrostatic pressure related to ice thickness over
Forsmark is 26 MPa (Table 5-6). The maximum expected additional hydrostatic pressure, pessimisti-
cally derived from the largest ice sheet configuration during the past 2 million years, as supported by
geological observations, is 30 MPa. Maximum ice thicknesses of the more extreme and unrealistic
ice sheet configurations discussed above, with associated additional hydrostatic pressures, are also
presented in Table 5-6.

Table 5-6. Maximum ice sheet thickness and associated additional hydrostatic pressure at
Forsmark for various Fennoscandian ice sheet configurations.

Maximum ice thickness Hydrostatic pressure

(m) contribution (MPa)
Reference glacial cycle 2,920 26
Largest Fennoscandian ice sheet 3,400 30

during past 2 Myrs
(Saalian ice sheet)

Extreme ice sheets from climate 3,670 32
sensitivity test
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5.4.3 Surface denudation

The large size of this ice sheet would take a longer time to build than the maximum ice sheet of the
reference glacial cycle (Section 4.5.1), but not a longer time than the 60 kyrs of ice sheet presence
in the extended ice sheet duration case (Section 5.3). Therefore, the present climate case does not
contribute to a longer time of glacial erosion, or resulting larger total amount of denudation, than the
extended ice sheet duration case. For that reason, surface denudation is not described and treated
further in the extended global warming case.

5.5 Severe permafrost case
5.5.1 Background

The main factors of importance for repository safety in the permafrost climate domain are the
permafrost- and frozen depths, the depth of the isotherm at which the buffer and backfill freezes,
and the possible freezing out of salt that may result in a zone with high salinity beneath the freeze
front. The prevailing climate conditions are the main factor determining the evolution of permafrost,
see Section 3.4.4 and /Hartikainen et al. 2010/. A mean annual air temperature well below 0°C for
long periods is a prerequisite for the development of permafrost to greater depth, Section 3.4.4.

In order to investigate remaining uncertainties within the periglacial climate domain that were not
studied in the permafrost simulations reported in Section 3.4.4 and 4.5, a severe permafrost case was
investigated /Hartikainen et al. 2010/. These remaining uncertainties mainly consist of the possibility
of having a cold dry climate at Forsmark, but without the presence of an ice sheet. An assumption

of a cold periglacial climate is here combined with an assumption of a very dry climate in order to
favour permafrost growth. In this climate case, the dry climate also limits ice sheet growth so that an
ice sheet does not reach the Forsmark site during the first glacial cycle. If an ice sheet covers the site,
any pre-existing permafrost decays due to the insulating effect of the ice sheet, especially if the ice
sheet is warm-based (Section 4.5.4). In line with the dry and cold assumption, and that no ice sheet
forms over the site, it is further assumed that no post-glacial periods of submerged conditions occur,
and that no insulating winter snow and vegetation cover exist.

In addition to the simulation using the above assumptions, a number of sensitivity studies have also
been done in order to investigate the climate conditions required to develop permafrost and perenni-
ally frozen ground to repository depth.

5.5.2 Ice sheet evolution

One of the main assumptions in the severe permafrost case is that there is no ice sheet coverage over
the Forsmark site for the coming 120 kyrs, and consequently there is no ice sheet development in
this climate case.

5.5.3 Permafrost evolution

The severe permafrost case is analysed with the same 2D permafrost model that was used for the
reference glacial cycle and for the sensitivity experiments on surface, subsurface and air temperature
parameters (Section 3.4.4). The severe permafrost case was simulated for a full glacial cycle, from
115 kyrs BP to present. However, for the present section the results have been projected for a future
glacial cycle, in the same way as the reconstruction of last glacial cycle conditions (Section 3.4.4)
were used to construct a future reference glacial cycle (Section 4.5).

In this context it should be noted that the exact way in which the start of the previous reconstructed
glacial cycle is taken to form the start of the present climate case will affect the detailed timing of
permafrost events, such as the detailed timing of the first permafrost development. However, for the
safety assessment of a KBS-3 repository, the precise timing of permafrost and freezing events is not
central. Instead it is the maximum simulated permafrost and freezing depths that are of importance.
Therefore, the temporal uncertainties arising from the onset of the future glacial cycle in the severe
permafiost case do not affect the analysis of e.g. the SR-Site freezing scenario /SKB 2011/.
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The following assumptions were made for the severe permafrost case:

» The climate is so dry that no ice sheet forms that is large enough to reach the Forsmark site at
any time during the glacial cycle, i.e. ice free conditions prevail during the entire glacial cycle.

 In line with the above assumption, it is assumed that the repository location is not isostatically
depressed below sea-level.

* The climate is so dry that there is no insulating snow cover during winter.
» There is no vegetation to insulate the ground from low air temperatures.

* The temperature curve reconstructed for the last glacial cycle, but without a presence of ice
sheets and submerged conditions (Figure 3-54, red line) was employed for calculating ground
surface temperatures.

Initial conditions are assumed to correspond to the present-day conditions (temperature, salinity and
groundwater pressure). Heat generated by the radioactive decay of the spent fuel in the repository is
included in the simulation. The modelled 2D profile is seen in Figure 3-58.

Regarding the choice of using the temperature curve reconstructed for the last glacial cycle also for
the analysis of a severe permafrost case, the following needs to be considered. Northern Hemisphere
mid-latitude ice sheets form essentially as a response to low air temperatures, see Section 2.1 and 3.1.
In line with this, there is a correlation between cold interstadial periods during glacial cycles and
large ice sheet configurations. In the severe permafrost case, the main assumption is that the climate
is cold but without an ice sheet reaching the Forsmark site, see above. This means that the maximum
ice sheet configuration for this hypothetical case does not reach middle central Sweden anytime
during the glacial cycle. This ice sheet thus has very much smaller ice sheet configurations, at all
times, than the Weichselian ice sheet had. This, in turn, strongly implies that that air temperatures
during the fictive glacial cycle of the severe permafrost case would be higher than in the reconstruc-
tion of the last glacial cycle that hosted the Weichselian ice sheet (but still significantly colder than
temperate climate conditions). If temperatures were to be the same during the severe permafiost case
as during the Weichselian, a larger ice sheet would form and cover the Forsmark site for parts of

the glacial cycle. It is difficult to estimate what temperatures would correspond to a glacial cycle as
envisaged for the severe permafiost case. The temperature curve used for permafrost simulations for
the severe permafrost case should, in line with the above reasoning, be considerably warmer than the
one used for the reconstruction of the last glacial cycle.

On the other hand, the temperature curve reconstructed for the last glacial cycle also has a significant
uncertainty interval, see Appendix 1. The comparison of the reconstructed last glacial cycle tempe-
rature curve with (the few) existing quantitative proxy data on Weichselian temperatures from the
Fennoscandian region seems, however, to indicate that the reconstructed temperature curve is in
broad agreement with proxy data, see Appendix 1. Furthermore, the comparison suggests that the
temperature curve does not overestimate temperatures for the compared last glacial cycle stadials
and interstadials. Instead, the general picture from the comparison with Fennoscandian proxy data is
that the reconstructed temperature curve gives roughly correct or slightly too low temperatures by a
few degrees.

In order to make a reasonable choice of temperature curve for the severe permafrost case, with the
above issues in consideration, air temperatures were pessimistically assumed to fall according to the
reconstructed temperature curve for the reference glacial cycle, but without a presence of ice sheets
and submerged conditions (Figure 3-54).

Surface and subsurface properties and conditions

Just as for the 2D permafrost modelling for the reference glacial cycle (Section 3.4.4), the significant
uncertainties associated with descriptions of the surface conditions motivate the analysis of two
climate variants of the severe permafrost case, one humid and one dry. This is to yield a lower and
upper limit for the permafrost and perennially frozen ground development, see further below.
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Based on the Kdppen climate classification /Lohmann et al. 1993/ and long-term observations
/Eugster et al. 2000/ the climate of the severe permafrost case may be divided into three climate
zones: Boreal, Subarctic and Arctic, which may be characterized by the annual mean air temperature,
the monthly mean maximum summer air temperature and the monthly mean minimum winter

air temperature, together with the monthly mean maximum summer and winter precipitations
(Table 5-7), see /Hartikainen et al. 2010/. The large ranges in the monthly mean air temperatures
and precipitations are explained by the fact that the description and modelling of surface conditions
involve significant data-, conceptual- and model uncertainties, see /Hartikainen et al. 2010/.

Other surface properties and conditions are the same as in the 2D permafrost modelling of the refer-
ence glacial cycle (Section 3.4.4). All subsurface properties for the severe permafrost case are the
same as for the 2D permafrost modelling of the reference glacial cycle (Section 3.4.4).

In order to construct an air temperature curve for a full glacial cycle without the presence of an ice
sheet at the Forsmark site, the site-specific air temperature curve reconstructed for the last glacial
cycle (Figure 3-54 blue line) was used together with the ice sheet surface elevations of the reference
glacial cycle to making a correction for the difference in elevation between the height of the ice
sheet and that of the ice-free ground surface (see also Appendix 1). Subsequently, by using the same
n-factor approach as in the modelling of the reference glacial cycle, calculations of ground-surface
temperatures were made from air temperature (Section 3.4.4). The resulting air temperature curve for
the severe permafrost case is seen in /Hartikainen et al. 2010, Figure 2-15/.

Figure 5-21 exemplifies modelled ground surface temperatures along the profile at four different
times for the severe permafrost case considering different climate conditions: 8.5 kyrs after present —
Subarctic and partially submerged, 16.5 kyrs after present — Boreal, 25 kyrs after present — Subarctic,
50 kyrs after present — Arctic. The partially submerged conditions at 8.5 kyrs after present refer

to locations away from the repository location, the repository location is never submerged in this
climate case. For details on the setup of the severe permafrost case, see /Hartikainen et al. 2010/.

The extent of perennially frozen ground over the Forsmark site for the severe permafiost case is
exemplified by time slices at 8.5, 25, 46, 50 kyrs after present in Figures 5-22 and 5-23. The evolu-
tion of maximum permafrost depth and depth of perennially frozen ground at the repository location
is shown in Figure 5-24. Figure 5-25 shows the same results over the whole profile, as well as the
extent of permafrost summarised along the investigated profile.

Table 5-7. Climate information for the severe permafrost case. Summer precipitation is close
to 5 mm/month for dry case while it is close to 50 mm/month for the humid case. The winter
precipitation is the same (< 1) for both cases.

Climate zone Annual mean Monthly mean Monthly mean Monthly mean Monthly mean
air temperature max. summer air min. winter air max. summer max. winter
(°C) temperature (°C) temperature (°C) precipitation precipitation
(mm/month (mm/month)
Boreal >0 +10 — +20 -15-+45 5-50 <1
Subarctic 0--6 +5—-+15 -25--10 5-50 <1
Arctic <-6 <+5-+10 -35--20 5-50 <1
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Figure 5-21. Modelled ground surface temperatures along the profile at four different times for the severe
permafrost case considering different climate conditions: 8.5 kyrs after present — Subarctic and partially
submerged, 16.5 kyrs after present — Boreal, 25 kyrs after present — Subarctic, 50 kyrs after present —
Arctic. The solid border lines of the coloured areas indicate the dry variant of the climate case and dashed
ones the humid variant of the same case. For details on the calculations of ground surface temperatures,
see /Hartikainen et al. 2010/.
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Figure 5-22. Exemplified temperature contours in (°C) and the extent of perennially frozen ground (light
colour) within permafrost (0°C isotherm) at times 8.5, 25, 46, 50 kyrs after present for the humid variant
of the severe permafrost case. Blue colour blue on the top of the profile at 8.5 kyrs after present shows the
Baltic Sea. The yellow rectangle indicates the location of the repository.
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Figure 5-23. Exemplified temperature contours in (°C) and the extent of perennially frozen ground (light
colour) within permafrost (0°C isotherm) at times 8.5, 25, 46, 50 kyrs after present for the dry variant of
the severe permafrost case. Blue colour blue on the top of the profile at 8.5 kyrs after present shows the
Baltic Sea. The yellow rectangle indicates the location of the repository.
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Figure 5-24. Evolution of maximum permafrost depth, maximum depth of perennially frozen ground and
maximum depth of —=2 and —4°C isotherms over the repository for the severe permafrost case. The upper
permafrost surface, for periods of permafrost degradation from above, is not shown. The shaded area

in blue and red represents the range when considering the dry and humid climate variants of the severe
permafiost case. The darker lilac colour indicates that the results for permafiost and perennially frozen
ground overlap.
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Figure 5-25. Evolution of maximum permafrost depth, maximum depth of perennially frozen ground and
maximum depth of -2 and —4°C isotherms over the whole profile for the severe permafrost case. The figure
also shows the percent permafrost distribution along the profile. The transition from sporadic to discontinu-
ous permafrost occurs at 50-% coverage and from discontinuous to continuous permafrost at 90-%
coverage, indicated by two horizontal lines. The upper permafrost surface, for periods of degradation from
above, is not shown. The shaded area in blue and red represents the range when considering the dry and
humid climate variants. The darker lilac colour indicates that the results for permafrost and perennially
frozen ground overlap.

The maximum permafrost depths, maximum depths of perennially frozen ground, and the extent

of permafrost distribution have been summarised in Tables 5-8 and 5-9. In addition, Table 5-10
describes the evolution of permafrost depth and depth of perennially frozen ground at the repository
site. For a corresponding table for the entire profile, see /Hartikainen et al. 2010/.

The results show that development of continuous permafrost is characteristic for both the dry and
humid variants of the severe permafirost case (Figure 5-25). As expected this is a difference com-

pared with the reference glacial cycle where longer periods of discontinuous permafrost prevailed
both in the dry and humid climate variants (Figure 4-29).
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Table 5-8. Times of permafrost occurrence and associated maximum permafrost depth and
maximum depth of perennially frozen ground over the whole profile and over the repository
location for the future humid variant of the severe permafrost case. The table also gives the
time and horizontal location of maximum permafrost depth and the percent extent of permafrost

distribution.

Time periods
of permafrost
occurrence
(kyrs after
present, AP)
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14.5 - 16.1 85 15.7 12,280 80 97 64 14.8 5,650 62
19.9 - 37 223 35.1 14,910 205 100 196 34.9 5650 186
39.5-39.6 5 39.6 14,870 3 95 3 39.6 5,610 1
40.6 — 109.4 424 98.4 12,240 364 100 393 98.4 5650 359

Table 5-9. Times of permafrost occurrence and associated maximum permafrost depth and
maximum depth of perennially frozen ground over the whole profile and over the repository
location for the future dry variant of the severe permafrost case. The table also gives the time
and horizontal location of maximum permafrost depth and the percent extent of permafrost

distribution.

