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Preface

This report describes a study aiming at evaluating a numerical permafrost model previously used
in SKB safety assessments for the Forsmark site. The evaluation was performed for the site of the
Greenland Analogue Project (GAP) in western Greenland. Present-day bedrock temperatures and
permafrost depths were simulated along a 15 km profile for a number of cases based on a large array
of input data on e.g. palacoclimate and environmental conditions, and their estimated uncertainties.
The simulated, palacoclimatically corrected, bedrock temperatures were subsequently compared and
evaluated against detailed bedrock temperatures measured in a 650 m deep bedrock borehole located
at the ice-sheet margin. At the location where the 2D model domain crosses the bedrock borehole,
the permafrost thickness is around 350 metres at present.

The results from the model evaluation are relevant for the assessments of long-term repository safety
for the planned spent nuclear fuel repository at Forsmark, the existing repository for short-lived low-
and intermediate-level waste at Forsmark (SFR), and the planned repository for long-lived low-level
waste (SFL). As such, the results from the model evaluation will be used to assess the conclusions
drawn from the previous safety assessment permafrost model simulations made for Forsmark.

The study was conducted by Juha Hartikainen (Tampere university), Jens-Ove Néslund (SKB),
Johan Liakka (SKB) and Lillemor Claesson Liljedahl (DHI/SKB).

The report manuscript was scientifically reviewed by Dr. Denis Cohen (Dept. of Earth and
Environmental Science, New Mexico Institute of Mining and Technology, U.S.), Dr. William Colgan
(Geological Survey of Denmark and Greenland, Copenhagen, Denmark), and Dr. Ralf Greve (Institute
of Low Temperature Science, Hokkaido University, Japan).

Stockholm, December 2022

Jens-Ove Ndislund
Coordinator Climate Research Programme SKB

SKB TR-21-08






Abstract

Two versions of a numerical permafrost model were evaluated against measured bedrock temperature
data from a 650 m deep bedrock borehole situated at the ice-sheet margin in western Greenland.
Model A (without thermal offset) has previously been used in the safety assessments for the spent
nuclear fuel repository, whereas Model B (with thermal offset) has been used for the repository for
low- and intermediate-level waste (SFR). The permafrost model has in these studies been used for
simulations of bedrock temperatures and permafrost development for past and future cold climate
periods at the Forsmark site in Sweden with the overall aim to assess post-closure safety for the
two repositories.

In the present study, the simulations were made for the Greenland site for the last glacial cycle (from
104000 years before present up to present-day). The permafrost model was evaluated by comparing
the simulated present-day bedrock temperatures with the measured ones. A large number of different
input data were used in the permafrost model simulations, originating from different types of measure-
ments made within the study area, other model simulations, interpretations of aerial photographs, and
compilations of data from the literature. A large number of sensitivity simulations were carried out to
study the effects of these uncertainties.

Taking all identified uncertainties in input data into account, the permafrost model predicted the
present-day bedrock temperature for a full 400-metre depth interval (91491 m below the ground
surface) to be within the range —1.4 and +1.6 °C for Model A and —2.2 and +1.3 °C for Model B
compared with the observed bedrock temperatures. These uncertainty ranges encompass both
input data uncertainties and intrinsic model errors. However, the fact that the uncertainty ranges
in the simulated temperature is nearly centred around the measured temperature indicates that any
systematic intrinsic model error is small. The results of this model evaluation will, in future safety
assessments for the spent nuclear fuel repository and SFR, be used to assess conclusions drawn from
results obtained by these two versions of the permafrost model.
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Sammanfattning

Tvé versioner av en numerisk permafrostmodell har utviarderats mot observerade temperaturer fran
ett 650 m djup bergborrhal beldget vid inlandsisens kant pa véstra Gronland. Modell A (utan termisk
offset) har tidigare anvénts i sékerhetsanalyser for kirnbrénsleférvaret medan Modell B (med termisk
offset) har anvints for forvaret for lag- och medelaktivt avfall (SFR). Permafrostmodellen har i dessa
arbeten anvénts for simuleringar av berggrundstemperaturer och tillvéxt av permafrost for historiska
och framtida kalla klimatperioder for Forsmarksplatsen i Sverige med det dvergripande malet att
bedoma sikerhet efter forslutning for de tva forvaren.

I den foreliggande studien har simuleringar gjorts for Gronlandsplatsen for den senaste glaciations-
cykeln (for perioden fran 104 000 ér fore nu till nutid). Permafrostmodellen utvirderades genom att
jamfora simulerade temperaturer i berget mot observerade temperaturer. For studieomradet samman-
stdlldes forst en médngd indata for egenskaper hos berg, grundvatten och ytparametrar, inklusive
sammanstéllning av data frén litteraturen och fran andra modellsimuleringar, vilka sedan anvéndes

1 simuleringarna av mark- och bergtemperaturer och permafrost/frysdjup. Ett stort antal simuleringar
genomfordes for att undersdka kénsligheten for oséikerheter i1 indata och for att studera effekterna
av dessa.

Med hénsyn till alla identifierade osdkerheter i indata, predikterade de tva versionerna av permafrost-
modellen temperaturen i berggrunden dver ett 400-meters djupintervall (91-491 m under markytan)
att ligga inom intervallet —1,4 till +1,6 °C for Modell A och —2,2 till +1,3 °C for Modell B jamfort
med observerade temperaturer. De respektive osékerhetsintervallen harror bade fran osédkerheter

1 indata och fran systematiska modellfel. Det faktum att osékerheten av den beriknade temperaturen
néstan dr centrerad kring de uppmétta temperaturerna tyder dock pa att de systematiskt inneboende
modellfelen dr sma. Resultaten fran denna modellutvéirdering kommer att anvindas for att utviardera
antaganden och slutsatser som tidigare dragits i sdkerhetsanalyser, samt kommer dras i framtida
sikerhetsanalyser, for kdrnbransleforvaret och SFR for att utvirdera deras sdkerhet efter forslutning.
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1 Introduction