Time periods
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7-83 72 8 3,020 68 44 69 8 3,950 64
8.7-11 87 10.3 7,990 81 74 52 10.2 5,650 50
11.8-12 4 11.9 12,360 1 79 2 11.9 5,620 0
14.6-15 36 14.8 14,280 35 96 33 14.8 5,650 32
15.4-15.8 25 15.6 14,280 22 97 21 15.6 5,650 20
21.9-315 152 29.8 14,840 143 100 131 29.7 5,650 125
324 -36.7 174 34.9 14,880 165 100 157 34.8 5,650 151
41.5-46.3 268 457 13,890 255 100 242 45.7 5,650 231
47.2-50.8 320 50.1 13,790 306 100 290 50 5,650 277
51.3-64.4 326 58 14,890 314 100 310 57.2 5,650 291
64.7 — 68.6 257 67.9 14,980 231 100 241 67.8 5,650 224
69.5-75.9 256 75.4 14,980 232 100 244 75.4 5,650 230
76.8 - 105.7 379 98.3 13,940 333 100 355 98.3 5,650 327
106.7 — 108.9 229 108.2 14,980 204 100 221 108.2 5,650 206
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Table 5-10. Evolution of maximum permafrost depth and maximum depth of perennially frozen
ground at the repository site for the severe permafrost case. For comparison the table also
include the results from the reference glacial cycle. The table also shows the prevailing mean
annual air temperatures. For a table describing model results for the full glacial cycle of the
severe permafrost case, see /Hartikainen et al. 2010 Appendix K/.

Time Mean Maximum permafrost depth (m) Maximum depth of perennially frozen
(kyrs after annual air ground (m)
present) temperature

(°C)

Humid variant of the reference

Dry variant of the reference glacial
Humid variant of the severe perma-
Dry variant of the severe permafrost
Humid variant of the reference

Dry variant of the reference glacial
Humid variant of the severe perma-
Dry variant of the severe permafrost

3 g

g g

o o

E 5 s 5 o s

8 g S 2 s g S 2

o o (= (3] o o = (3]
8 -3.4 31 84 104 69 29 79 97 64
8.5 -0.6 0 3 30 0 0 1 27 0
10 -3.5 15 47 71 46 15 46 68 44
12 -1.5 0 22 44 0 0 21 42 0
14 2.5 0 0 0 0 0 0 0 0
16 -0.6 0 6 33 0 0 5 30 0
18 1.6 0 0 0 0 0 0 0 0
20 -0.3 0 0 7 0 0 0 5 0
22 -1.9 2 30 55 9 0 28 52 8
24 -2.9 18 62 102 56 16 60 97 53
25 -3.2 23 69 110 64 20 66 105 61
26 -3.9 35 84 127 86 33 81 122 82
28 —4.8 49 108 158 117 47 103 151 113
30 —4.1 45 112 168 123 43 107 161 118
32 -0.9 0 15 54 0 0 13 49 0
34 -6.4 73 116 155 120 71 113 149 115
36 -3.1 31 108 164 105 29 104 156 98
38 21 0 0 0 0 0 0 0 0
40 0.4 0 0 0 0 0 0 0 0
42 -2.5 12 52 88 37 10 50 84 35
44 4.2 45 101 147 102 43 97 140 98
45 -10.4 135 186 232 204 131 179 219 194
46 -1.3 85 180 256 211 77 168 241 198
48 -3.6 33 86 130 78 31 82 124 74
50 -10 181 259 319 290 175 246 303 277

For the severe permafiost case, i.e. when considering no ice sheet, sea, vegetation or snow cover
over the Forsmark site throughout the glacial cycle, permafrost (0 °C isotherm) can reach a depth
between ~360 m and ~390 m over the repository and between ~380 m and ~420 m outside the
repository, in a time frame of 100,000 years. Meanwhile, the maximum depth of perennially frozen
ground may vary between ~330 m and ~360 m over both the repository and the rest of the profile,
see Figure 5-24 and 5-25.

Examples of vertical profiles of bedrock temperature at one selected location (in the middle of the
repository location, at 4,783 m along the profile) corresponding the fresh-moist surface cover types
are presented in Figures 5-26 (humid climate variant) and 5-27 (dry climate variant). The white
colour envelope represents the range of bedrock temperature fluctuation simulated over the glacial
cycle. Other examples of vertical bedrock temperature profiles, with other surface cover types
(wet, dry, peatland) are found in /Hartikainen et al. 2010/.
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Figure 5-26. Ground temperature along a vertical profile located in the middle of the repository for the
humid variant of the severe permafrost case and dry surface condition type. The white colour envelope
represents the range of bedrock temperature fluctuation simulated over the glacial cycle.
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Figure 5-27. Ground temperature along a vertical profile located in the middle of the repository for the dry
variant of the severe permafrost case and dry surface condition type. The white colour envelope represents
the range of bedrock temperature fluctuation simulated over the glacial cycle.

Given the permafrost and freezing results presented above for the severe permafirost case, the associ-
ated results on salinity concentration are illustrated in Figures 5-28 and 5-29. In this study, the effect
of freezing-out of salt is small. Due to low salinity concentrations at shallow depths, the impacts of
freezing on salinity exclusion and redistribution are difficult to see from the results. However, under
more extreme conditions than simulated in the severe permafiost case, if the air temperature curve
reconstructed for the last glacial cycle is lowered by 8°C, the freezing occurs more intensively and
an increase in salinity concentration due to salt exclusion can be seen (Figure 5-30).
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Figure 5-28. Salinity concentration isolines at times 8.5, 25, 46, 50 kyrs after present for the humid variant
of the severe permafrost case. The isolines show salinity concentrations of 0.07, 0.1, 0.2, 0.4, 0.6, 0.8, 1,
1.2, 1.5, 2, 3, 4, 5 mass-%. Blue colour blue on the top of the profile at 8.5 kyrs after present shows the
Baltic Sea and the light colour the extent of perennially frozen ground.
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Figure 5-29. Salinity concentration isolines for the dry variant of the severe permafrost case at times 8.5,
25, 46, 50 kyrs after present. The isolines show salinity concentrations of 0.07, 0.1, 0.2, 0.4, 0.6, 0.8, 1, 1.2,
1.5, 2, 3, 4, 5 mass-%. Blue colour on the top of the profile at 8.5 kyrs after present shows the Baltic Sea
and the light colour the extent of perennially frozen ground.
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Figure 5-30. Salinity concentration isolines at times 8.5, 25, 46, 50 kyrs after present for the humid variant
of the severe permafrost case and air temperature decreased by 8°C. The isolines show the salinity concen-

trations 0.07, 0.1, 0.2, 0.4, 0.6, 0.8, 1, 1.2, 1.5, 2, 3, 4, 5 mass-%. Blue colour blue on the top of the profile

at 8.5 kyrs after present shows the Baltic Sea and the light colour the extent of perennially frozen ground.
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Sensitivity experiments

In addition to the severe permafrost case simulations described above, a sensitivity experiment was
made to study the effects of uncertainties in bedrock thermal properties together with uncertainties
in surface conditions (excluding air temperature) for this case, i.e. the same experiment as sensitivity
experiment number 6 conducted for the reference glacial cycle. To this end, the uncertainty interval
is obtained by combining the dry climate variant with the thermal properties enhancing permafrost
development, and the humid climate variant with thermal properties diminishing permafrost devel-
opment, see Section 3.4.4. The resulting evolution of maximum permafrost depth and maximum
depth of perennially frozen ground over the repository are shown in Figure 5-31.

Sensitivity studies have also been made to investigate the climate conditions required to develop
permafrost and perennially frozen ground to repository depth /Hartikainen et al. 2010/. Based on
the results of a similar study performed in SR-Can /SKB 2006a/, this was made by lowering the
entire temperature curve reconstructed for the last glacial cycle by 4, 6, 8, 10, 12, 14 and 16°C,
see Figure 3-63. A temperature of 0°C corresponds to the freezing point of fresh water at normal
pressure. A temperature of —2°C corresponds to the freezing point of the backfill material in the
deposition tunnels, whereas a temperature of —4°C constitutes the temperature criterion used in the
safety assessment for freezing of the buffer clay /SKB 2011/.

The results show that if the reconstructed temperature curve for the last glacial cycle is lowered by
8°C, the 0°C isotherm (permafrost) reach repository depth (450 m) (Figure 5-32). The temperature
curve needs to be lowered by more than 10°C in order to make the —2°C isotherm reach repository
depth (Figure 5-33), and it needs to be lowered by as much as 14°C in order make the —4°C isotherm
reach repository depth (Figure 5-34).
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Figure 5-31. Evolution of maximum permafrost depth, maximum depth of perennially frozen ground and
maximum depth of -2 and —4°C isotherms over the repository for the severe permafrost case when consider-
ing combined uncertainties in surface conditions and thermal properties favourable for permafrost growth.
The shaded area in blue and red represents the range when considering the dry and humid climate variants.
The darker lilac colour indicates that the results for permafiost and perennially frozen ground overlap.
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Figure 5-32. Evolution of 0°C isotherm (permafrost) depth (black solid line) and depth of perennially
frozen ground (black dashed line) at the repository location for the reference glacial cycle (dry climate
variant, see Section 3.4.4). The figure also show corresponding results for simulations where the tempera-
ture curve reconstructed for the last glacial cycle has been lowered by —4, —6, -8, —10, —12, —14 and —16°C
compared to the reference glacial cycle.
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Figure 5-33. Evolution of —2°C-isotherm depth at the repository location for the reference glacial cycle
(dry climate variant, see Section 3.4.4) (black line). The figure also shows corresponding results for simula-
tions where the temperature curve reconstructed for the last glacial cycle has been lowered by —4, —6, -8,
—10, —12, —14 and —16°C compared to the reference glacial cycle (coloured lines).
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Figure 5-34. Evolution of —4°C-isotherm depth at the repository location for the reference glacial cycle
((dry climate variant, see Section 3.4.4) (black line). The figure also shows corresponding results for simu-
lations where the temperature curve reconstructed for the last glacial cycle has been lowered by —4, —6, 8,
—10, =12, —14 and —16°C compared to the reference glacial cycle (coloured lines).

The evolution of subsurface temperatures and residual pore water pressures at a depth of 400 m at
Forsmark for a case similar to the severe permafrost case described above is found in /SKB 2006a,
Figure 3-64/.

Summary of the severe permafrost case and sensitivity studies

In the following, the main conclusions from the severe permafirost case and the sensitivity studies
are summarized. When assuming a glacial cycle without any cover of ice sheet, sea, vegetation

or snow, the range for the maximum permafrost depth (the 0°C isotherm) over the repository is
360-390 m depending on the surface conditions. The corresponding range for the entire investigated
profile is 380-420 m. Likewise, for the same assumptions, the maximum depth of perennially frozen
ground over the repository and the entire profile ranges between 330 and 360 m depending on the
surface conditions. Very low surface temperatures are required in order to give an increase in salinity
concentration due to salt exclusion. Making the unrealistic combination of the severe permafrost
case (which assumes no ice sheet, winter snow, vegetation or sea coverage during the entire glacial
cycle), with maximum thermal conductivity and minimum heat capacity for the subsurface, as

well as using the minimum geothermal heat flow value, the simulated maximum permafrost depth
over the repository may extend to 450 m depth in 95,000 years. However, it should be noted that
this combination of assumptions is unrealistic. Assuming a similar climate variability as during

the last glacial cycle, the temperature curve reconstructed for the last glacial cycle needs to be
lowered by 8°C order in order to make the 0°C isotherm (permafrost) reach repository depth, while
the temperature curve needs to be lowered by as much as 14°C in order make the —4°C isotherm
reach repository depth. Also when considering the significant estimated maximum uncertainty in

the reconstructed air temperature curve (£6 °C, Appendix 1), this corresponds to an unrealistically
large change in glacial climate conditions.

It should here be remembered that the severe permafiost case was designed to take care of remaining
uncertainties (mainly related to ice sheet coverage) that was not covered in the extensive investiga-
tion of uncertainties reported in the reference glacial cycle (Section 4.5 and 3.4.4). Therefore, the
resulting maximum uncertainty interval for e.g. permafrost and frozen depths (Table 5-11), may
reach deeper in the reference glacial cycle than in the severe permafrost case (whereas calculated
depths without the uncertainty interval are deeper for the severe permafrost case).
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Table 5-11. Maximum depths of permafrost (0°C isotherm), perennially frozen ground, —2°C
isotherm and —-4°C isotherm for the severe permafrost case and the reference glacial cycle. The
uncertainty interval for the severe permafrost case includes all uncertainties (set to their most
pessimistic values) except air temperature, since lower air temperatures are not compatible with
the main assumption of having no ice sheet development over the site. The uncertainty interval
for the reference glacial cycle includes the unlikely combination of having all uncertainties,
including air temperature, set to their most pessimistic values favouring permafrost growth.

Maximum permafrost Maximum depth peren- Maximum depth Maximum depth
depth (0°C isotherm) nially frozen ground —-2°C isotherm -4°C isotherm
[max uncertainty [max uncertainty [max uncertainty [max uncertainty
interval] interval] interval] interval]
Severe permafrost case 393 359 31 234
[down to 456] [down to 408] [down to 359] [down to 268]
Reference glacial cycle 259 m 246 m 200 m 148 m
[down to 463 m] [down to 422 m] [down to 388 m] [down to 316 m]

The information on freezing depths from the severe permafiost case and the reference glacial cycle
is used to assess the potential for freezing of groundwater, buffer clay and deposition tunnel backfill
material in the safety assessment freezing scenario /SKB 2011/.

The development of climate domains for the severe permafiost case is shown in Figure 5-35. For
this construction, the dry climate variant, with most permafrost, was chosen. Temperate climate
conditions prevail for 24 kyrs or 20% of the time, whereas periglacial conditions prevail for 96 kyrs
or 80% of the time. There are no periods of glacial conditions.

5.5.4 Surface denudation

In the severe permafiost case, the main assumption is that there is no ice sheet present at Forsmark
during the glacial cycle, and consequently the denudation process that contributed to the largest
amount of denudation in the reference glacial cycle (glacial erosion) does not take place. In line with
this, it is assumed that the amount of surface denudation in the present climate case is smaller than
in the reference glacial cycle, and definitely smaller than in the case of extended ice sheet duration.
Therefore, surface denudation is not described and treated further in the severe permafrost case.