Geological repositories for radioactive waste need to be safe to humans and the environment for very
long time periods into the future. The safety assessments performed for the planned spent nuclear fuel
repository (hereafter denoted SFK) at Forsmark, Sweden, cover a time span of 1 million years, whereas
the safety assessments for the existing repository for low- and intermediate-level waste (SFR), also
located at Forsmark, cover 100000 years. Over these vast timescales, the climate at the repository site
may vary considerably, from temperate climates with warmer conditions than today, to cold periods
with full glacial conditions. Furthermore, periglacial climate conditions may develop at the repository
site during times of cold and dry climate, including periods with ice-sheets present elsewhere in
Scandinavia. The cold and dry climates during periglacial periods typically lead to the development

of permafrost and perennially frozen ground. The permafrost is defined solely by the 0 °C isotherm,
whereas the perennially frozen ground depends on the thermo-hydro-chemical state of groundwater
and physicochemical properties of rock and soil. The freezing of groundwater, and thereby the amount
of perennially frozen ground decreases with increasing groundwater pressure and salinity concentra-
tion. In addition, the cooling of the bedrock to sub-freezing temperatures affects a number of processes
that may be of importance for post-closure repository safety: 1) when (portions of) the groundwater
freezes, the groundwater flow pattern is drastically changed since frozen conditions restricts ground-
water flow, ii) the groundwater freezing process may result in freeze-out of salts which increases the
salinity of the groundwater below the freezing-front, iii) if low enough temperatures were to reach the
SFK repository located at an approximate depth of 450 m, a frozen buffer clay and backfill material in
the deposition tunnels may start to have detrimental effects on the KBS-3 canister and surrounding host
rock respectively, and iv) albeit unlikely, permafrost and frozen conditions within the coming 100 ka
could also deteriorate the concrete structures of the SFR repository, with its shallowest parts situated
60 m below the ground surface, hence affecting their permeability.

In the safety assessments for SFK and SFR, numerical 2D permafrost modelling has been used to
assess the development of permafrost and bedrock temperatures for different future scenarios that
include periods of cold climate conditions (Hartikainen at al. 2010, Brandefelt et al. 2013). The
model used for the SFR safety assessment (in the present study denoted Model B) constituted an
updated version of the model used for SFK (here denoted Model A), see Brandefelt et al. (2013).
The simulations used a large array of site-specific information on surface, bedrock and groundwater
characteristics obtained from the Forsmark site investigation programme and from the SKB climate
research programme. A large number of sensitivity simulations were performed to account for the
uncertainties in input data (Hartikainen et al. 2010).

The main result from the permafrost simulations for SFK is that permafrost depths during typical
glacial cycle conditions may reach depth of around 260 m, whereas associated perennially frozen
ground depths are around 10 m shallower. When studying maximum possible freezing depths at
Forsmark under severe periglacial conditions, other (for this purpose) pessimistically chosen values
on surface and sub-surface conditions resulted in modelled permafrost and perennially frozen depths
of ~390 and ~360 m, respectively. In the safety assessment for the SFK repository, these results
were used together with climatological information (SKB 2010, 2020) to conclude that bedrock
temperatures low enough to cause detrimental effects on the canister and surrounding host rock
cannot occur even under very pessimistically chosen future climate conditions (SKB 2011).

For the SFR repository, the results from permafrost simulations, together with results of climate
model simulations, were used to study the timing of the first possible future period of permafrost
growth at Forsmark given pessimistically chosen levels of future greenhouse gas concentrations

in the atmosphere (Brandefelt et al. 2013). It was concluded that permafrost and frozen bedrock
conditions affecting concrete structures can reach the repository depth after 54 000 years into the
future, but not prior to that time. However, in safety assessments for SFR, the concrete barriers have
degraded to such an extent within the first 50 000 years that a potential subsequent freezing would no
longer significantly influence the hydraulic properties of the concrete. Therefore, it was concluded
that freezing of SFR concrete structures does not contribute to the radiological risk posed by the
repository (SKB 2014).
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In addition to the implementation of the permafrost modelling results for these two repositories, the
results have also been used in the planning of a third repository for long-lived low-level radioactive
waste (SFL). In this context the results from the above permafrost simulations were used to assess a
suitable repository depth in order to avoid freezing during future periglacial periods (SKB 2019).

The permafrost models used in the safety assessments were developed at the Helsinki University

of Technology and Aalto University, and they have been used in several studies of permafrost and
perennially frozen ground (e.g. Hartikainen 2006, 2012, SKB 2006, Hartikainen et al. 2010, Brandefelt
et al. 2013). It has previously been validated against laboratory freezing experiments (Hartikainen et al.
2010, Section 3.6). The results showed that the model performed well in terms of 1) the effect of fluid
density differences on buoyancy flow (including so-called salt fingering), ii) the effects of pressure and
salinity concentration on the freezing temperature of water, and iii) the freezing point of saline water
saturated gravel.

The present study concerns an evaluation of the 2D permafrost models used in Hartikainen et al. (2010)
and Brandefelt at al. (2013) by comparing simulated bedrock temperatures with observed bedrock
temperatures from a site in western Greenland that hosts continuous permafrost today. At this site,
the Greenland Analogue Project (GAP), a comprehensive study looking at hydrological processes
associated with periglacial and glacial conditions has been performed (Claesson Liljedahl et al. 2016,
Harper et al. 2016). One part of the GAP study involved the drilling and instrumentation of three
bedrock holes at or close to the margin of the Greenland ice sheet (GrlS). Detailed measurements of
bedrock temperatures along the 650 m deep borehole (DH-GAPO04) at the ice-sheet margin were made,
together with measurements of thermal bedrock properties along the borehole and characterizations
of the sub-permafrost ground water chemistry (Claesson Liljedahl et al. 2016, Harper et al. 2016). The
temperature measurements from this borehole show that permafrost reaches a depth of 400 m at the site
today. Borehole DH-GAPO1 was drilled in under a lake to investigate an assumed talik and to observe
the hydrogeochemical and physical conditions in such a structure.

The aim of the present study is to investigate how simulated ground surface temperatures, permafrost
depths and bedrock temperatures from the permafrost model compare with the observed data on

the soil temperature from the soil temperature monitoring (STM) site near the DH-GAPO1 drill site
(Johansson et al. 2015a) and, on the borehole temperatures from the DH-GAP04 borehole (Claesson
Liljedahl et al. 2016). In order to model the present-day bedrock temperatures at the GAP drilling
sites, data of material properties of soil cover and bedrock, initial conditions and boundary conditions
representative for Weichselian (Last Glacial Period) glacial conditions and Holocene periglacial condi-
tions are required. These data are naturally associated with considerable uncertainties. In this context,
a wide range of sensitivity cases are simulated to describe and handle the uncertainties in present-day
and historical environmental input data.

The results from this study, in terms of the behaviour of the model when compared with ground-truth
temperature observations, will be used to evaluate results and conclusions drawn from previous
permafrost simulations with the same models (e.g. Hartikainen et al. 2010, SKB 2010, 2011). Previous
modelling results have been used to exclude the possibility of freezing of certain repository structures
at repository depth for the SFK repository under certain future climate scenarios at Forsmark (e.g. SKB
2011). In this context, the present evaluation of the permafrost model performance provides useful
information to discuss e.g. possible effects of potentially overestimated modelled bedrock temperatures.
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2 Site description

21 Overview of the study area

Greenland hosts the second largest ice-sheet in the world after the Antarctic ice-sheet. The GrIS
covers approximately 1700000 km?, which is roughly 80 % of the area of Greenland (Figure 2-1
and 2-2). The ice-free area, found along the coast, covers approximately 410000 km? (Statistics
Greenland 2008).

The Kangerlussuaq region, where the present study, as well as the previous GAP study, are focussed,
is situated in south—western Greenland (Figure 2-1). Here, the distance from the coast to the ice-sheet
is the largest, approximately 200 km (Fredskild et al. 1989). The position far from the sea and the
proximity to the ice-sheet margin influences the local climate (see Section 2.4).

Figure 2-1. Location of the GAP study area in western Greenland (red square). The present study was
conducted at the location of the DH-GAP04 bedrock drill site, located within the GAP study area, see
Figure 2-3. From Claesson Liljedahl et al. (2016).
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The Kangerlussuaq settlement (Figure 2-2), located to the west of the study area (Figure 2-3), has
a population of approximately 500 people and is centred around the Kangerlussuaq International
Airport (SFJ in Figure 2-3), which is the largest civilian airport in Greenland. In Greenlandic terms
it is an easily accessible area with a gravel road leading all the way up to the ice-sheet and Point 660
(access point to the ice-sheet) (Figure 2-3), making the area an international research hub. The gravel
road is currently used as an access road to the ice-sheet for tourists, researchers, and locals.

The GAP study area measured approximately 200 km from east to west and 60 km from north to south.
Approximately 70 % of the study area is covered by the ice-sheet. There are a large number of lakes in
the proglacial area that were studied by the GAP and the present study (Figure 2-3).

Christiansen (2000)

B
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No Permafrost
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Figure 2-2. Location of the Kangerlussuaq, Ilulissat and Sisimiut villages, the extent of the ice-sheet and the
permafiost distribution (from Christiansen and Humlum 2000, in Jorgensen and Andreasen 2007). Permafiost
information does not apply to the ice-sheet area (white area). Temperature indications show average mean
annual ground temperature (MAGT). Figure reprinted with permission from Elsevier.
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Figure 2-3. Study area, also comprising part of the previous GAP study area (Claesson Liljedahl et al. 2016).
Isunnguata Sermia, Russell, Leverett and Isorlersuup form the major outlet glaciers in the area, whereas
Sandflugtdalen and Kugssup Alanqua constitute the major valleys of the present study. Locations of the
bedrock boreholes drilled by the GAP are indicated as coloured circles. Green circle = DH-GAPO! (see also
Figure 2-6), red circle = DH-GAPO3, and yellow circle = DH-GAP04 (see also Figure 2-5). The permafrost
modelling performed in the present study was made along a 25 km profile crossing the DH-GAP04 borehole
(vellow line), see also Figure 3-1. The proglacial ‘Talik lake’, KAN-B automatic weather station, and soil
temperature monitoring (STM) site (see the text) are all located at the site of the DH-GAPOI borehole (green).
The map clearly shows the many proglacial lakes with light grey coloured lakes being glacial meltwater lakes
whereas dark lakes are lakes without inflow of glacial meltwater. The northernmost tip of the approximately
170 km long Seondre Stromfjord is shown in the lower left corner. SFJ = Kangerlussuaq International Airport.
Blue triangle shows the location of Point 660. Background Landsat image was acquired 23 August 2000.
Modified from Claesson Liljedahl et al. (2016).

2.2 Geological setting

Greenland is dominated by Precambrian shield crystalline rocks, where the oldest areas constitute

a basement shield composed of strongly folded gneissic rocks representing the root zone of Archean
(3800-2550 Ma old) and Proterozoic (2000—1 750 Ma) orogenic belts. These belts are now merged to
form a stable coherent block surrounded by sedimentary basins formed in the Proterozoic, the Cambrian—
Silurian period and the Devonian—Neogene period (Fredskild et al. 1989, Henriksen et al. 2000). The
Kangerlussuaq area is located in the Precambrian region of south—western Greenland (Henriksen et al.
2000), where bedrock is dominated by gneisses (see Figure 2-5 in Claesson Liljedahl et al. 2016). The
area is situated within the southern part of the Nagssugtoqidian Orogen, which consists of an approxi-
mately 1900 to 1 800 Ma old fold belt that formed in a collision zone between two parts of a previously
rifted large Archaean continent. The rocks in the Nagssugtoqidian Orogen are predominantly Archaean
ortho-gneisses, with minor amounts of amphibolite and metasedimentary rocks that were reworked under
high-grade metamorphic conditions in the Palaeco—Proterozoic (van Gool et al. 2002, Garde and Hollis
2010). In addition, occasional intrusions of mafic dykes occur across the study area (Mayborn and Lesher
2006). The primary structures reflect the ductile to semi-ductile nature of the regional deformation,
including macroscale folds, a penetrative gneissic fabric and evidence of shearing. The more brittle
structures, such as open faults and fractures, are regarded as having been formed in a younger shallow,
colder, and hence, more rigid environment.
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According to regional lineament studies by Wilson et al. (2006), which focused on the on-shore
expression of continental break-up and sea-floor spreading in central West Greenland, five main
lineament systems were identified: N-S, NNE-SSW, ENE-WSW, ESE-WNW and NNW-SSE.
Based on lineament interpretation and field observations in the GAP study area, over a hundred major
deformation zones/large lineaments were identified (Engstrom et al. 2012). Apart from confirming
the five systems identified by Wilson et al. (2006), a sixth sub-horizontal system was identified in
the study area (Engstrom et al. 2012). For more information on the geology of the area, see Claesson
Liljedahl et al. (2016).

2.3 Landscape

The landscape in the Kangerlussuaq area is typical of central West Greenland, which is a fiord land-
scape with numerous long (typically around 25 km), narrow and up to 600 m deep fiords that terminate
in U-shaped valleys. Some of these valleys contain outlet glaciers and terraces, whereas others are
partially filled with terraces of glaciofluvial and marine sediments (Ten Brink 1975). The latter is true
for the valley where Kangerlussuagq is located. The Kangerlussuaq fiord (or Sendre Stremfjord) is
approximately 170 km long and between 1 to 6 km wide and receives the majority of the meltwater
discharge from the large area south of the Russell Glacier, whereas the majority of the meltwater from
the terminus of the Isunnguata Sermia outlet glacier is transported via Kugssup Alangua (Figure 2-3)
to the Sisimiut Isortuat fiord, north of Kangerlussuaq.

Meltwater from the Russell and Leverett outlet glaciers drain through the two branches of the Watson
River, which merge at the 2-3 km wide Sandflugtdalen floodplain, at the terminus of the Russell
Glacier (Figure 2-3). The thickness of the glaciolacustrine and glaciofluvial deposits in this valley is
up to 80 m (Storms et al. 2012). Southwest of Sandflugtdalen, the valley narrows, resulting in thinner
deposits. Close to Kangerlussuaq, the sediments are typically 30 m thick. The head of the Sendre
Stremfjord is filled with terraces of glaciofluvial and marine sediments of Holocene age (Storms
etal. 2012).