Climate domains

Temperate B
Periglacial [ ]
Glacial

basal frozen D
basal melting ||

Submerged |
conditions

0 10 20 30 40 50 60 70 80 90 100 110 120
Time (kyrs after present)

Figure 5-35. Evolution of climate conditions at the Forsmark repository location as a time series of
climate domains for the severe permafrost case. Following from the assumptions used for this climate
development, there are no periods of glacial or submerged conditions. The glacial cycle is dominated by
periglacial conditions, with longer-lasting temperate climate conditions during periods that correspond to
interglacial conditions.
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5.6 Summary of climate cases for the SR-Site safety assessment

As stated in Section 1.2, a single most likely future climate evolution cannot be predicted with
enough confidence and detail for the analyses of long-term safety of repositories for spent nuclear
fuel. The longest safety assessment time scales range up to around 100,000 years and 1 million
years /SKB 2011/. The 100,000 year time scale corresponds to the time scale of glacial cycles
during the past 700,000 years. The selected approach in the SR-Site safety assessment, as well as
in previous SKB safety assessments such as SR-Can, is therefore to use a reasonable future climate
evolution, consisting of a repetition of conditions reconstructed for the last glacial cycle, as well as
complementary climate evolutions with potentially larger impacts on repository safety (Section 1.2
and Figure 1-3). Given that the safety assessment needs to analyse repository safety on these very
long time scales, the existing uncertainties in future climate development result in a wide range of
possible climate developments that need to be addressed. Figure 5-36 and Table 5-12 summarise
the climate developments included in the SR-Site safety assessment. These cases are based on the
processes that have been identified as important for long-term KBS-3 repository safety and on the
present scientific knowledge and uncertainties of future climate development with focus on these
processes. The climate cases in Figure 5-36 are used as input to the description and analysis of
various SR-Site safety assessment scenarios, see Figure 1-3 and /SKB 2011/.

The reference glacial cycle (Figure 5-36 and Section 4.5) contributes with a reasonable development
of climate and climate-related conditions for the coming 120 kyrs, whereas the global warming case
(Section 5.1) contributes with a variant of this development. The longest period of temperate climate
conditions for the coming 120 kyrs, including an initial period with the warmest and wettest climate
conditions, highest sea-level, as well as longest period of groundwater formation from precipitation,
is found in the extended global warming case (Section 5.2). The most extended period of periglacial
climate conditions, with longest periods of permafrost at Forsmark, is found in the severe permafrost
case (Section 5.5). The deepest permafrost and frozen ground is also found in the severe permafrost
case. The largest uncertainty for the development of permafrost and frozen ground, which is future air
temperature, is however connected to the reference glacial cycle, resulting in the deepest uncertainty
interval for freezing being documented in this climate case. The longest period of glacial conditions,
and associated period of groundwater formation from glacial meltwater, is found in the extended

ice sheet duration case (Section 5.3). The maximum future ice sheet thickness, and resulting largest
increase in hydrostatic pressure at repository depth, is found in the maximum ice sheet configuration
case (Section 5.4) (a case not depicted in Figure 5-36). The six climate cases together cover the
expected maximum range within which climate and climate-related conditions of importance for
long-term repository safety may vary within the time scales analysed in the SR-Site safety assess-
ment.

In light of present-day knowledge on climate, some of the climate cases in Figure 5-36 might be
regarded as more likely than others. However, the adopted approach in the SR-Site safety assessment
is to handle all possible future climate developments relevant for repository safety. Therefore, there
is in the safety assessment no need to quantify the probabilities of the identified individual climate
developments. The actual development of climate and climate-related processes at the Forsmark
site for the coming 120 kyrs are expected to lie within the range covered by the six climate cases
presented in Figure 5-36.
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Figure 5-36. Summary of future climate cases analysed in the SR-Site safety assessment. The cases go from
warmer/wetter climates at the top to colder/dryer climates at the bottom. The maximum ice sheet configura-
tion case, with maximum ice thicknesses, is not shown. However, it could be contained within the temporal
development of the extended ice sheet duration case.

Table 5-12. Summary of duration of climate domains for the six climate cases in SR-Site.
For definitions of the climate domains, see Section 1.2.3.

Climate case Temperate climate Periglacial climate Glacial climate Submerged
domain [kyrs] domain [kyrs] domain [kyrs] conditions [kyrs]
(percent of time (percent of time (percent of time (percent of time
of glacial cycle) of glacial cycle) of glacial cycle) of glacial cycle)

Extended global warming 106 kyrs (89%) 4 yrs (3%) 0 yrs (0%) 10 kyrs (8%)

(Section 5.2)

Global warming 78 kyrs (65%) 28 kyrs (23%) 11 kyrs (9%) 3 kyrs (c. 3%)

(Section5.1)

Reference glacial cycle 31 kyrs (26%) 41 kyrs (34%) 28 kyrs (24%) 19 kyrs (16%)

(Section 4.5)

Extended ice sheet duration 28 kyrs (23%) 22 kyrs (18%) 60 kyrs (50%) 10 kyrs (8%)

(Section 5.3)

Severe permafrost 24 kyrs (20%) 96 kyrs (80%) 0 kyrs (0%) 0 kyrs (0%)

(Section 5.5)
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6 List of abbreviations

Except expressions in equations, chemical expressions and common units

1D

2D

3D

AlB
A1FI

A2

ACIA

AD
AMAP
AMS
AMOC
AOGCM
AP

AR4

B2

BACC
BC
BIFROST
BIOCLIM

BP
CCSM3
CRU
CSM
CMIP3
DEM
Dfb

dGPS
DJF

DO event
DVM
EAIS
EISMINT
ELA
EPICA
FEP

GAP
GCM
GIA

GIS
GISP2
GPS
GRACE
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One dimensional

Two dimensional

Three dimensional

IPCC emission scenario

IPCC emission scenario

IPCC emission scenario

Arctic Climate Impact Assessment

Anno Domini

Arctic Monitoring and Assessment Programme

Accelerator Mass Spectrometer

Atlantic Meridional Overturning Circulation

Atmosphere-Ocean General Circulation Model

After Present

Fourth Assessment Report of IPCC

IPCC emission scenario

BALTEX Assessment of Climate Change for the Baltic Sea Basin
Before Christ

Baseline Inferences for Fennoscandian Rebound, Sea-level, and Tectonics

Modelling sequential BIOsphere systems under CLIMate change for radioactive
waste disposal

Before Present

Community Climate System Model 3

Climate Research Unit (East Anglia)

Climate System Model

Climate Model Intercomparison Project, phase 3
Digital Elevation Model

Koppen climate classification class (temperate, humid cold climate with year-round
precipitation)

Differential Global Positioning System
December, January, February (winter season)
Dansgaard-Oeschger event

Dynamic Vegetation Model

East Antarctic Ice Sheet

European Ice Sheet Modeling Initiative
Equilibrium Line Altitude

European Project for Ice Coring in Antarctica
Features, Events and Processes

Greenland Analogue Project

General Circulation Model, Global Circulation Model
Glacial Isostatic Adjustment

Geographical Information System

Greenland Ice Sheet project 2

Global Positioning System

Gravity Recovery and Climate Experiment
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GRIP

GS 12
HadCM3
HFD
ICE-3G
ICE-5G
InSAR
IPCC

JJA

KTH
LGM

ka

KBS-3
kyr

kyrs
LPJ-GUESS
Ma

MIS
MX-80
Myr
Myrs
NCAR
NEA
NGRIP
NorthGRIP
NSF
NWMO
OSL
PMIP1
PMIP2
PREM
QA
RCA3
RCM
RH70
RT-90
ScanSAR
SCAR
SGU
SKB
SMHI
SSTs
SWECLIM
THM
TWI
UMISM
UNFCCC
WAIS
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European Greenland Ice Core Project
Greenland Stadial number 12

Hadley Centre Coupled Climate Model, version 3
Heat Flow Density, or geothermal heat flow
Global ice sheet reconstruction

Global ice sheet reconstruction
Interferometric Synthetic Aperture Radar
Intergovernmental Panel on Climate Change
June, July, August (summer season)

Royal Institute of Technology (Stockholm)
Last Glacial Maximum

kilo annum (thousands of years)

Kérnbrénslesdkerhet 3 (method for final storage of spent nuclear fuel)

kilo year (thousand years)

kilo years (thousands of years)

A dynamic vegetation model

Mega annum (millions of years)

Marine Isotope Stage

Bentonite clay

million year (million years)

Millions of years (millions of years)

National Centre for Atmospheric Research

Nuclear Energy Agency

North Greenland Ice core Project

North Greenland Ice core Project

National Science Foundation

Nuclear Waste Management Organization

Optically Stimulated Luminescence

Paleoclimate Modelling Intercomparison Project, phase 1
Paleoclimate Modelling Intercomparison Project, phase 2
Preliminary Reference Earth Model

Quality assurance

Rossby Centre Regional Climate Model

Regional Circulation Model

Rikets hojdsystem 1970 (national elevation system in Sweden)
Rikets Triangelnét 1990 (national coordinate system in Sweden)
Scanning Synthetic Aperture Radar

Scientific Committee on Antarctic Research

Geological Survey of Sweden

Swedish Nuclear Fuel and Waste Management Organisation
Swedish Meteorological and Hydrological Institute

Sea Surface temperatures

Swedish Regional Climate Modelling Programme
Thermo-Hydro-Mechanical

Topographic Wetness Index

University of Maine Ice Sheet Model

United Nation’s Framework Convention on Climate Change
West Antarctic Ice Sheet
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Appendix 1
Air temperature data

A1.1 Introduction

With the approach used to handle climate issues in the safety assessment, Section 1.2, estimates of past
and possible future temperature variations are necessary for various studies within the safety assess-
ment, such as simulations of ice sheet and permafrost development. The approach taken in SR-Site is
to reconstruct temperatures for the last glacial cycle and use them to construct a reference glacial cycle
for the coming 100 kyrs, Section 1.2. This reference glacial cycle is not a forecast of the future climate
that will occur at Forsmark, but instead i) one relevant example of a possible future climate, and ii) a
starting point for the construction of complementary, and more pessimistic, climate cases also to be
analysed in the safety assessment.

In the following text the term air temperature is used as representing annual mean air temperatures,
while ground surface temperature describes the annual mean temperature on the ground surface below
vegetation including the humus layer. The ground can be mineral or organic soil or rock. Subglacial
temperature describes the temperature at the interface between the basal part of an ice sheet and its bed,
while submerged temperature describes an assumed water temperature at the sea bed during periods
when the site is submerges by the Baltic Sea.

A1.2 Greenland proxy data on last glacial cycle temperatures used for ice
sheet modelling

In the absence of a complete last glacial cycle palacotemperature curve from Fennoscandia, proxy
data on palacotemperatures from the GRIP ice core /Dansgaard et al. 1993, Johnsen et al. 1995/ are
typically used in model simulations of the Weichselian ice sheet e.g. /Fastook and Holmlund 1994,
Holmlund and Fastook 1995, Hagdorn 2003, Hagdorn et al. 2005, Forsstrom 2005/. The ice sheet
modelling performed for SR-Site also uses palacotemperature information from the GRIP core
(Section 3.1.4). Figure Al-1 (red line) shows the GRIP temperature curve (50 year average values
plotted on the on the ss09 time scale, see below) used as input to the SR-Site ice sheet modelling
performed with the University of Maine Ice Sheet Model (UMISM).
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GRIP modified
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Figure AI-1. Palaeotemperature curve from the GRIP ice core /Johnsen et al. 1995/ (ved) and modified
temperature curve resulting from the ice sheet model calibration (blue). Cold stadials and warm interstadials
are shown in blue and red text respectively, denoted by their Marine Isotope Stage (MIS) numbers. The
uncertainty of the temperature curves is discussed in Section A1.5.
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Although 630 values from ice cores are useful temperature proxies, transferring 6'*0 values to air
temperatures and using them as proxy data for palacotemperatures is not straightforward e.g. /Cuffey
et al. 1994, Huber et al. 2006/. In part, this is because of changes in the source of precipitation over
time and changes in the distribution of snow on the ice sheet. Also seasonal variations in temperature
and precipitation affect the isotopic composition of the ice core /Krinner et al. 1997/. Studies of

ON isotopes from the NorthGRIP (NGRIP) ice core /NorthGRIP community members 2004/ has
shown that the 8'80 — Temperature relationship changes over time, for instance between glacial and
interglacial periods and between stadials and interstadials /Huber et al. 2006/. The results by /Huber
et al. 2006/ may be used as input in an estimation of the errors present in the GRIP temperature
curve. This is discussed in Section A1.5 together with the errors associated with using the GRIP
temperature curve for reconstructing Fennoscandian temperatures. Despite the uncertainties, the
temperature reconstructions from the Greenland ice cores are one of the best continuous archives of
palaeoclimate information available in the vicinity of Fennoscandia.

In the simulation of the Weichselian ice sheet, the modelled ice sheet configurations were calibrated
against known dated ice-marginal positions (Section 3.1.4). The calibration was done by making system-
atic changes of the entire input GRIP temperature curve. The resulting modified temperature curve after
calibration is shown in Figure A1-1. Keeping all other input data constant in the calibration process, the
modified temperature curve after model calibration results in Late and Middle Weichselian ice sheet con-
figurations in good agreement with dated stadial ice-marginal positions from glacial geology and Early
Weichselian configurations in reasonably good agreement with geological interpretations. The main
difference between the original GRIP curve and the temperature curve after calibration is that the latter
shows generally colder conditions during stadials (Figure A1-1). The temperatures during interstadials
are similar.

A1.3 Reconstructed last glacial cycle temperatures in the Forsmark region
A1.3.1 Air temperatures with and without a Weichselian ice sheet

From the calibrated ice sheet model, a regional temperature curve was extracted for the terrestrial
grid cell closest to the Forsmark site (Figure A1-2, blue line). This local temperature curve thus
originates from the modified GRIP curve of Figure A1-1. For periods without an ice sheet cover over
the Forsmark region, the extracted temperature curve shows air temperature in the Forsmark region
as represented in the ice sheet model simulation. For periods with ice sheet cover over Forsmark, the
curve shows the simulated basal ice temperatures from the ice sheet model.

— Air temperature with ice sheet (deg C)
—— Air temperature without ice (deg C)
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Figure AI-2. Extracted air temperature curve for the Forsmark region for the past 120 kyrs, obtained from
the calibrated ice sheet model (Section 3.1.4). The blue line shows the temperatures as obtained from the
ice sheet model, comprising ground-level temperatures for ice free periods and basal ice temperatures for
glaciated periods. A temperature curve constructed to show conditions without the presence of the ice sheet
is shown by the red line. The uncertainty of the temperature curves is discussed in Section A1.5.
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In addition to the temperature curve containing ice covered periods, a temperature curve was calculated
to show glacial cycle temperatures without the presence of an ice sheet. First, a calculation of the annual
air temperature that would prevail at the ground-level if the ice sheet was not present was made for

the glaciated periods. This was done by applying an atmospheric lapse rate temperature dependence to
the ice sheet surface temperatures and ice surface elevation variations. The resulting ground-level air
temperatures were subsequently combined with the ground-level air temperatures for ice-free periods
resulting in a temperature evolution without ice sheet temperatures (Figure A1-2).