The highest marine limit, based on the presence of elevated marine clay terraces, is located at an
elevation of 40 = 5 m a.s.l. (Ten Brink 1974). However, since marine clays do not necessarily refer
to a palaeo-coastline elevation, this is considered a minimum value on the highest marine limit (Storms
et al. 2012). The upward vertical displacement rate of the bedrock during Neoglacial time (i.e. the
last 4000 years of the Holocene) has varied between 20 mm/a (Weidick 1993, 1996) and —5.8 mm/a
(Wahr et al. 2001). The vertical subsidence is attributed to the readvance of the ice-sheet during the
past 3000—4 000 years (Tarasov and Peltier 2002, Dietrich et al. 2005). Dietrich et al. (2005) report
a current subsidence rate of 3.1 mm/a for Kangerlussuaq. Till cover on elevated areas is usually rather
thin and heavily eroded by wind, or absent (Claesson Liljedahl et al. 2016). Due to the arid conditions,
and the supply of fine-grained sediments, various types of eolian deposits are widespread in the area
(Willemse et al. 2003).

For more information on the landscape and Quaternary deposits of the area, see Claesson Liljedahl
et al. (2016).

2.4 Climate and permafrost at the GAP and 'Talik lake’ sites

The present-day climate in the GAP study area, including the location of the DH-GAP04 borehole
site (Figure 2-5), is considered low Arctic continental, with continuous permafrost (Willemse et al.
2003). The region is characterised by a steep climate gradient from the coast to the inland, with mild
winters and cool summers with varying weather in the coastal zone and warmer, stable summers but
colder winters in the inland zone. The GrIS, reaching an elevation of 3000 m a.s.l., has a dominant
influence on precipitation and winds (Jergensen and Andreasen 2007).
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The Danish Meteorological Institute (DMI) operates a weather station in Kangerlussuaq. Figure 2-4
shows the mean monthly air temperatures from this station for the period 1961-2013 (Cappelen

et al. 2001, Cappelen 2012). For detailed temperature information see Appendix A2. The mean annual
air temperature (MAAT) at the Kangerlussuaq International Airport average —5.1 °C, ranging from
—9.1 to —0.3 °C (temperature record spanning 1977-2011, Cappelen 2012), whereas the mean annual
ground temperature (MAGT) close to the airport is approximately —2 °C at 1.25 m below ground
surface (van Tatenhove and Olesen 1994). Closer to the ice-sheet margin, at the DH-GAPO1 drill site
(Figure 2-3) by the ‘Talik lake’ (or “Two boat lake’, see below) (Figure 2-6), the MAGT for the period
2010-2013 was measured to be —3.0 °C at 1.25 m depth and —2.8 °C at 0.25 m depth (Johansson et al.
2015a). MAAT for the same location (from the KAN B weather station) and period was —4.2 °C.
Sub-zero air temperatures typically prevail at Kangerlussuaq between October to May, with winter
temperatures down to —40 °C and summer temperatures up to +20 °C.

The 1961-1990 period is considered to represent a period during which the GrIS was in approximate

balance (e.g. van Angelen et al. 2012). After this period, the mass balance of the ice-sheet has become
negative (see below). Although the weather naturally fluctuates from year to year, the GAP study was
carried out during a period with significantly warmer temperatures than the average for the 1961-1990
period (Figure 2-4).

A clear negative precipitation gradient is present from the coast to the inland. At Sisimiut, situated by
the coast approximately 120 km west of Kangerlussuaq (Figure 2-2), the annual mean precipitation is
383 mm (average for 1961-1990). The corresponding value at Kangerlussuaq, approximately 170 km
from the coast, measured at the DMI weather station is 173 mm (measured between 1977-2011), i.e.
a desert-like annual precipitation (Cappelen 2012). At Kangerlussuaq, 40 % of the annual precipitation
falls as snow and 60 % as rain. Mean surface wind speeds are low (less than 5 m/s) in the ice-free
regions of the GAP study area. Winds are dominantly easterly at ground level, an effect of thermally-
induced katabatic winds from the ice-sheet and airflow channelling in the valleys (van den Broeke and
Gallée 1996). The vegetation near the ice-sheet margin consists of dwarf-shrub tundra and steppe, with
fell fields present throughout the region (Willemse et al. 2003, Engels and Helmens 2010).
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Figure 2-4. Monthly mean air temperatures from the DMI weather station in Kangerlussuaq for the periods
1961-1990, 1974-2007 and the GAP study period 2008-2013. The 1961—1990 period is considered to
represent a period during which the GrIS was in approximate mass balance (e.g. van Angelen et al. 2012).
The temperature difference between the GAP period and the 1961-1990 period is shown as coloured bars.
From Claesson Liljedahl et al. (2016).

SKB TR-21-08 15



Kangerlussuaq is located in the southern part of the continuous permafrost zone (Figure 2-2 and Brown
et al. 1997). Based on the MAAT and MAGT, permafrost at the Kangerlussuaq airport was previously
modelled to be 100-160 m thick (van Tatenhove and Olesen 1994). Close to the ice margin and at
higher elevations, such as at the GAP bedrock drill sites (Figure 2-3), the permafrost thickness reaches
approximately 350-400 m (Harper et al. 2016). Electromagnetic soundings have shown that a wedge
of permafrost extends in under the ice-sheet for a distance of at least 2 km (Ruskeeniemi et al. 2018).
This is the case even though the basal ice temperature in the area is observed to be at the pressure melt-
ing point (e.g. Claesson Liljedahl et al. 2016, Harper et al. 2016, Harper et al. 2019), see also below.
The active layer in the area between Kangerlussuaq and the ice-sheet margin has a thickness of 0.15 to
5 m (van Tatenhove and Olesen 1994). At the ‘Talik lake’ site (see below and Figure 2-3), the thickness
of the active layer is ~ 1 m (Johansson et al. 2015a). Areas with sandy inorganic soils and discontinuous
vegetation, such as at the Talik lake site, tend to have warmer soil temperatures and a deeper active
layer than organic soils covered with dense vegetation (van Tatenhove and Olesen 1994). Periglacial
features such as pingos and ice-wedges are found in the area (e.g. Scholz and Baumann 1997).

Permafrost has a great impact on the hydrological cycle (White et al. 2007). Since extensive permafrost
acts as a largely impermeable layer, groundwater recharge and discharge are reduced, and, in areas with
continuous permafrost, groundwater recharge and discharge are restricted to taliks, i.e. unfrozen zones
in the permafrost (e.g. Kane et al. 2013, Bosson et al. 2012). Taliks are assumed to be abundant in the
GAP study area and occur beneath large lakes, rivers and fiords. Through taliks, i.e. taliks extending
through the entire thickness of the permafrost, are hypothesised to provide exchange of deep and
shallow groundwater, a process that has been investigated and observed within the GAP and GRASP
(Greenland Analogue Surface Project) studies, the latter being a SKB-funded project focusing on lake
drainage area hydrology and ecosystems (e.g. Johansson et al. 2015a, b).

Figure 2-5. Left: The DH-GAP04 borehole site. The top of the borehole is located inside the grey container.
The borehole is inclined towards the ice-sheet, i.e. into the picture. The slope between the top of borehole
location and the ice-sheet margin (see topographic profile in Figure 3-2) is not seen in the left figure since it is
hidden by the hill. Right: partly snow-covered slope down towards the margin of the Isunnguata Sermia outlet
glacier, looking towards north—east from the borehole location. Local snow accumulation is documented, by
time-lapse photography, to happen regularly in the slope down to the ice-sheet margin in this area. Left photo
taken September 18 2021, right photo April 19 2012, both by Lillemor Claesson Liljedahl.
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Thermal modelling to evaluate the required size of a water body to retain a through talik was under-
taken using circular lakes (SKB 2006). The results from this simplified study showed that a lake radius
of 0.6 times the thickness of the surrounding undisturbed permafrost is sufficient for a deep lake to
maintain a through talik. Tentative thermal modelling of the ‘Talik lake’ (Figure 2-3 and 2-6) has
shown that through taliks can form through a 300 m deep layer of permafrost in less than 500 years,
provided that the lake is wider than about 200 m. Open taliks (i.e. open upwards to the ground surface
but confined by frozen bedrock at depth) can form in less than 100 years beneath lakes that are about
100 m wide (Harper et al. 2011, Harper et al. 2016). Considering a permafrost depth of approximately
350 to 400 m (see Section 2.4.5) in the GAP study area, a lake diameter of ¢ 360-420 m is required
to maintain through taliks. The GAP study area encompasses several hundreds of proglacial lakes
(Figure 2-3 and Claesson Liljedahl et al. 2016). About 20 % of these lakes (6 % of the land surface
area) have a diameter larger than 400 m (see Figure 2-7 in Claesson Liljedahl et al. 2016). This
suggests that the permafrost in this area is perforated by through taliks, and flow pathways available
for exchange of surface water and deep groundwater through the permafrost are abundant.

The ‘Talik lake’ site

The ‘Talik lake’ (elsewhere also denoted “Two boat lake’. Both names are unofficial names) refers
to a specific lake/talik system in the proglacial part of the GAP study area (Figure 2-3 and 2-6), was
investigated as part of the GAP (Claesson Liljedahl et al. 2016, Harper et al. 2016) and GRASP
(e.g. Johansson et al. 2015a, b) studies. The lake is approximately 1200 m long and 300-400 m
wide, and has a surface area of 0.37 km?. The lake is located at an elevation of 369 m and is situated
approximately 800 m from the ice-sheet margin. The area of the catchment is 1.56 km*. The average
and maximum lake water depths are 11.3 m and 29.9 m, respectively (Johansson et al. 2015a). The
lake is situated in an area characterised by continuous permafrost, but results from the GAP project
have conclusively shown that the lake supports a through talik. Stable isotopic conditions of the talik
water indicated ongoing recharging conditions in the talik/lake system (Claesson Liljedahl et al. 2016),
whereas modelling results showed that recharge and discharge conditions in the lake/talik system may
shift in time and space (Johansson et al. 2015a, b, Vidstrand 2017). The DH-GAPO1 borehole is located
beside the lake at approximately 20 m distance from the lake shoreline (Figure 2-6). The borehole is
angled and extends in under the lake. Temperature profiling in borehole DH-GAPO1 shows that the
upper ¢ 20 m of the borehole is within permafrost and that unfrozen soil/bedrock conditions exists
further down in under the lake. This allows for a hydraulic contact between the lake and the deep
groundwater system below the permafrost (Harper et al. 2011).

Figure 2-6. The ‘Talik lake’ and the location of borehole DH-GAPOI (green dot). The location of the ‘Talik
lake’ and the DH-GAPOI borehole is shown in Figure 2-3. The lake is approximately 1200 m long and 350 to
400 m wide. The photograph was taken in 2012 by Tobias Lindborg. From Claesson Liljedahl et al. (2016).

SKB TR-21-08 17



Johansson et al. (2015a) summarise the ‘Talik lake’ catchment characteristics as follows: the catchment
area is dominated by glacial till and glaciofluvial deposits which to a large part are overlain by a layer
of eolian silt to fine sand. The total depth of eolian sediments and glacial deposits ranges from 7-12 m
in the valleys to zero along the hill sides. In the lake, a sediment thickness of up to 1.5 m has been
observed (Petrone et al. 2016). It is assumed that the observed depth of glacial deposits in the valleys
of the catchment is also present in the lake, i.e. the lake sediments are underlain by approximately
10 m of glacial till. The glacial till was deposited under the ice-sheet and glaciofluvial sediments were
deposited mostly in front of the ice margin during deglaciation of the area. Eolian silt to fine sand has
periodically been deposited after the area was deglaciated (Willemse et al. 2003).

The catchment hydrology constitutes a precipitation-driven system, with no meltwater inflow from
the ice-sheet occurring over the catchment boundary. Vegetation in the catchment is dominated by
dwarf-shrub heath. There are no trees in the catchment, and bushes rarely exceed a height of 0.5 m.
The poor vegetation results in relatively low transpiration even though the total evapotranspiration in
the catchment is relatively high. The only visible stream is at the lake outlet. Due to the low precipita-
tion in the area, the stream at the outlet of the lake is dry during long periods and the summer of 2009
was the last time, as of September 2014, that surface water outflow was observed to occur from the
lake (Johansson et al. 2015a, b).

2.5 Characteristics of the Greenland ice-sheet in the GAP
study area

The ice-sheet part of the GAP study area includes the Isunnguata Sermia, Russell, Leverett and
Isorlersuup outlet glaciers and their catchment areas (see Figure 2-3). The ice thickness in the study
area reaches approximately 1500 m with a mean thickness of approximately 800 m (Lindbéck et al.
2014). However, the ice thickness is highly variable due to the steep and undulating subglacial
topography. The ice flow direction in the area is generally directed from east to west, with a mean
surface velocity of ¢ 150 m/a (Joughin et al. 2010). The glaciated part of the GAP study area is

one of the most studied regions of the GrIS including studies of mass balance (e.g. van de Wal

et al. 2012) and ice dynamics (e.g. van de Wal et al. 2008, Bartholomew et al. 2011, Palmer et al.
2011, Sole et al. 2013, Claesson Liljedahl et al. 2016, Harper et al. 2016, 2019). One reason for the
research interest in this area is the fact that the land-terminating outlet glaciers here are isolated from
marine influences and exhibit changes in ice dynamics that are unrelated to tidewater influences and
are directly attributable to surface-melt forcing (Fitzpatrick et al. 2014).