A1.3.2 Adjustment of Forsmark air temperature curves to include estimated Eemian,
Mid-Weichselian and Holocene conditions

Eemian conditions

In the temperature reconstruction for the past 120 kyrs (Figure A1-2), the likely environmental conditions
in the Forsmark region during interglacials and interstadials also need to be considered. Following the
deglaciation of the large Saalian ice sheet (with a maximum ice configuration at around 140 kyrs BP), it
is very likely that the Forsmark site was submerged by the Baltic Sea during a large part of the Eemian
interglacial, much in the same way as following the Weichselian glaciation. The reconstructed temperature
curve (Figure A1-2) was adjusted to reflect these submerged conditions. According to /Bjorck et al. 2000/,
the Eemian interglacial period started at 127 kyrs BP and ended at 116 kyrs BP, resulting in an 11 kyrs
long Eemian period. Other studies define the start of the Eemian at 133 and 130 kyrs BP. The length of
the Eemian in the GRIP ice core is more than 15 kyrs, although with poor dating /Dansgaard et al. 1993/.
It can be concluded that the length and timing, especially the starting time, of the Eemian period from
geological data is uncertain. However, in order to make a locally defined Eemian period for the Forsmark
site, the ending of the Eemian is selected to occur at the time of the first permafrost development in the
SR-Site permafrost simulations, at 114 kyrs BP.

Based on the Saalian glaciation having been more severe than the Weichselian, and with a thicker ice
sheet over e.g. Fennoscandia (Section 5.4), it was assumed that the Forsmark site was submerged for
several thousands of years longer during the Eemian than in the Holocene. The uncertainty of how
much longer the site may have been submerged is of course large. In accordance with this reasoning,
the air temperature curve (Figure A1-2) was adjusted to show a mean water temperature of +4°C
during the period —120 to —115,000 kyrs at Forsmark (Figure A1-3). The Eemian temperatures for
the period following submerged conditions were kept the same as in Figure A1-2.

One result of including, the very likely, submerged conditions in the Forsmark region for the main part of
the Eemian interglacial is that not much of the warm Eemian temperatures are seen in the resulting ground
temperature curve (Figure A1-3). After 115 kyrs BP, there is a 1,000 year long period of warm Eemian
terrestrial conditions before temperatures start to drop. It should be emphasized that this is a coarse recon-
struction of Eemian conditions, both in terms of timing, length and prevailing conditions. Nevertheless

it is very likely that this reconstruction provides a better estimate of Eemian conditions for the Forsmark
region than simply applying the air temperature curve without submerged conditions (Figure A1-2). In
addition, the assumption of a submerged temperature of +4°C for the major part of the Eemian constitutes
a pessimistic assumption of thermal conditions for the permafrost simulations, see Section 3.4.4 and
/Hartikainen et al. 2010/. Keeping a long period of very warm terrestrial conditions would have heated the
bedrock prior to cooling and resulted in less permafrost than with the approach taken here.

In the 1D permafrost reconstructions of Weichselian permafrost conditions, see Section 3.4.4 and
/SKB 20064/, the correction for submerged conditions at Forsmark during the Eemian was not made,
whereas the temperature curve adjusted for submerged Eemian conditions was used for the 2D
permafrost reconstructions (/Hartikainen et al. 2010/ and Section 3.4.4).

Mid-Weichselian conditions

In the reference glacial cycle, ice sheet modelling (Section 3.1.4) resulted in ice-free conditions at
Forsmark during Marine Isotope Stage 3, between c. 55 and 30 kyrs BP (Section 4.4). According to
the results of the Glacial Isostatic Adjustment (GIA) model simulations (Section 3.3.4), the Forsmark
region remained submerged beneath the Baltic Sea for the initial ~8 kyrs of this interstadial period
(Section 4.4). Therefore, a submerged temperature of +4°C was set for the first part of this ice-free
period of MIS 3 (Figure A1-3, blue curve).
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Holocene conditions

The starting time for the Holocene period is here locally defined as the time of the Weichselian
deglaciation of Forsmark, occurring at c. 8,800 BC (10,800 years ago) /Soderback 2008/. In line
with the method above, the temperature curve has been adjusted to show a submerged temperature
of +4°C from that time up to near-present conditions (Figure A1-3).

At present, the Forsmark site is located at the Baltic Sea shore. The past and future isostatic land
uplift affects the site gradually, discussed in e.g. the section on transition between climate domains
(Section 4.5.4). Detailed studies of how the land uplift is affecting the Forsmark site are presented
in /SKB 2010d/. However, for the present temperature reconstruction it is sufficient to use the
estimate that the repository site in Forsmark emerged from the sea ~1,000 years ago, and adjust the
temperature curves accordingly (Figure A1-3).

A1.3.3 Ground surface temperatures

As mentioned in e.g. Section 3.4 and in Figure 4-10, the annual mean ground surface temperature is
typically a few degrees warmer that the annual mean air temperature. Therefore, the air temperature
curve in Figure A1-3 was used to calculate ground surface temperatures using the 1D permafrost
model /SKB 2006a/ (Figure A1-4). This ground surface temperature has been used in the SR-Site
studies of /Sundberg et al. 2009/ and /Vidstrand et al. 2010/. For details on how the ground surface
temperature was derived, see /SKB 2006a/.

In the 2D permafrost simulations made for SR-Site (see /Hartikainen et al. 2010/ and Sections 3.4.4
and 5.5.3), ground surface temperatures were constructed from the same air temperature curve but in
a more detailed way accounting for e.g. dry/wet climate conditions and various surface cover types,
see /Hartikainen et al. 2010/. An example of the resulting ground surface temperatures is seen in
Figure A1-5. These ground surface temperatures were used to simulate the 2D permafrost develop-
ment described in Section 3.4.4 and 5.5.

The more simplified ground surface temperature reconstruction (Figure A1-4) typically lies within
the range of ground surface temperatures reconstructed in a more detailed way (Figure A1-5).

15
—— Air temperature with ice and submerged conditions
—— Air temperature without ice and submerged conditions
10
P
=
i WS 8
f :
“\\ M, l &
®
Yy 0 g
=
Iy L :
l n (1T -5 3
LR | — -10
‘ ‘ ‘ MIS 3‘(GS 12) ‘ 15
120 100 80 60 40 20 0

Time (kyrs BP)

Figure A1-3. Reconstructed air temperature curve for the Forsmark region for the past 120 kyrs, including
estimated submerged periods of the Eemian, Mid-Weichselian and Holocene (blue line). The red line

shows last glacial cycle air temperatures without the presence of an ice sheet and submerged periods. The
temperature scale shows absolute temperatures. The curves have been used as input to e.g. the 1D and 2D
permafrost simulations /SKB 2006a, Hartikainen et al. 2010/, see Section 3.4.4 and5.5. The uncertainties
of the temperature curves are discussed in the present appendix, Section Al.5, and the implications for
modelled permafirost depths in Section 3.4.4 (sensitivity studies made with the 2D model).
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Figure A1-4. Ground surface temperature for Forsmark for the past 120 kyrs with ice sheet (blue) and
without ice sheet and sea (red) reconstructed with the 1D permafrost model /SKB 2006a/. The ground
surface temperature data has been used as input to /Sundberg et al. 2009/ and /Vidstrand et al. 2010/. The
temperature scale shows absolute temperatures. The uncertainty of the temperature curves is discussed in
Section A1.5.
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Figure A1-5. Examples of reconstructed ground surface temperatures for Forsmark for the first part of
the last glacial cycle (see Section 3.4.4 and /Hartikainen et al. 2010/). The ground surface temperatures

70

cover a range of dry/humid climate conditions, see /Hartikainen et al. 2010/. The example is for one part
of the 15 km long investigated profile, with fresh-moist surface conditions just above the repository location

(~4,800 m from the south-west side of the profile in Figure 3-58).
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A1.4 Temperature conditions during the Holocene and reference glacial cycle
A1.41 The ending and duration of the Holocene interglacial in the reference glacial cycle

In the reference glacial cycle (Section 4.5), reconstructed last glacial cycle conditions (Section 4.4)
are assumed to be repeated during the coming 120 kyrs. To this end, the present day is selected to
correspond to 120 kyrs BP in the reconstructed last glacial cycle. This, together with the local defini-
tion of the ending of the Holocene (defined as the time of the first occurrence of permafrost at the
Forsmark repository location, see Section 4.5.4), results in a total duration of the Holocene period of
~18 kyrs (Table 4-5). This duration is in line with the longer of the two types of interglacials, with
durations roughly of either ~20 kyrs or ~10 kyrs, that have occurred during the past eight glacial
cycles /Tzedakis et al. 2009/.

This way of defining the ending and duration of the Holocene interglacial is a simple way of treating
a complicated subject. For instance, the reference glacial cycle described here should be seen as a
climate development dominated by natural climate change, i.e. without anthropogenic warming. As
mentioned in Section 4.5.4, the uncertainties in the actual length of the present interglacial period
are naturally very large. Given this uncertainty, it is again emphasized that the evolution of climate
domains as described in the reference glacial cycle (Figures 4-33, 4-34, 4-35) is not an expected
future climate evolution. It is one relevant example of an evolution covering the climate-related
conditions that can be met in a 100 kyr time perspective. Other possibilities for the length of the
present interglacial period are handled in the additional climate cases, such as the global warming
case (Section 5.1) and extended global warming case (Section 5.2).

Looking at Fennoscandia as a whole, glacial and permaftrost conditions at other places would come and
go at other times, which would result in shorter or longer locally defined interglacial periods if the same
approach were to be applied. This way of using locally defined times for start and end of the interglacial
results in that the Holocene in northern Sweden being many thousand years shorter in duration than in
southern Sweden. From the safety assessment point of view, this is a proper approach to defining inter-
glacial periods, since it is specifically the local conditions, such as the disappearance of an ice sheet or
development of permafrost, that are of importance for other relevant processes such as e.g. groundwater
flow and chemistry, biosphere conditions, and thermo- mechanical conditions in the bedrock.

As mentioned above, the reference glacial cycle assumes that the reconstructed development of ice sheets,
permafrost and shore-level are repeated during the coming 120 kyrs. Given this and the treatment of the
onset of the last glacial cycle conditions described above, there is no need to explicitly repeat also the
temperature curves reconstructed for the last glacial cycle into the future. This is also motivated by the
fact that the temperatures at the ground surface, as such, are not of importance for repository safety. The
temperature curves reconstructed for the last glacial cycle formed the basis for the reconstruction of last
glacial cycle ice sheet and permafrost development, and therefore also the basis for the corresponding
development during the future reference glacial cycle. Therefore, the temperature curves of Figure A1-3
and A1-4 do not need to be repeated for the future reference glacial cycle.

In this context it is important to notice that the uncertainties estimated for the temperature curve
reconstructed for the last glacial cycle (Figure A1-3), discussed in Section A1.5, are dealt with: 1) in
dedicated sensitivity tests in the permafrost simulations (Section 3.4.4), and ii) in a indirect way by
e.g. the complementary climate case dealing with larger future ice sheets than those reconstructed for
the last glacial cycle.

A1.4.2 Holocene temperatures

From extrapolations of measured temperature bore hole loggings in Forsmark, the present-day ground
surface temperature is estimated as +6.5°C /Sundberg et al. 2009/. This value lies between the present
ground surface temperatures suggested by the 2D permafrost modelling, which yields a value of +6.1°C
for the evolution with dry climate, and +7.4°C for the evolution humid climate variant /Hartikainen et al.
2010/. A future Holocene ground surface temperature of around +6.5°C could therefore be envisaged for
the remaining part of the Holocene. This estimate of reference glacial cycle conditions (which is com-
pletely dominated by natural climate change, see Section 1.2.3 and 4.5) thus excludes the anthropogenic
contribution to the ~0.7 degrees of climate warming that has taken place during the last 100 years /[PCC
2007/. For the climate cases with global warming, air- and ground surface temperatures are considerably
higher than in the reference glacial cycle, see Sections 5.1 and 5.2.
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As mentioned above, in the adopted approach to repeating last glacial cycle reconstructions of ice
sheet, permafrost and shore-level development for the coming 120 kyrs, there is no need to explicitly
repeat also the air temperature curve used for these reconstructions. If such a projection were to

be made, it would be very similar to the curve seen in Figure A1-3 (blue line), with the exception
that initial temperatures would not reflect submerged conditions (as the initial conditions in the last
glacial cycle reconstruction). Submerged temperature conditions would however prevail later on in
the development (as in Figure A1-3 blue line).

A1.5 Estimates of uncertainties in the reconstructed temperature curve

There are a number of different uncertainties and assumptions that contribute to the overall uncer-
tainty in the air temperature curve reconstructed for the Forsmark region for the last glacial cycle
(Figure A1-3): i) uncertainties in the calculations of air temperatures from 6'%0 vales in the GRIP ice
core, ii) temporal uncertainties in the time scales used for the ice core data, iii) the representativity of
GRIP ice core data for Fennoscandian conditions.

A1.5.1 Uncertainties in the GRIP temperature curve
Uncertainties in calculated Greenland temperatures

The isostopic record used for the calculation of GRIP temperatures (Figure A1-1, red line) is the one
used in /Johnsen et al. 1995/. For the transformation of 6'*0 values to air temperatures, /Johnsen
et al. 1995/ used the relationship:

T=1.5(8%0+35.27) Equation A1-1

where T is the temperature deviation from year 1989, and 630 is the oxygen isotope value recorded
in the ice core. Equation A1-1 represents a present day 3'*0-T relationship averaged for the last

50 years up to 1989, and assuming that the temperature over these 50 years is the same as in 1989
/Johnsen et al. 1995/. As previously mentioned, it has been shown that the present day 6'*0 — T rela-
tionship is less suitable for glacial conditions, and that this relationship also changes between stadials
and interstadials /Huber et al. 2006/. Changes in the 6'*0 — T relationship over time are caused by
several factors such as changes in the source of precipitation /Masson-Delmotte et al. 2005/, changes
in the distribution of precipitation on the ice sheet /Werner et al. 2001/, and by seasonal variations in
temperature and precipitation /Krinner et al. 1997/. This introduces errors in the temperature curve
when produced according to /Johnsen et al. 1995/.

Results of /Huber et al. 2006/ show that the 6'*0 — T relationships during last glacial cycle interstadials
are closer to the present-day relationship, used by /Johnsen et al. 1995/, than is the 6'*0 — T relationship
during last glacial cycle stadials. It is therefore expected that stadial temperatures in the /Johnsen et al.
1995/ temperature curve (Figure Al-1, red line) contain a larger error than the warmer interstadial
temperatures. The uncertainty in the temperature estimates for Marine Isotope Stage 3 (MIS 3) by
/Huber et al. 2006/ is minimum c. 3 degrees and maximum c. 6 degrees. From 6'°N measurements a
symmetric uncertainty of £3°C would be applicable for these periods /Huber et al. 2006/.