As previously mentioned, the period 1961-1990 is often used as a reference to when the GrIS was
considered to be in approximate steady-state, whereas during the past 20 years the mass balance has
turned negative (van Angelen et al. 2012). A recent strong warming over the western part of the GrIS
is recorded by e.g. weather stations in the GAP study area (van As et al. 2012, van Angelen et al.
2014). The negative mass balance has resulted in a larger melt extent of the GrIS with an associated
increased surface runoff and discharge (Hanna et al. 2008, Ettema et al. 2009, Fettweis et al. 2011,
van As et al. 2012). Recent studies have also shown, with examples from this part of the ice-sheet,
that the sub- and englacial water storage in the ice-sheet is changing with climate (Rennermalm et al.
2013) and hence that the local hydrology may be out of balance at present.
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2.6 Deglaciation history of southern West Greenland

The average long-term climate conditions (glacial-, periglacial-, or temperate climate) that have
prevailed at the GAP bedrock drill sites are of relevance to for e.g. geochemical-, geothermal- and
permafrost analyses. A rough estimate of the average glacial cycle conditions at the GAP site was made
by employing a glacial history perspective. The present configuration of the GrIS is to a major extent
a result of the warm Holocene interglacial climate conditions. During glacial periods, the ice-sheet is
typically significantly larger. For the past ~2.5 Ma, glacial conditions have dominated Earth’s climate
(e.g. Lisiecki and Raymo 2005). In Northern Hemisphere high- to mid-latitudes, this has resulted in
larger ice-sheets than at the present-day. In e.g. Fennoscandia, the typical ice-sheet distribution for at
least the past 1 Ma therefore contained significantly more ice than the present, very restricted, mountain
glaciation (Porter 1989, Kleman et al. 2008). Also, it is very likely that the average configuration of the
GrIS has been larger than the present one for the past million years, since this was the case for both the
Fennoscandian and Laurentide ice-sheets at similar latitude (e.g. Porter 1989).

Given that the GAP bedrock boreholes are located in the proglacial marginal area of the present-day
ice-sheet, it is likely that the drill sites have been dominated by ice-covered conditions, on average,
over the past 1 Ma. During the relatively shorter interstadial and interglacial periods, the drill sites
could either have experienced periglacial climate conditions (i.e. with presence of permafrost) or
even temperate climate conditions (here defined as a warm climate without presence of permafrost
or an ice-sheet). However, on average for the whole 1 Ma period, glacial conditions most probably
have dominated.

During the Last Glacial Maximum (LGM), the GrIS was much more extensive than at present and the
ice-sheet margin extended offshore, at least onto the continental shelf (Fredskild et al. 1989, Bennike
and Bjork 2002), see Figure 2-7. At the beginning of the Holocene, the ice margin retreated towards
the east to a position close to the modern coastline (Funder and Hansen 1996). Subsequently, due

to increasing air temperatures and low annual precipitation (Anderson and Leng 2004, Aebly and
Fritz 2009), the ice margin continued to retreat. During the resulting deglaciation, a series of regional
moraine systems formed during temporary halts in the retreat. In the GAP study area, such moraine
systems have been mapped and dated by Ten Brink and Weidick (1974), van Tatenhove et al. (1996),
Forman et al. (2007) and Levy et al. (2012). Deglaciation of the present-day coastal area in south—
western Greenland started around 12.3 ka BP, and most of the ice-sheet margin reached its present
position between 6.5 and 7 ka BP (Ten Brink and Weidick 1974, van Tatenhove et al. 1996). The retreat
was fast and, at ~6 ka BP, the ice margin was behind its present position and remained there until the
Little Ice Age (LIA) readvance (van Tatenhove et al. 1996, Forman et al. 2007). It is assumed that the
minimum position was reached by 5 ka BP (Weidick 1993). Neoglacial readvance may have started as
early as 4 800 years BP and culminated about 2 ka BP (van Tatenhove et al. 1996, Forman et al. 2007).
The climate subsequently started to warm and around 1 ka BP it was warmer than at present. The ice-
sheet advanced again during the LIA, when the ice margin of western Greenland was approximately
1-2 km west from its current position (Csatho et al. 2005). During the LIA, the Isunnguata Sermia
ice margin was only 50-200 m beyond its present margin (Forman et al. 2007), with the maximum
position reached around 1850 AD. However, the DH-GAPO04 drill site (Figure 2-5) has probably not
been ice covered during the past 7.1 ka (cf Levy et al. 2018). Forman et al. (2007) reported that the ice-
sheet has retreated to its present position over the past 100 years. Thinning of the ice-sheet at elevations
below 1500 m a.s.]. has accompanied this retreat (Krabill et al. 2000, Johannessen et al. 2005). Based
on current understanding, neither of the GAP bedrock borehole drill sites (see Section 2.4) were
ice-covered during the LIA (cf Forman et al. 2007).
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Figure 2-7. Cartoon showing the deglaciation history of the Kangerlussuaq arvea (Figure 2-2 and 2-3) since
the Last Glacial Maximum (LGM). Many of the present lakes were likely formed as soon as the area was
exposed from the retreating ice-sheet. These lakes were first filled with meltwaters and later turned into non-
glacial lakes, implying that the growth of permafrost was prevented under these lakes when the climate started
to cool during the neoglacial re-advance. Moraine ages are presented as '*C BP and are from van Tatenhove
et al. (1996). From Claesson Liljedahl et al. (2016).
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3 Methods and input data

3.1 Permafrost models

Two versions of the permafrost model are evaluated in the present study, the permafrost models used
in Hartikainen et al. (2010) and Brandefelt et al. (2013) employed at the Forsmark site, south central
Sweden, referred to as Model A and Model B, respectively. The models compute the time-evolution
of 1) ground surface, soil and bedrock temperatures, ii) groundwater pressure, and iii) groundwater
salinity concentration. The computations make use of a representation of the initial thermal and hydro-
geochemical state of the ground and the model domain boundary conditions as well as data on
measured thermal and hydraulic properties of the soil and bedrock.

The permafrost models (A and B) consist of two sub-models: a continuum mechanics-based subsurface
model for freezing and thawing ground, and a statistical surface model that generates transient thermal
and hydraulic upper boundary conditions for the subsurface model. The A and B permafrost models are
identical, except that the surface model of Model B also accounts for the thermal offset induced by the
seasonal freezing and thawing of the active soil layer (Goodrich 1978).