For a comparison with the temperatures reconstructed for the NGRIP ice core /Huber et al. 2006/,
5'80 values from the NGRIP ice core /NorthGRIP community members 2004/ were transformed to
tentative temperatures using the same transfer function (Equation A1-1) as used in the production
of the GRIP temperature curve. The resulting curve is seen in Figure A1-6 (green line), together
with the original GRIP curve and the temperature curve modified in the ice sheet model calibration
process (Section A1.2 and Figure A1-1). It is important to note that the temperatures calculated from
the NorthGRIP data within the present study are not to be taken as solid scientific results. They are
included only to make the first-order analysis of the errors introduced by using the present day 5'*0
— temperature relationship for the GRIP data.

Table A1-1 summarizes the temperature amplitudes of individual Dansgaard-Oeschger (DO) events
during MIS 3 from /Huber et al. 2006/ together with corresponding temperature amplitudes from using
the present day 6'30 — T relationship of /Johnsen et al. 1995/ on the NGRIP 8'*0 data (Figure A1-6,
green line). The results show that, during the MIS 3 DO events studied by /Huber el al. 2006/, the tem-
perature lowering is underestimated by between c. 20 and 40% or c. 2-4°C (Table A1-1) when using
the present-day 6'80 — T relationship in the reconstruction of GRIP ice core Greenland temperatures
(Figure A1-1, red line).
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Figure AI-6. Palaeotemperature curve from the GRIP ice core /Johnsen et al. 1995/ (red) and modified
GRIP temperature curve resulting from the ice sheet model calibration (blue). For comparison, a tentative
temperature record from the NGRIP ice core /NorthGRIP community members 2004/ is shown in green, see
the text. The NGRIP temperature curve was constructed within the present study. Note that the time scale
only applies for the GRIP data. The NGRIP data is not plotted on the same time scale, which contributes to
a temporal mismatch between GRIP and NGRIP results in the plot. However, the tentative NGRIP curve is
here included only for general comparison of temperature amplitudes between the two ice cores.

This means that the temperature curve used for the ice sheet model calibration (Figure A1-1, red
line) probably underestimates Greenland air temperatures during cold stadial periods by c¢. 2—4°C
due to the use of the present day 8'®0 — T relationship. This uncertainty needs to be considered in
the overall estimate of uncertainty in the temperature curve reconstructed for Forsmark for the last
glacial cycle (Figure A1-3), see below. Given the result by /Huber et al. 2006/, using the present
day 8'%0 — T relationship for warmer interstadial periods most probably introduces a considerably
smaller error.

An additional error is introduced by the treatment of the air temperatures from the GRIP ice core as
annual mean air temperatures when they in fact are affected by a seasonality signal /Krinner et al. 1997/.

Table A1-1. Difference in temperature amplitude for Dansgaard-Oeschger (DO) events during

MIS 3 between the NGRIP curve as described by /Huber et al. 2006/ and if applying the simple
present-day 5'®0-Temperature relationship used for the GRIP data. The results indicate that the
GRIP data (Figure A1-1 and A1-6) may underestimate the temperature amplitude associated with
DO-events by up to 3—-4 degrees. However, this also assumes that the climate signal in the NGRIP
and GRIP temperature curves are the same.

Dansgaard- Mean AT (°C) from AT if applying simple Difference

Oeschger NGRIP data GRIP &'0-T relationship (°C and percent)
event [Huber et al. 2006/ on NGRIP &"0 data
9 9 7 2 (-22%)
10 11.5 8 3.5 (-30%)
12 12.5 9.5 3 (-24%)
14 12.5 8 4 (-32%)
15 10 6 4 (-40%)
16 9 5 4 (—44%)
17 12 8 4 (-33%)
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It is also worth noting that the modified GRIP temperature curve (from the ice sheet model calibra-
tion process) (Figure A1-6, blue line) specifically has resulted in that temperatures during stadial
are colder than in the original GRIP curve, whereas warm interstadial temperatures are similar. This
shows that the ice sheet model calibration process has reduced the error introduced from using the
present day 6'80 — T relationship for the original GRIP temperature curve.

Temporal uncertainties in the ice core data

In the Greenland ice cores, such as GRIP, NGRIP, GISP2 etc, temporal uncertainties exist in the
timing of individual climatic events. From the beginning, different ice cores were dated by different
methods, which yielded inherited differences in the resulting time-scales. The actual climate infor-
mation also differs between the cores, which contributes to the difficulties in matching them against
each other.

The most commonly used ice core time scales are the Meese-Sowers GISP2 stratigraphic time scale
/Meese et al. 1997/ and the modelled “ss09sea’ time scale that was applied to the GRIP and NGRIP
ice cores /Johnsen et al. 2001/. The glacial section of the GRIP core (Figure A1-1) was dated by
employing an ice flow model with an empirical '*0O-accumulation relationship and two dated fix-
points /Dansgaard et al. 1993, Johnsen et al. 1995/. This resulted in the improved ss09sea time scale
/Johnsen et al. 2001/. According to /Svensson et al. 2008/, these time scales agree within 750 years
back to 40 kyrs, but further back in time the disagreement becomes several thousands of years. Further
adjustments of the time scales used for ice core data are also made, e.g. /Skinner 2008, Svensson et al.
2008/.

There are still significant temporal uncertainties related to the Greenland ice cores, e.g. /Rasmussen
et al. 2006 and 2008, Skinner 2008, Svensson et al. 2008/. For example, /Skinner 2008/ showed
that the NGRIP age scale probably is missing up to 1,200 years for the last glaciation period. Any
reconstruction of last glacial cycle conditions that are based on these ice core data also includes
these uncertainties. However, in the safety assessment work, the exact temporal development of
temperature during the last glacial cycle, and more specifically the exact temporal development of
other processes that are dependent on the temperature such as ice sheets and permafrost, is of minor
importance for repository safety (Section 1.2.3). Furthermore, the reconstructed last glacial cycle
conditions (including their temporal uncertainties) are used to construct a future reference glacial
cycle, which in turn is complemented by other possible future climate developments in which e.g.
permafrost and ice sheets may develop at other times than in the reference glacial cycle.

A1.5.2 Uncertainties in the reconstructed Forsmark region temperature curve
— comparison with other data on Fennoscandian palaeotemperatures

As previously mentioned, the modified GRIP temperature curve (Figure A1-1, blue line) was subse-
quently used to extract a temperature curve for the Forsmark region (Figure A1-2 and A1-3). Other
independent proxy data and model data on Fennoscandian temperatures during the last glacial cycle
may be used for a first-order check of the validity of this reconstructed Forsmark region temperature
curve (Figure A1-3). In such comparisons, it is important to remember that both climate proxy data
and modelled climate data may contain significant uncertainties, e.g. /Kjellstrom et al. 2010b/. The
temperature curve reconstructed for Forsmark is compared with other palacoclimate data for the
MIS 5d stadial, the MIS 5c interstadial, the early MIS 3 interstadial, and the middle MIS 3 stadial,
see Section 4.2 and 4.3.

The palaeoclimate data from the Sokli site in northern Fennoscandia e.g. /Helmens 2009a, Viliranta
et al. 2009, Engels et al. 2010/, used in the comparisons, consists of reconstructed summer (July) air
temperatures, whereas the temperature curve reconstructed for the Forsmark region (Figure A1-3)
reflects annual mean air temperatures. Therefore, the comparison between the two regions does not
make use of absolute temperatures, but instead the temperature difference to present climate condi-
tions in each region for each period. With this approach, potential differences between the sites in
terms of the amount of change in seasonal temperature cycle between present conditions and the past
is neglected. However, it is considered that this is of minor importance and that the comparisons still
contribute with important information.
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Early Weichselian (MIS 5d stadial)

During ice-free stadial conditions of MIS 5d (the Herning stadial 117—-105 kyrs BP), July summer
temperatures of +7°C were reconstructed for the Sokli site in northern Finland, see Section 4.3.1 and
/Engels et al. 2010/. This is ¢. 6°C colder than the present summer mean temperature of +13°C.

The reconstructed air temperature curve for the Forsmark region indicate MIS 5d annual mean air
temperatures from c. —1°C down to c. 4°C (Figure A1-3), i.e. around 6 down to 9°C colder than at
present.

Early Weichselian (MIS Sc interstadial)

During MIS 5c (the Brerup interstadial, 105-93 kyrs BP), summer temperatures inferred from
plant macrofossil remnants indicate warm conditions in northern Fennoscandia. Reconstructed July
temperatures for this period are as high as +16°C, which is 3°C warmer than at present /Viliranta
et al. 2009, Engels et al. 2010/. Other (lower-resolution) MIS 5c reconstructions from northern
Fennoscandia indicate summer temperatures 6—7°C lower than present, see /Engels et al. 2010/.
However, several central European sites indicate that there was a phase during the MIS 5d intersta-
dial that was characterized by high summer temperatures, see /Engels et al. 2010/.

The reconstructed annual air temperature for the Forsmark region during the MIS Sc interstadial
(105-93 kyrs BP) is from c¢. +2°C down to ¢. —4°C (Figure A1-3), i.e. between 3 and 9°C lower
than at present.

Middle Weichselian (early MIS 3 interstadial)

Mean July air temperatures for early MIS 3 (at ~50 kyrs BP) in northern Fennoscandia, inferred
from fossil chironomides, are 12—13 £ 1.15°C /Helmens 2009a/. This corresponds to the present-day
summer temperature (13°C) in the region. Mean July air temperatures inferred from terrestrial pollen
data from the same site lie within the range of 11-12 +1.5°C /Helmens 2009a/. The reconstructed
high summer temperatures are in part ascribed to enhanced July insolation compared with present

at the high latitude site of the site. Warm early MIS 3 temperatures are in line with the ice-free condi-
tions in northern Fennoscandia and elsewhere (Section 4.2 and 4.3.2).

In the reconstructed annual air temperature curve (Figure A1-3), the Forsmark region is submerged
under the Baltic Sea during early MIS 3 (at ~50 kyrs BP). However, the values for non-submerged
conditions amount to around —1 to —4°C, which is between c. 6 and 9°C lower than at present.

Middle Weichselian (middle MIS 3 stadial)

Simulated temperatures for the MIS 3 (Greenland Stadial 12) period (44 kyrs BP), see Section 4.3.2
and /Kjellstrom et al. 2009b/, suggest that the annual mean air temperature in the Forsmark region was
—7.6°C during this cold stadial. This is c. 12.5°C colder than the present annual mean air temperature.

The reconstructed last glacial cycle air temperature curve for Forsmark suggests that the annual air
temperature during the same stadial was c. —9°C (Figure A1-3, blue arrow), or c. 14°C colder than at
present.

Discussion

In this comparison, it should be emphasized that all data on palacotemperatures, from proxy data and
from climate modelling, including the temperature curve reconstructed for the Forsmark region, con-
tain uncertainties. Nevertheless, a comparison between the temperature reconstructions contributes
with an overall picture of how the reconstructed curve for the Forsmark region (Figure A1-3) relates
to other independent estimates of palacotemperatures.

Table A1-2 summarizes the estimated approximate temperature difference between present day condi-
tions and the conditions during the four last glacial cycle stadials and interstadials as described above.
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Table A1-2. Estimated approximate temperature difference between present day conditions

and conditions during four last glacial cycle stadials and interstadials as reflected in the recon-
structed temperature curve for the Forsmark region (Figure A1-3) and in other palaeoclimate
proxy- and model data (see the text). It should be noted that many of the reconstructed
palaeotemperatures should be regarded with caution, such as the MIS 5d value for Northern
Fennoscandia /Engels et al. 2010/.

Approximate AT Approximate AT Approximate AT Approximate AT
MIS 5d stadial MIS 5c¢ interstadial Early MIS 3 inter- Middle MIS 3 stadial
— present — present stadial — present - present

Northern Fennoscandia 6°C colder 3°C warmer 0-2°C colder -

(Sokli region)

Other Fennoscandian - 6—7°C colder - -

MIS 5c sites

South-central Sweden 12.5°C colder
from modelling

(Forsmark region)
South-central Sweden 6-9°C colder 3-9°C colder 6-9°C colder c. 14°C colder

from temp curve
(Forsmark region)

The only comparison above which uses the same geographical region, as well as estimates of abso-
lute numbers on annual mean air temperature in both reconstructions, is the one for the middle MIS 3
stadial, where climate model results from the Forsmark region are compared with the reconstructed
Forsmark region air temperature curve (Figure A1-3). This comparison shows that, for this cold
stadial period 44 kyrs ago, the reconstructed temperature curve gives a ~1.5°C lower temperature
than the climate model simulation (Table A1-2), and thus that these two independent temperature
estimates of temperature in the Forsmark region are well in line with each other. This suggests that,
although the temperature curve for Forsmark was constructed in a crude way, the resulting Middle
Weichselian stadial temperatures in the Forsmark region curve may well be realistic.

For the Early Weichselian MIS 5d stadial and MIS 5c interstadial, values from the reconstructed
Forsmark temperature curve indicates a similar, or some degrees larger, lowering of temperature
than the other proxy data (Table A1-2).

For the early MIS 3 interstadial (at ~50 kyrs BP), proxy data e.g. /Helmens 2009a/ suggests present-day
summer temperature conditions in northern Fennoscandia. When such warm interstadial conditions
prevail in northern Fennoscandia, similar near-present temperature conditions would be expected

also in south-central Sweden, given that the region is free of ice such as in the reference glacial cycle.
However, for early MIS 3, the temperature in the reconstructed curve (Figure A1-3) is ¢. 6-9°C

colder than at present, i.e. far from present-day temperatures. This might be due to several reasons,

1) similar near-present temperatures did occur also in south-central Sweden (including the Forsmark
region), but the warm conditions over Fennoscandia did not have a corresponding rise in temperature
over Greenland, and are thus not found in the ice core record, ii) the climate in south-central Sweden
was significantly colder than in northern Fennoscandia during this period, iii) one (or both) of the
reconstructions may have a large error in reconstructed temperatures for this period (the temperature
estimate by /Helmens 2009a/ has an uncertainty of only +1.5°C, which in this case would indicate that
the temperature reconstruction for the Forsmark region has temperatures that are much too low for this
period), or iv) a combination of the above reasons.

The resulting overall picture from the comparisons is that the reconstructed temperature curve
(Figure A1-3) is in agreement with or gives somewhat lower temperatures (by some degrees) than
the other reconstructions. The comparison thus suggests that the reconstructed temperature curve for
Forsmark probably does not overestimate the temperatures during the investigated last glacial cycle
stadials and interstadials.