3.1.1 Subsurface model

The subsurface model is based on the principles of continuum mechanics and theories of mixture and
porous medium. It is composed of the balance laws of mass, momentum and energy accompanied
by constitutive equations for heat conduction, groundwater flow, transport of dissolved salts, and
the phase change between water and ice. The model represents the relevant cryogenic processes of
freezing and thawing of ground including heat transfer, density-dependent groundwater flow and salt
transport, freezing and melting of pressurised saline groundwater, and the exclusion of salt during
freezing. The perennially frozen ground is defined by the equilibrium of Gibb’s free energy function
between water and ice depending on the temperature, groundwater pressure, salinity concentration
and physicochemical properties of rock and soil. Deformations of the soil and bedrock are omitted
in the permafrost model. The output consists of time series for mean annual ground temperature
(MAGT), groundwater pressure and salinity concentration of groundwater as well as heat diffusion,
groundwater flow and diffusion-dispersion of salt in groundwater. The formulation of the model is
given in Hartikainen et al. (2010) and the comprehensive thermodynamic derivation is presented in
Hartikainen (2018).

3.1.2 Surface models

The surface model renders climate and environmental conditions into transient thermal and hydraulic
surface boundary conditions for the subsurface model. To calculate the ground surface temperature for
vegetated and barren locations, the air temperature is used together with empirical ratios between the
ground surface temperature and air temperature, so-called n-factors. These n-factors are summarised
below and the representative values for the non-glaciated GAP site are determined. A more detailed
description is given in Hartikainen et al. (2010).

The mean annual ground surface temperature (MAGST), T,, is determined by MAAT, T,, the annual
air temperature amplitude 4, as well as the freezing and thawing n-factors n; and ny, by the following
equations

T,=aT, +b, 3-1)
where

= [= Zarcsin (2)] g + [ + Larcsin (2) g (3-2)
and

b =~ cos|arcsin (:—)] (Nen — M)Ay (3-3)

SKB TR-21-08 21



The annual air-temperature amplitude is assumed to depend on the prevailing climate, such that it
becomes larger (smaller) when MAAT decreases (increases):

A, = { 9 °C— 0.4T,, High precipitation variant (3-4)

10°C — 0.7T, Low precipitation variant ’

where, following Hartikainen et al. (2010), 9 °C and 10 °C are the air temperature amplitudes for the
MAAT = 0 °C. The low precipitation variant represents conditions typical for more arid climates,
whereas the high precipitation variant represents conditions typical for climates with higher moisture
content in the air and more abundant precipitation. These differences imply that the low precipitation
variant has a larger amplitude of the seasonal cycle than high precipitation variant.

The n-factors are defined by the equations

ts—

_k

Ts(0) dt _BtTmde
fota‘ To(t) dt

Ngr \4 Ts < Tfr' Ta <0° C, Ny = fta+T © dt v Ts > Tfr' Ta >0°C s (3-5)
0 a

such that the freezing n-factor, ny, is the relation between the annual time integrals of the interannual
(daily or monthly) ground surface temperature 7, (¢) and the air temperature 7, (¢) below the freezing
point 7} and 0 °C. The thawing n-factor, ny, is the relation between the time integrals of the interannual
ground surface temperature and the air temperature above 7} and 0 °C, respectively (Lunardini 1978).

The negative and positive signs in the integral limits signify the periods of a year £, when the tempera-

tures are below and above these limits.

The n-factors have been defined in Hartikainen et al. (2010) for boreal, sub-arctic and arctic climatic
zones, and for dry, fresh-moist and wet surface moisture conditions based on field measurements
for prevailing climates, vegetation and surface moisture conditions in permafrost regions in North
America (Klene et al. 2001, 2008, Karunaratne and Burn 2003, 2004, Kade et al. 2006, Hinkel et al.
2008, Karunaratne et al. 2008). The values for arid climates with low precipitation (Dry variant

in Hartikainen et al. 2010) and for damp climates with abundant precipitation (Humid variant in
Hartikainen et al. 2010) are represented in Table 3-1 and Table 3-2, respectively. Precipitation acts
on the different surface moisture conditions through the n-factors by a smaller n-factor for higher
precipitation.

The representative n-factors for the GAP site are interpolated from the prescribed values by mapping
the measured five-year (2011-2016) monthly mean summer (June—August) precipitation of 24 mm
and winter (December—February) precipitation of 16 mm as measured at the meteorological station
(KAN_B) located at the DH-GAPOI site (Johansson 2016) against the precipitation thresholds in
Table 3-1 and Table 3-2. The results are presented in Table 3-3. The annual air temperature amplitude
shown in the table is computed by using air temperature and precipitation data from the DH-GAPO1
site (Johansson et al. 2015a, Johansson 2016).

Table 3-1. Freezing and thawing n-factors for arid climates with low precipitation (‘Dry variant’
in Hartikainen et al. 2010) for boreal, subarctic and arctic climatic zones and dry, fresh-moist and
wet surface moisture conditions.

Climatic zone | Air temperature (°C) | Monthly mean n-factors
precipitation (mm)

MAAT Amplitude |Winter Summer Surface moisture condition
TWI Dry<10.9 Fresh-moist 10.9-13.2 Wet > 13.2

Boreal >0 <13 10 10 Ny, 1.4 1.4 1.4
Ny 0.3 0.3 0.3
Subarctic -6-0 17-13 1 5 Niy 1.0 0.9 0.8
Ny 0.9 0.8 0.6
Arctic <-6 > 17 1 5 Ny, 1.2 0.8 0.7
Ny 1.0 0.8 0.6
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Table 3-2. Freezing and thawing n-factors for damp climates with abundant precipitation (‘Humid
variant’ in Hartikainen et al. 2010) for boreal, subarctic and arctic climatic zones and dry, fresh-
moist and wet surface moisture conditions.

Climatic zone | Air temperature (°C) | Monthly mean n-factors
precipitation (mm)

MAAT  Amplitude Winter Summer Surface moisture condition
TWI Dry<10.9 Fresh-moist 10.9-13.2 Wet> 13.2

Boreal >0 <N 50 60 Ny 1.2 1.2 1.2
Ny 0.2 0.2 0.2
Subarctic -6-0 13-1 40 60 Ny 0.8 0.7 0.6
Ny 0.5 0.4 0.2
Arctic <-6 >13 40 60 Ny 0.8 0.5 0.4
Ny 0.7 0.4 0.3

Table 3-3. Freezing and thawing n-factors for the GAP site for boreal, subarctic and arctic climatic
zones and dry, fresh-moist and wet surface moisture conditions based on the present-day
precipitation.