A1.5.3 Estimated temperature uncertainty and treatment of this uncertainty in SR-Site

The modified GRIP temperature curve (after ice sheet model calibration) (Figure A1-1) has reduced
uncertainties present in the original GRIP curve, but there still remains a significant uncertainty of
several degrees in this curve (Table A1-1). When this curve was used to construct the temperature
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curve for the Forsmark region (Figure A1-3), it is, as expected, obvious that also the reconstructed
Forsmark temperature curve has significant uncertainties. The comparison with proxy data seems,
however, to indicate that the reconstructed Forsmark temperature curve is in broad agreement with
the (few available) proxy data and furthermore that it does not overestimate temperatures for the
compared last glacial cycle stadials and interstadials. The general picture from the comparison
with Fennoscandian proxy data is that the reconstructed temperature curve gives roughly correct
or slightly too low temperatures by a few degrees.

Based on how the air temperature curve has been constructed, on the comparison against Fenno-
scandian last glacial cycle stadial and interstadial proxy data, and on remaining uncertainties
associated with the temperature curve that have not been quantified above, it is here pessimistically
estimated that the uncertainty in the reconstructed Forsmark region temperature curve (Figure A1-3)
is not larger than 6°C for the periods with largest uncertainties. Furthermore, an uncertainty of up to
c. 4-5°C is estimated for the major part of the curve, and for some parts of the curve, such as for the
Holocene and the Eemian, smaller than 4°C.

In SR-Site, the uncertainties in the reconstructed temperature curve for the Forsmark region mainly
affect the permafrost modelling, see /Hartikainen et al. 2010/ and Section 3.4.4 and 5.5.3 and
/Vidstrand et al. 2010/. In the permafrost simulations performed for Forsmark, see /Hartikainen

et al. 2010/, Section 3.4.4 and 5.5.3, the uncertainties in the air temperature curve are covered by a
range of sensitivity tests specifically on the air temperature curve and on surface conditions (for the
calculation of ground surface temperatures). In some of the sensitivity tests, the entire air tempera-
ture curve reconstructed for the last glacial cycle (Figure A1-3) was lowered (and raised) by 6°C,

in accordance with the estimated maximum uncertainty. This was also done in combination with
uncertainties in other parameters of importance for the development of permafrost, see /Hartikainen
et al. 2010/ and Section 3.4.4. Other sensitivity tests on the air temperature curve for permafrost
simulations covered a temperature range significantly wider than the estimated uncertainty described
in this section, up to a 16°C lowering of the air temperature curve in Figure A1-3, see /Hartikainen
et al. 2010/ and Section 3.4.4.

Uncertainties in the original GRIP temperature curve have a direct effect only on the ice sheet
modelling (Section 3.1.4), but the uncertainty is here to a large extent taken care of by the ice sheet
modelling process (in which the ice sheet configurations during stadials periods, when the error is
largest, were calibrated against known ice-marginal positions).

The temporal uncertainty in the reconstructed temperature curve, discussed above, is covered by
the additional climate cases (Chapter 5), where e.g. permafrost might develop earlier than in the
reference glacial cycle (based on the Weichselian reconstruction that includes the reconstructed
temperature curve).
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Appendix 2
Ice sheet profiles

A2.1 Background

In various SR-Site studies, e.g. on groundwater flow and THM processes, ice sheet profiles are useful as
input for investigating how these processes are affected by glacial conditions. This section gives back-
ground and data for selection of two ice surface profiles to be used in the SR-Site safety assessment.
Two different types of ice sheet profiles are discussed; ice profiles derived mainly from theoretical
considerations, and ice profiles derived from more complex numerical ice sheet modelling.

The steepness of an ice sheet surface is determined by the combination and interplay of several factors
such as basal shear stresses, englacial ice temperatures, temperatures at the ice sheet bed, the basal
hydrological conditions and the presence or absence of deformable sediments at the bed. As a general
rule of thumb, a retreating ice sheet has a less steep profile than an advancing ice sheet, and so does
an ice sheet ending in the sea compared with a terrestrial ice sheet. Warm basal conditions, with
presence of basal water, and presence of deformable bed sediments also results in less steep ice than
cold-based conditions. The steepness of the ice sheet surface is important for the ice flow and for the
water routing and water flow at the base of the ice. In addition, it is also of high importance for e.g.
the flow of groundwater in the bedrock and for the stress situation in the Earth’s crust.

A2.2 Theoretical ice sheet profiles

The easiest way of describing an ice sheet profile is by assuming that ice is a perfectly-plastic mate-
rial. One can further assume that this ice sheet is circular and situated on a flat and horizontal bed, and
that the ice sheet is in steady-state, i.e. that no change in ice configuration occurs over time. In this case
the ice sheet surface profile constitutes a simple parabola e.g. /Paterson 1994/, and is calculated by:

W= ﬁ(L ~X) Equation A2-1

PEg
where 4 is the ice thickness at distance x from the centre, L is the radius of the ice sheet, T is
the basal shear stress, p is the ice density and g is the acceleration of gravity. With L =400 km,
p=0.9kg/dm’, g =9.81 m/s?and Ty set to 50 and 100 kPa, the resulting parabolas are seen in
Figure A2-1. A basal shear stress of 100 kPa is more valid for small valley glaciers while 50 kPa
(with large variation) is more representative for ice sheet conditions.

In order to have a more realistic description, Equation A2-2 introduces a flow of the ice /Paterson 1994/.
The same assumptions are made as above, except for a removal of the perfect-plasticity assumption, and
the introduction of an assumption of basal frozen conditions.

(WH) + (x/L)n = 1 Equation A2-2

Here H is the ice thickness at the centre of the ice sheet and 7 is a flow parameter (the strain-rate
exponent) in Glen’s flow law of ice, often set to 3, e.g. /Paterson 1994/. The resulting profile when
L is set to 400 km and 900 km, H = 3,000 m and n=3 is seen also in Figure A2-1.

Equation A2-2 results in a steeper profile (for the corresponding profile length) than the parabolas
described by Equation A2-1, and presumably it is more in line with real ice sheet profiles /Paterson
1994/. For the further use of theoretical ice profiles, the steeper theoretical profiles of Equation A2-2
are chosen. Furthermore, steeper profiles also give larger impacts in studies of groundwater flow
and crustal stresses under glacial conditions, and thus is a more pessimistic choice from the safety
assessment point of view.

The theoretical profiles (Equation A2-1 and A2-2) are compared with an ice sheet profile from the
western part of the Greenland ice sheet in Figure A2-2, see also /Jaquet et al. 2010/. Note that in this
figure the ice sheet surface topography for the theoretical profiles is reflecting the full relief of the bed
topography, which is not the case in the real world. The less steep theoretical profile is similar to the
Greenland profile, whereas the steeper theoretical profile is steeper than the Greenland ice sheet profile.
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Figure A2-1. Theoretical steady-state ice sheet profiles according to /Paterson 1994/. Parabolas produced
by Equation A2-1 are shown in green (400 km long profile with a basal shear stress of 50 kPa) and blue
(400 km long profile with a basal shear stress of 100 kPa). The steeper profiles produced by Equation A2-2
are shown in yellow (400 km long profile) and red (900 km long profile). The latter two profiles are con-
sidered to be more realistic representations of steady-state ice sheet profiles /Paterson 1994/.
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Figure A2-2. Comparison between the theoretical ice profiles (Equation A2-1 with Ty set to 50 kPa upper
black line and Equation A2-2 lower black line) with an ice sheet profile from the Greenland ice sheet (blue).
The bed is shown in green. The theoretical profiles are, unrealistically, displayed as reflecting the full relief
of the bed topography, which has resulted in too much relief in the ice surface. From /Jaquet et al. 2010/.

A2.3 Ice profiles from numerical ice sheet simulations

For SR-Site, ice profiles were extracted from the time-transient reconstruction of the Weichselian
ice sheet simulated by the University of Maine Ice Sheet Model (UMISM), see Section 3.1.4. In
the following text, this model simulation is denoted the reference glacial cycle ice sheet simulation.
The location of the transect from which the profiles were extracted is seen in Figure A2-3. Several
ice sheet profiles from the last stadial of the reconstructed Weichselian ice sheet (e.g. from MIS 2
that included the Last Glacial Maximum (see Section 4.2), are seen in Figure A2-4. Figure A2-4a
shows profiles from the advancing phase and Figure A2-4b from the retreating phase of the simu-
lated MIS 2 ice sheet.

In the Weichselian ice sheet simulation, the ice sheet advances over the Forsmark region from
NW-NNW while during the deglaciation it generally retreats in a more northerly direction. All pro-
files in Figure A2-4 were extracted along transect 1 (Figure A2-3). The orientation of transect 1 was
selected in order to capture the steepest surface gradients during ice advance (i.e. generally oriented
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Figure A2-3. Locations of ice sheet profiles. Transect 1: transect for all profiles seen in Figure A2-4 a and
b. Transect 2: location of retreat profile extracted for 14.3 kyrs BP seen in Figure A2-7.
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Figure A2-4. Examples of ice sheet profiles from the Weichselian ice sheet simulation during the MIS 2
advance and retreat. Profiles are extracted from transect 1 (Figure A2-3). Numbers indicate time (kyrs BP).
1t should be noted that the y-scale has a vertical exaggeration of 100x and that sea-level change associated
with ice sheet growth is not shown. In the frontal-most part of the profile, the 10 km spatial resolution of
the ice sheet model can be seen as a sharp knick in the ice surface. Present-day sea-level is shown in blue.
The LGM sheet configuration, along this specific profile, occurs at around 18 kyrs BP.
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along the flow lines of the advancing ice, perpendicular to the advancing ice margin). Consequently,
profiles extracted along the same transect but for the retreat phase, which occurred in a somewhat
other direction, are somewhat underestimating the steepness of the ice sheet surface.

In addition to the profiles selected along transect 1 (Figure A2-3), a c. 900 km long retreat profile
was selected along transect 2. This profile was extracted for the time 14,300 kyrs BP. All profiles
selected from the ice sheet advance phase are discussed in Section A2.4.1, while all profiles from
the retreat phase are discussed in Section A2.4.3.

Ice surface gradients

Figure A2-5 shows the ice surface gradients that occur above the Forsmark site in the reference
glacial cycle ice sheet model run. There are two phases of ice sheet coverage in this model simula-
tion, during MIS 4 and MIS 2, and hence two periods with gradients in Figure A2-5. Steep gradients
occur during the short periods when the ice front passes that area, while low gradients prevail during
the long periods of time when the ice front is located far from the repository. For the second and
main ice covered period, the mean value of low gradients is around 0.06 degrees (or 0.98 m/km),
corresponding to about one third of the present-day regional topographic gradient at Forsmark

(3 m/km) /Vidstrand et al. 2010/. The resulting steepest hydraulic gradient in the reference glacial
cycle is about 0.8 degrees (0.014 m/m) over the first 10 km of the modelled ice sheet profile.

A2.4 Comparison of ice profiles from numerical simulations with the
theoretical profile

In all comparisons below, it should be remembered that at a given time, the ice configuration of a
realistically modelled ice sheet, such as the one used here, is quite complex; the ice surface is irregu-
lar on both small and large spatial scales, and thus far from being a circular and regularly shaped
dome as in the theoretical examples. This is due to variations in the dynamics and flux of the ice as a
response to e.g. varying mass balance at the surface and variations in bed topography. Such complex
ice configurations are seen also on the present day Greenland and Antarctic ice sheets. Consequently,
at a given time, ice surface profiles derived from one part of the simulated ice sheet may differ from
profiles extracted from another part. When selecting profiles from the Weichselian ice sheet simula-
tion, the aim has been to select profiles both relevant for a broad understanding of how the ice sheet
looks and behaves and profiles specifically relevant for the Forsmark site.
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Figure A2-5. Modelled ice surface gradients above the Forsmark site for the reference glacial cycle. Note
that the steepest part of the ice sheet is not included in the figure and is estimated tohave an inclination of
0.8° (0.014 m/m). Steep gradients occur when the ice front passes the site, whereas low gradients prevail
when the ice margin is situated far from the site.
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A2.4.1 Simulated advancing profiles compared with the theoretical steady-state profile

In the Weichselian ice sheet simulation, the main phase of ice sheet coverage at Forsmark takes
place during the MIS 2 stadial (Section 4.4), with the ice sheet margin reaching Forsmark at around
30 kyrs BP (Section 4.5.1 and Figure A2-4a).

In Figure A2-6, all extracted profiles from the ice sheet advance phase (Figure A2-4a) are stacked
and compared with the theoretical profiles of Equation A2-2 (Figure A2-1). It is seen that none of the
simulated advancing profiles are steeper than the two theoretical steady-state profiles.

It is also seen that the steepest advancing profile, at 30 kyrs BP, is close to being as steep as one of
the theoretical profiles described by Equation A2-2. The simulated 30 kyr BP profile is the ice sheet
profile when the ice margin is located in the Forsmark area (Figure A2-6).

Having the seemingly contradiction that the steady-state profiles are not steeper than the advancing
profiles, is in this case not surprising. Such differences are expected since the profiles are produced
in completely different ways. All profiles derived from the numerical ice sheet model incorporate a
number of parameters with considerably more realistic representations than how they are treated in
the theoretical profile calculation. The ice sheet model includes for instance realistic bed topography
instead of a flat horizontal bed, a description of ice sheet thermodynamics, where ice flow and ice
temperatures are allowed to interact, and also a better representation of basal conditions (Section 3.1.4).
Even if the ice sheet model is far from being a full and complete representation of the natural system,
it is significantly better than the theoretical equations. Consequently, the simulated less steep profiles
are here considered more realistic for the advancing phases than the steeper theoretical profiles.

There are no large variations in the steepness of the advancing profiles extracted from the ice sheet
simulation (Figure A2-6). The steepest simulated advancing profile (from 30 kyrs BP) is close

to being as steep as the least steep theoretical profile. Although the simulated profiles are here
considered more realistic than the theoretical profiles, the above results show that if one uses the
theoretical profiles of Equation A2-2, the ice sheet steepness is not underestimated if compared with
the simulated advancing profiles. Therefore, the theoretical profiles of Equation A2-2 may be used
as a good and pessimistic (from a safety assessment point of view) mathematical representation of
an advancing ice sheet over Forsmark (Figure A2-6).
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Figure A2-6. Comparison of ice surface topography from simulated advancing Weichselian ice profiles
(from Figure A2-4a) and two theoretical steady-state profiles of Equation A2-2 (from Figure A2-1)
/Paterson 1994/. In order to make the comparison meaningful, the fronts of all simulated profiles have
been normalized to start at the same position and elevation (0 m) as the theoretical profile. Note that the
simulated profiles would be somewhat “steeper” if they were to show ice thickness instead of surface
topography (since the bedrock in the ice sheet simulation gets depressed, Figure A2-4), i.e. if they were
normalized also to have a flat bed, such as the theoretical profiles. However, for e.g. groundwater flow
simulations, it is the gradient of the upper ice surface that is of interest for the water flux, and accordingly
that is what is shown also for the simulated profiles. However, this results in differences between the
theoretical and simulated profiles appearing larger. The frontal parts of all simulated advancing profiles
are less steep than the theoretical steady-state profiles.
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In line with this, the theoretical profiles of Equation A2-2 are used in several other, but not all, safety
assessment studies where the effect of a simple mathematical ice profile advancing over Forsmark

is studied, for instance in groundwater flow studies /Vidstrand et al. 2010/ and THM studies of
hydraulic jacking /Lonnqvist and Hokmark 2010/.

A2.4.2 Simulated LGM profile compared with the steady-state profile

The LGM profile at 18 kyrs BP represents the profile closest to steady-state in the Weichselian ice sheet
simulation. In Figure A2-6 it is seen that both theoretical steady-state profiles are steeper than the simu-
lated LGM profile. Given the expected differences due to the different approaches taken to produce the
profiles, see above, there is also one additional reason why the simulated LGM profile is less steep than
the theoretical steady-state profile. It is likely that the modelled Weichselian ice sheet never reached
steady-state conditions during the LGM. This was most probably the case also for the real Weichselian
ice sheet. In nature, ice sheets are constantly trying to adapt to the ever changing climate conditions,
and the ice sheet probably did not have time to build a maximum-thick, steep ice at LGM.

A2.4.3 Simulated retreating profiles compared with theoretical steady-state profile

In Figure A2-7, the extracted profiles from the retreat phase of ice sheet model simulation (from
Figure A2-4b), together with the retreat profile extracted from year 14.3 kyrs BP (Figure A2-3),
are stacked and compared with the theoretical profiles of Equation A2-2.

The profile extracted along transect 2 for 14.3 kyrs BP has an ice margin that ends in the Baltic
Sea, and so do the 14 and 12 kyr BP profiles along transect 1. When comparing the profiles in
Figure A2-7, only the grounded parts of all profiles are seen and compared, i.e. the parts of the
profiles that are located upstream the grounding-line.
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Figure A2-7. Comparison of ice surface topography between simulated retreating reference glacial cycle
ice profiles (from Figure A2-4b and the profile extracted from transect 2 for 14.3 kyrs BP) and the theoreti-
cal steady-state profiles of Equation A2-2 (from Figure A1-1). In order to make the comparison meaningful,
the fronts of all simulated profiles have been normalized to start at the same position and elevation (0 m) as
the theoretical profiles. Note that the simulated profiles would be somewhat “steeper’ if they were to show
ice thickness instead of surface topography (since the bedrock in the ice sheet simulation gets depressed,
Figure A2-4), i.e. if they were normalized also to have a flat bed, such as the theoretical profiles. However,
for e.g. groundwater flow simulations, it is the gradient of the upper ice surface that is of interest for the
water flux, and accordingly that is what is shown also for the simulated profiles. However, this results in
the differences between the theoretical and simulated profiles appearing larger. The frontal parts of all
retreating profiles are considerably less steep than the theoretical steady-state profiles. Profiles selected
for other SR-Site studies are shown as bold lines.
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In line with theory, it can be seen when comparing Figures A2-6 and A2-7 that the simulated profiles
generally are steeper during the ice sheet advance than for the retreat. In Figure A2-7 it is also seen
that the retreating profiles are, as expected, considerably less steep than the theoretical steady-state
profiles. The steepest of the retreat profiles is from 11 kyrs BP. At this time the ice has a relatively
steep profile caused by the steep bed topography in the mountainous region from where the profile
is located (see Figure A2-4b). These topographic conditions of the ice sheet bed are not at all
representative for the Forsmark area, and this profile is therefore not discussed further.

Comparing the steepness of the frontal parts of the profiles along transect 1, it can be seen that

the steepest profile is the 18 kyrs BP (LGM) profile, followed by the 14, and 12 kyrs BP profiles
(Figure A2-7), i.e. the ice sheet is getting less and less steep during the deglaciation over the
lowland. It can also be noted that the 14.3 kyr BP profile from transect 2 has a steepness that is very
similar to profile 14 kyrs of transect 1 (Figure A2-7), even though the profiles have different orienta-
tions. It is clearly seen that, for the Weichselian ice sheet simulation, profiles describing the retreat
phase should be considerably less steep than the theoretical profiles.

Average hydraulic gradients from the selected theoretical ice sheet profile for various distances from
the ice sheet margin are found in Table A2-1. The maximum hydraulic gradient associated with the
steep frontal part of the theoretical profile is up to ¢. 1.5 m/m.

A2.4.4 Selection of profiles to use in SR-Site

Since the theoretical profiles of Equation A2-2 are considered to be more realistic than profiles from
Equation A2-1, and because it is steeper than the steepest of the simulated advancing ice profiles
(Figure A2-6), the steepest theoretical profile is selected to represent an advancing ice sheet over
Forsmark for the SR-Site reference glacial cycle.

The frontal near parts of the profile extracted for 14.3 kyrs BP (transect 2) is the least steep retreat
profile from the Weichselian ice sheet simulation (Figure A2-7). This profile is selected to represent
a retreating ice sheet over Forsmark for the SR-Site reference glacial cycle.

The two selected profiles are shown by the bold lines in Figure A2-7. These two profiles constitute,
in their frontal parts, the steepest and the least steep profiles of all profiles analyzed, and they are
considered to cover a broad enough span of possible profiles to be employed in other SR-Site stud-
ies, such as modelling of groundwater flow under glacial conditions /Vidstrand et al. 2010/ and THM
studies /Lonnqvist and Hokmark 2010/.

A2.5 Conclusions

1. The steepest theoretical profile (Equation A2- 2, Figure A2-7) /Paterson 1994/ is selected to
represent an advancing ice sheet over Forsmark in the SR-Site reference glacial cycle. This
profile is denoted “the theoretical reference glacial cycle profile”.

2. The least steep simulated profile from 14.3 kyrs BP (Figure A2-7) is selected to represent a
retreating ice sheet over Forsmark in the SR-Site reference glacial cycle. This profile is denoted
“the simulated reference glacial cycle profile”.

The profiles can of course be used in other ways than suggested above, e.g. for sensitivity studies
on ice sheet steepness.

Table A2-1. Hydraulic gradients (m/m) from the selected theoretical ice sheet profile
(Equation A2-2) averaged over various distances from the ice sheet margin.

Distance from ice margin (m)  Hydraulic gradient (m/m) Hydraulic gradient (degrees)

100 1.49 56
200 0.96 44
400 0.62 32
1,000 0.35 19
2,000 0.23 13
4,000 0.15 8.5

TR-10-49 319



Appendix 3
Combination of buffer erosion and freezing

A3.1 Background

Based on the results on freezing depths analysed in the reference glacial cycle (Section 4.5.3) and
the severe permafiost case (Section 5.5.3), freezing of water were excluded at repository depth for
the first future glacial cycle in the buffer freezing scenario /SKB 2011/. For subsequent glacial cycles
in the 1 Myr long safety assessment period, repository heat has declined. If making the most pes-
simistic combination of uncertainties in the input data to the permafrost simulations, there is a small
risk of freezing of water at repository depth for these glacial cycles, while there is still ample margin
to freezing of the bentonite buffer and deposition tunnel back-fill material, see the scenario on buffer
freezing in /SKB 2011/. Because of this risk of freezing of water at repository depth, even if the risk
is extraordinarily small, and for illustrative purposes, a combined case of buffer erosion and freezing
at repository depth is here presented. If groundwater were to freeze in cavities formed by buffer
erosion, the associated volume expansion would induce an additional pressure that possibly could
affect the copper canister.

Two studies were made in order to illustrate the pressure effects of this hypothetical combined buffer
erosion and freezing case. The first study (study A) investigated resulting freezing-point tempera-
tures and freezing-induced pressures in buffer erosion cavities by considering various assumptions
on compressibilities of remaining buffer, erosion cavity geometry, and surrounding ambient pressure
(in this case surrounding groundwater pressure plus clay swelling pressure). It was also assumed
that the cavity was filled with ordinary compressible water, free from solutes and impurities. The
second study (study B) considered the chemical potential of water in bentonite in order to investigate
equilibrium pressures in systems with various proportions of ice and bentonite and the resulting
freezing temperatures and pressures. Effects of erosion cavity geometries were not included.

A3.2 Study A

A simple model was used to estimate the freezing point and pressure increase in a ring-shaped
erosion cavity surrounding the canister (Figure A3-1). The full study was reported in /SKB 2006a,
Section 4.4.1/. The compressibility of remaining clay was estimated from the swelling pressure

of bentonite. It was also assumed that the erosion cavity was completely filled with ordinary
compressible water, free from solutes and impurities. The effect of including these compressibilities
is that they allow the freezing-induced expansion to occur at considerably higher temperatures than
if the surroundings were incompressible. The compressibility of ice was also included, whereas the
canister and the rock were assumed to be incompressible. Moreover, mean freezing temperatures for
the erosion cavity as well as mean pressures for the erosion cavity and bentonite were assumed. For
further details, see /SKB 2006a, Section 4.4.1/.

The surrounding groundwater pressure may vary between the ambient hydrostatic pressure, for
completely unfrozen conditions, to a value up to the maximum freezing pressure for partially or fully
frozen groundwater conditions. However, for a certain freezing temperature and for ambient pres-
sures lower than the maximum freezing pressure, the pressure increase from freezing is affected by
the ambient pressure, including the swelling pressure, in such a way that the resulting total pressure
is constant, see below.

Calculations of freezing temperatures and associated pressure increases were made for ambient
pressures between 4 and 100 MPa /SKB 2006a, Section 4.4.1/. As an example, the results of the
calculations for an ambient pressure of 10 MPa are shown in Figure A3-2. Examples of pressure
increase and total pressure after freezing for various ambient pressures are presented in Table A3-1.
For further results see /SKB 2006a, Section 4.4.1/.
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Figure A3-1. Geometry for calculations of freezing temperatures and freezing-induced pressures in buffer
erosion cavities.
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Figure A3-2. Freezing point temperature (°C) and associated maximum pressure increase (MPa) in the
erosion cavity, as a function of relative cavity thickness and height, at an ambient pressure of 10 MPa. In the
figure, the first number is the freezing temperature and the second number is resulting pressure (i.e. temp/
pressure). The shaded area represents a region with very low temperatures, below approximately —22° C.
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Table A3-1. Examples of pressure increase and total pressure after freezing in an erosion cavity
for various ambient pressures at a freezing temperature of —2°C. Note that the total pressure after
freezing is independent of erosion cavity geometry and size.

Ambient pressure (sum of groundwater Pressure increase from freezing  Total pressure (maximum

pressure and clay swelling pressure) (MPa) in erosion cavity (MPa) freezing pressure) (MPa)
4 22 26
5 21 26

10 16 26

20 6 26

26 0 26

50 0 (no freezing occurs) 50

The results can be summarised as follows:

1. Freezing of water in an erosion cavity at a given freezing temperature can increase the pressure
from the ambient pressure to the maximum freezing pressure, i.e. the maximum pressure at which
freezing can occur at that temperature. For a freezing temperature of —2°C for instance, the maxi-
mum freezing pressure is ~26 MPa. For a freezing temperature of —2°C, the total pressure after
freezing in the erosion cavity thus is between the ambient pressure and 26 MPa, depending on the
size of the erosion cavity.

2. The maximum freezing pressure for a certain freezing temperature is independent of the geometry
and size of the erosion cavity.

3. The pressure increase from freezing depends on the freezing temperature, the ambient pressure
and the size or geometry of the erosion cavity. For certain combinations of freezing temperature
and ambient pressure, complete freezing takes place and the resulting pressure increase grows
with the size of the cavity. This occurs up to a certain point, at which the sum of the ambient
pressure and the pressure increase equals the maximum freezing pressure. After that point, the
freezing pressure is at its maximum and complete freezing can no longer take place.

4. If the ambient pressure exceeds the maximum freezing pressure of 26 MPa, no freezing can occur
at a temperature of —2°C, see also Table A3-1.

A3.3 Study B

In order to assess the possible maximum pressure if an eroded KBS-3 buffer were to freeze, the
equilibrium pressure between ice and bentonite was first considered. By considering this equilibrium
pressure, and the expected deformation when ice is formed in a restricted volume, the maximum
freezing pressure was estimated.

A3.3.1 Pressure of ice and bentonite in equilibrium

The chemical potential of water in bentonite is generally lower than in liquid bulk water at the same
pressure and temperature. In order to reach equilibrium in a system with a confined clay sample con-
tacted with an external reservoir of liquid water, a pressure difference between the clay and the external
reservoir is therefore sustained. This pressure difference is usually referred to as the swelling pressure.

It is important to note that the occurrence of swelling pressure requires the external water reservoir to be
mechanically separated from the clay, as is the case in a KBS-3 deposition hole where water is supplied
by fractures in the surrounding rock or through the rock matrix itself. Liquid bulk water and bentonite at
the same pressure cannot exist simultaneously in equilibrium (unless the clay density is very low).

The chemical potential of ice, on the other hand, can be lower, higher, or equal to that of bentonite
water at the same pressure and temperature depending on the specific values of these variables

as well as on the amount of water in the clay. In particular, this means that ice and bentonite can
co-exist in equilibrium at the same pressure. The equilibrium pressure in a system containing both
bentonite and ice can be derived by considering the following expression for the chemical potential
of water in the bentonite /Birgersson et al. 2008/
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Melay = Mo — Siig T+ Viig P— Viig Pso (Wu) Equation A3-1

where 1 is the potential of a non-pressurized bulk water reference state at 0°C, T"denotes tempera-
ture in °C, P denotes pressure, P, (w,) is the measured swelling pressure at water to solid mass ratio
w, at 0°C, and s;;; and vy;, are the partial molar entropy and volume of liquid bulk water, respectively.
Note that all chemical potentials used here refer to water in different phases. The partial molar quan-
tities of the water in the clay is here approximated by the corresponding liquid bulk water properties
and are further assumed independent of temperature and pressure. Note that P (w,) is not a physical
pressure in the current state of the clay (the physical pressure is P), but rather a quantity describing
the water retention properties of the specific clay under consideration. This function resembles an
exponential expression at low enough water to solid mass ratios for typical bentonite materials, see
e.g. /Kahr et al. 1990/.

P (w,) = AeBvu Equation A3-2

Using the data in /Karnland et al. 2006/ and /Karnland et al. 2009/, the least square fitted parameters
for MX-80 bentonite in the range 0.5-12 MPa are A = 382 MPa and B = 13.9. The chemical potential
in the ice can be expressed in a similar way as for the bentonite water

Hice = 0 — Sice” T+ Vice " P Equation A3-3

Note that this expression lacks the water retention term and that the partial molar properties are
associated with ice (naturally). The equilibrium pressure is deduced by putting the two above expres-
sions for the chemical potential of water equal,

b As Ty, PO

Equation A3-4
Av

where As = 5jig— Sice and AV = Vjjg— Vice.

Notice that Av is a negative quantity since ice has a lower density than liquid bulk water. Note
further that the equilibrium pressure becomes negative for a given value of w, if the temperature
is high enough (although negative), indicating that ice and bentonite do not co-exist in equilibrium
under such conditions. Consequently, the temperature where the equilibrium pressure is zero also
defines the freezing point of the bentonite under consideration

. p°
7o) = 220

This expression for the freezing point is in agreement with earlier derivations /Birgersson et al.

2010/. Equation 5-4 can be re-expressed using T.(w,) as

As-(T-T,(w,))
Av

Equation A3-5

P= Equation A3-6
which can be viewed as a generalized Clausius—Clapeyron relation where the presence of clay influ-
ences the phase boundary between ice and liquid water by a shift of the temperature scale.

A3.3.2 Pressure increase due to ice formation in a restricted volume

When a confined and water-saturated bentonite sample freezes (e.g. a KBS-3 buffer), some of the
water will leave the bentonite (the montmorillonite interlayers) to form a separate ice phase (small
ice crystals) /Svensson and Hansen 2010/. Because ice has lower density than liquid (clay) water, a
pressure increase is expected under such a transformation. The pressure increase can be quantified
by first considering the volume change when a certain amount of water, Am, is transferred from clay
to ice under non-pressurized conditions in an initially ice-free bentonite sample of water to solid
mass ratio w;,

AV = 11 Am = Pu .A_mzé:.ﬂ(wm_wu) Equation A3-7
p ice p w p ice p w p w
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Here pj.. and p,, denotes the density of ice and liquid bulk water, respectively, &= p,, /Pice—1, my is
the mass of dry clay and w, denotes the amount of water in the bentonite after the transition (i.e. the
amount of unfrozen water). If the total system (bentonite + ice) is to be kept a constant volume, a
pressure causing the deformation —A} must be applied. Assuming isotropic stress state (hydrostatic
pressure), bulk modulus S, and using Equation A3-7, the pressure after the transition is given by

V V w

w w w tot

PZ_IB_AV :ﬁé: o (Wmt _Wu)zﬁg[l_ Wu J EquationA3—8

where the first equality utilizes the definition of bulk modulus and V;, denotes the total water volume
(liquid + ice). The presence of the total water volume rather than total volume in Equation A3-8 is
equivalent to assuming that the dry clay particles are uncompressible.

A3.3.3 Estimated pressure of confined bentonite below 0°C

It can be shown /Birgersson et al. 2010/ that the swelling pressure decreases approximately linearly
with temperature in the range between the freezing point of the external water reservoir (here
assumed to be 0°C) and the freezing point of the bentonite. Furthermore, at the freezing point of the
bentonite, the swelling pressure is zero. If the temperature of a confined bentonite sample is lowered
below the freezing point, the pressure will start to increase due to the volume expansion of the water
transformed from liquid state to ice. The equilibrium pressure at a given temperature below 7;. can be
deduced by first calculating the amount of unfrozen water by combining Equations A3-2 , A3-4 and
A3-8 (assuming that the system has the total water to solid mass ratio wy,,)

As-T—v. -A-eBv
Viig ¢ = ,Bf[l_ W J Equation A3-9

Av

fot

Once the unfrozen amount of water is calculated, the equilibrium pressure is given by either of
Equations A3-4 or A3-8. All parameters in Equation A3-9 except for the bulk modulus £ are firmly
determined by either fundamental properties of bulk water or by accurate swelling pressure measure-
ments. The parameter set when applied to MX-80 bentonite is listed in Table A3-2.

The specific value to be used of the bulk modulus, on the other hand, is not as clear. The compress-
ibility of the full system will depend on the separate bulk moduli of clay, water and ice as well as
the relative fraction of these phases. Hence, it is to be expected that f is a function of both w, and
Wior. A Way to treat this complication is to solve Equation A3-9 for two limiting values of f in order
to achieve a pressure interval for the actual equilibrium pressure. Here the limiting values of f is
chosen as that of pure ice (8,800 MPa) and that of liquid bulk water (2,200 MPa), and are assumed
independent of temperature and pressure.

A solution to Equation A3-9 for MX-80 bentonite (Table A3-3) is illustrated in Figure A3-3. This
example assumes wy,, = 0.366, which corresponds to a swelling pressure at 0°C of ca 2.5 MPa, and

a freezing point of —2°C. In the diagram the ice/clay equilibrium line at —3°C (Equation A3-4) is
displayed. When lowering the temperature from —2 to —3°C, water is expelled from the clay and
pressure increases according to the compression curves (Equation A3-8, with two different values of
the bulk modulus). The actual pressure of the system is given by the intersection between the com-
pression and the ice/clay equilibrium curve. Hence, in the case of a bulk modulus of ice, the unfrozen
water content is ca 0.360 and pressure is ca 13 MPa. If the bulk modulus instead is that of liquid bulk
water, the unfrozen water content is ca 0.351 and the pressure is ca 8 MPa. Hence when lowering the
temperature from —2°C to —3°C, this particular sample increases its pressure from 0 to 813 MPa.

Table A3-2. Values of parameters used in Equation A3-9. The partial molar entropies and volumes
are approximated by bulk values (ice and liquid water) at 0°C. The swelling pressure parameters
(Equation A3-2) are fitted to data for MX-80 bentonite /Karnland et al. 2006, Karnland et al. 2009/.

As Vice Viig A B Av = Viig— Vice &= Viee /Vliq*1
(J/mol/°C) (cm3/mol) (cm3/mol) (MPa) (=) (cm3/mol) (=)
22.0 19.65 18.03 382.1 13.86 1.62 0.09
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Figure A3-3. Illustration of the obtained equilibrium pressure when ice forms in a confined MX-80 sample.
Equilibrium pressure is reached where the compression line intersects the Ice/clay equilibrium line. Included

in the figure is also the swelling pressure curve for different temperatures /Birgersson et al. 2010/.

A3.3.4 The combination of erosion and freezing in a KBS-3 buffer

The nominal buffer density is 2.0 g/cm?, corresponding to a water to solid mass ratio of ~0.27. The
freezing point of the undisturbed buffer thus equals —7°C according to Equation A3-5. It is however
evident from Equation A3-2 that swelling pressure, and thereby the freezing point, is a strong
function of water content in this density region. This means that the buffer freezing point is expected
to increase substantially if bentonite is lost from the deposition hole due to erosion. A freezing point
of —2°C, for example, corresponds to a water to solid mass ratio of 0.366, or a density of 1.87 g/cm?.
This, in turn, corresponds to a mass loss of ca 13% or ca 2.7-10° kg if the buffer density can be
assumed homogeneous (initial mass: 2.0-10* kg).

Table A3-3 shows the expected pressure intervals and unfrozen water contents at different temper-
atures for different values of buffer freezing points (i.e. different densities). Included in Table A3-3
is also the case where all clay has eroded. The equilibrium pressures for this case are given by
the ordinary Clausius-Claperyon equation for phase equilibrium between liquid water and ice
(Equation A3-6 with T. = 0) and are independent of the value of the bulk modulus.

Table A3-3. The limiting pressures and unfrozen water contents at different temperatures for
MX-80 bentonite of different freezing points (i.e. different densities). The listed eroded mass
assumes a homogeneously distributed buffer with initial mass 2.0-10* kg.

Te Wit Po Eroded at-1°C at-2°C at-3°C at —4°C at -5°C
mass
P Wy P Wy P Wy P Wy P Wy

°cC - glcm® kg MPa - MPa - MPa MPa MPa

0 - 1.00 2.0-10* 14 - 27 - 41 - 54 - 68 -
-1 0416 182 3.810° 0 0.416 10-13 0.396-0.409 18-25 0.377-0.403 26-38 0.361-0.396 33-49 0.346-0.390
-2 0366 1.87 2.7-10° Unfrozen 0.366 0 0.366 8-13 0.351-0.360 15-24 0.338-0.355 22-35 0.326-0.350
-3 0337 191 1.910® Unfrozen 0.337 Unfrozen 0.337 0 0.337 7-12  0.324-0.332 14-23 0.314-0.327
-4 0316 1.94 1.410® Unfrozen 0.316 Unfrozen 0.316 Unfrozen 0.316 0 0.316 7-12  0.305-0.311
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Table A3-3 lists the expected pressures in a frozen deposition hole whose buffer is eroded in

such a way that the remaining clay is homogeneously distributed, which is the equilibrium state.
However, since erosion occurs at the rock-buffer interface, substantial internal redistribution of the
buffer mass is required to reach this state. Therefore, it cannot be excluded that the buffer density

to a certain degree is inhomogeneous when it freezes, e.g. because of long equilibration times, or
because of internal “friction”. This means that freezing could occur above the freezing points listed
in Table A3-3, as these correspond to buffer mean density. Consider for instance a homogeneous
buffer of (mean) density 1.87 g/cm?®. This system would not experience any pressure increase at —2°C
(which is the freezing point for this particular density). If instead the mass was distributed so that a
certain fraction of the buffer had a density of 1.82 g/cm?® (and a density higher than 1.87 g/cm® in the
rest), a pressure increase would be experienced at —2° because the freezing point of the low density
part is —1°C. The pressure increase, however, is smaller than for the case of a homogeneous buffer
at density 1.82 g/cm?® because the entire buffer is involved in the deformation. Hence, the values in
Table A3-3 also put an upper limit for the pressure increase in inhomogeneous buffers if the density
instead refers to minimum density.

It should be noted that the more heterogeneous the density distribution is the more unlikely the
state, because larger and larger forces will act to redistribute the mass (Equation A3-2). But even
for the highly unrealistic density distribution of a bulk water cavity (p, = 1.0 g/cm?) in conjunction
with unaffected clay (py, = 2.0 g/cm?®), the pressure increase will never exceed that for the case of a
completely eroded deposition hole. Note further that the pressure increases experienced in hetero-
geneously distributed buffers are transient states; when freezing occur (in the part of the buffer with
lowest density), the stress state changes radically and mass redistribution is expected, leading to a
more homogeneous state of the clay and lower pressures.

The above considerations have not taken into account the additional hydrostatic pressure present under
unfrozen conditions in a KBS-3 repository. However, the effect of any additional load (affecting both
clay and reservoir) would, on one hand, lower the freezing point according to the conventional Clausius-
Clapeyron relation (ca 0.074°C/MPa), but on the other hand the pressure would be non-zero at the
freezing point (equal to the additional load). Similarly, if the groundwater (and thus the clay) contains
a certain amount of salt, the freezing point of the external reservoir would lower accordingly and
also the ice/clay equilibrium would adjust in such a way that the clay would contain more water for a
given temperature and pressure. Consequently, neither the effect of a hydraulic head, nor the effect of
salt in the water, will contribute to increase the values listed in Table A3-3.

A3.4 Discussion and conclusions

The lowest temperature at repository depth when considering the results of maximum freezing depths
in the reference glacial cycle and the severe permafrost case (Table 5-11), and including the most pes-
simistic combination of all uncertainties relevant for the respective case, is approximately —0.5°C. In
line with this the —2°C isotherm does not reach repository depth in the reference evolution, nor in the
severe permafrost case. Nevertheless, as a pessimistic basis for a discussion on the theoretical conse-
quences of the combined buffer erosion and freezing case, a lowest temperature of —2°C is assumed at
repository depth. This corresponds to a lowering of the entire temperature curve reconstructed for the
last glacial cycle of more than 10°C (Figure 5-33) which is considered unrealistic also when including
the significant uncertainties associated with the temperature curve (Appendix 1).

The results from study A show that for a temperature of —2°C, the pressure increase from freezing
of pure groundwater in buffer erosion cavities results in a maximum cavity pressure of 26 MPa
(Table A3-1). Freezing at higher temperatures would yield lower freezing-induced pressures

(Figure A3-2), while other ambient pressures would not result in a total pressure higher than

26 MPa. This pressure is in line with the maximum pressure obtained from study B for an ambient
temperature of —2°C. Here the pressure in the cavity is 27 MPa for a case with a completely eroded
buffer (Table A3-3), corresponding to a buffer loss of 20,000 kg. Cases with a less eroded buffer
(i.e. a partially eroded buffer with a higher buffer density and lower freezing point, Table A3-3),
yields lower erosion cavity pressures. For example, a buffer loss of 1,400 kg, which is close to the
value of 1,200 kg of buffer loss that is used for the assumption of getting advective conditions in the
buffer /SKB 2011/, results in unfrozen conditions if the temperature is —2°C (Table A3-3). For this
case, the temperature needs to be as low as —5°C in order to freeze the buffer cavity, with a resulting
maximum cavity pressure of 12 MPa.
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A maximum pressure of 2627 MPa in the erosion cavity is considerably lower than the maximum
total pressure deduced for the SR-Site scenario on isostatic load where the maximum thick ice

sheet from Section 5.4 is combined with clay swelling pressure and hydrostatic pressure due to the
repository depth, resulting in a total pressure of around 50 MPa /SKB 2011/. Since this isostatic load
scenario does not result in canister failure /SKB 2011/, the same is here concluded for the hypotheti-
cal case combining buffer erosion and freezing.

If the pressure from a maximum large ice sheet (30 MPa) (Section 5.4) were to be directly and
unrealistically combined with the maximum pressure resulting from freezing in buffer erosion cavi-
ties (27 MPa), the resulting pressure would be 57 MPa. However, this case is not relevant since for
ambient pressures greater than 26 MPa, a repository depth bedrock temperature of —2°C would not
be low enough to freeze water in erosion cavities. In addition, during phases of ice sheet overriding,
pre-existing permafrost degrades due to the insulation effect of the ice sheet, e.g. (Section 4.5.3),
which means that deep permafrost is not compatible with large ice sheet thicknesses.

All in all, the following conclusions can be made:

* Based on the results on maximum permafrost and freezing depths in the reference glacial cycle
(Section 4.5.3) and in the severe permafrost case (Section 5.5.3), freezing of water at repository
depth was excluded for the first future glacial cycle in the buffer freezing scenario /SKB 2011/.

* Calculations made show that the maximum freezing-induced pressure in buffer erosion cavities
would be 26-27 MPa for a pessimistically chosen ambient temperature of —2°C. This case cor-
responds to a total loss of buffer in the deposition hole. This pressure is considerably lower than
the critical pressure for canister collapse as discussed in the scenario treating canister collapse
due to isostatic load /SKB 2011/.

* The amount of buffer loss affects the freezing point of the remaining buffer and the resulting
cavity pressures. A case with buffer loss approximately corresponding to the buffer loss assumed
for getting advective conditions in the buffer does not result in frozen conditions in the erosion
cavity if the ambient temperature is —2°C. In this case, the temperature needs to be —5°C in order
to get freezing, with a resulting cavity pressure of up to 12 MPa as result.

A freezing-induced pressure in buffer erosion cavities and large pressures from ice sheet load do not
occur simultaneously
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