Climatic zone | Air temperature (°C) | n-factors

MAAT  Amplitude Surface moisture condition
TWI Dry<10.9 Fresh-moist 10.9-13.2 Wet > 13.2

Boreal >0 <12 Ny, 1.34 1.34 1.34
Ny 0.29 0.29 0.29
Subarctic -6-0 16-12 Ny, 0.93 0.83 0.73
Ny 0.75 0.65 0.45
Arctic <-6 > 16 Ny, 1.06 0.70 0.60
Ny 0.88 0.65 0.48

Thermal offset

The thermal offset (TO) is a decrease in MAGT in the active layer, influencing MAGT throughout the
bedrock. It is mainly caused by the change in soil thermal conductivity due to seasonal freezing and
thawing of the active soil layer (Goodrich 1978). Using the unfrozen and frozen thermal conductivity
of soil £, TO can be defined by the double integral

_ 1 1 .ty Ts(t)
AT = _FTS)E OyfTS k(T)dT dt | (3-6)
where the interannual surface temperature 7, (¢) is approximated by means of the interannual air
temperature 7, and the n-factors such that

_(neT,(t), T, <0
5O = ot 7. = 0 -7)
The interannual air temperature, in turn, is defined by the sinusoidal formula
Ta(t) = Ty + A sin ==, (3-8)
y

In Model B, used in Brandefelt et al. (2013), TO is implemented to the ground-surface temperature

boundary condition such that surface temperature in Equation 3-1 is reduced by the amount of TO.
In Model A, used in Hartikainen et al. (2010), zero TO is applied. The other boundary conditions are
described in Section 3.3.2.
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3.1.3 Numerical method

The numerical method is described in Hartikainen et al. (2010). It is based on the finite element method
and adaptive time stepping algorithm. The coupled nonlinear equations are linearised by using the
Newton-Raphson method (Mikkola and Hartikainen 2001, 2002), and the resulting linearised equation
system is solved iteratively by using the finite element research code by Kouhia (1999).

3.1.4 Model domain and time frame

The 2D model domain encompasses an approximately 26 km long and 10 km deep vertical profile,
aligned in the direction of the inclined DH-GAP04 bedrock borehole (Claesson Liljedahl et al. 2016)
and is thereby oriented in a NNE-SSW direction (Figure 3-1). Note that, in order to cover the full
widths of the two adjacent outlet glaciers, the model domain is about 9 km longer than that the 15 km
long profile used for the Forsmark simulations in Hartikainen et al. (2010) and Brandefelt et al. (2013).
This difference is however of no importance for the resulting bedrock temperatures used in the model
evaluation.
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Figure 3-1. a) location of the 2D permafrost model domain (yellow line), the soil temperature measurement
(STM) site (green square) and the DH-GAPO04 drill site (pink square) on the map of the GAP site. Lakes are
shown in blue and the ice-sheet in cyan. b) map view of the DH-GAP04 bedrock borehole (magenta line),
inclined to NE, in the same direction as the 2D model domain. c) location of the STM site (green diamond),
AWS (KAN_B) (green square) and DH-GAPOI bedrock borehole (green circle) close to the ’Talik lake’
(blue). Contour lines (brown) in all panels depict the topography of the ground surface, also below the
ice-sheet. Location of the ice margin around 7.1 ka BP is based on the results by Levy et al. (2018).
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The model domain consists of a soil layer and bedrock (Figure 3-2). At the DH-GAPO4 site (Figure 2-5),
the soil thickness in the soil model (Appendix A3) is typically around 20 m except locations close to the
ice-sheet margin, where the soil thickness may be up to 60 m. The upper part of the bedrock is divided
into seven 100-m thick layers with prescribed material properties based on site data (Section 3.2). For
the lower part of the bedrock, with no site data, average material properties of the site data are assigned.

In addition, the soil temperatures measured at the STM site is used for the evaluation of the surface
models. It is located close to the DH-GAPO1 borehole and the *Talik lake’ (Figure 2-3 and 3-1).

The modelled time frame covers the last glacial cycle, with simulations starting at 104 ka BP and ending
at the present day. For the study area, the timing of ice-sheet coverage in the area during this period has
been deduced from ice-sheet modelling (see further Section 3.2.1); this comprises a period of ice-sheet
coverage between 104 and 7 ka BP, an ice-free period between 7 and 0.5 ka BP and a readvance of the
GrIS during approximately the last 1000 years BP to the present position.
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Figure 3-2. Vertical extent of the 2D model domain. The bedrock is shown in grey, the soil layer in green and
the ice-sheet in cyan. The seven 100-m thick rock layers are depicted by black lines. The DH-GAP04 bedrock
borehole is shown in magenta. The blue bars above the model domain show the location of lakes. The two
depth measures, depth below the local ground level (LGL) and depth below top of borehole (TOB), are used for
presenting results along the borehole. Note that the reference location for the depth below local ground level
(LGL) varies along the length of the borehole, i.e. the measure gives the local depth below the sloping ground
surface along all parts of the borehole. Also note that the soil layer is too thick in the model, see the text.
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3.2 Input data

The input data consist of basal ice temperature, basal ice condition and ice-sheet thickness for the
glacial conditions, Middle and Late Holocene air temperature, topographic wetness index describing
the surface moisture conditions, water bodies as well as thermal and hydrological properties of bedrock
and soil cover, geothermal heat flow and initial salinity concentration of groundwater. The data are
based on field measurements, modelling results and reviewed literature, see below.

3.2.1 Surface properties and conditions
Glacial conditions

Time series of basal ice temperature and ice-sheet thickness of the last glacial cycle, shown in
Figure 3-3, are derived from two simulations of the GrlIS using the thermomechanical ice-sheet model
SICOPOLIS. For a description of the SICOPOLIS model, see Greve (1997) and Greve et al. (2011).
The simulations are hereafter referred to as the reference and sensitivity SICOPOLIS simulations, and
they use different representations of the geothermal heat flow as boundary condition (Appendix A1).
The results from the SICOPOLIS simulations indicate that the site is ice-covered for the entire glacial
cycle except for a short period between 7 ka BP and present-day (Figure 3-3). The last readvance
of the GrIS is estimated to have taken place between 1800 and 200 years BP (Willemse et al. 2003,
Young and Briner 2015, Levy et al. 2018). Using the results by Levy et al. (2018), we estimate that
approximately the first third of the angled DH-GAPO04 borehole projection to the surface has been
ice free since 7.1 ka BP (Figure 3-1), whereas the middle third was exposed later than 200 years BP.
During the readvance the ice-sheet is assumed to reach the position, surface elevation and thickness
of the present-day ice-sheet (Claesson Liljedahl et al. 2016, Harper et al. 2016). The basal ice tempera-
ture data are used to construct the initial surface boundary conditions during the ice-covered periods
of the last glacial cycle.
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Figure 3-3. Evolution of ice thickness and basal temperature over the DH-GAP04 borehole for the reference
and sensitivity SICOPOLIS simulations (using different geothermal heat flow) during the glacial period
(1047 ka BP). For the time axis the exponential scale t'” is used.
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There is a large uncertainty associated with the last glacial cycle air temperature used as forcing in the
SICOPOLIS simulations (see Appendix A1). The air temperature reconstructions introduced for the last
7 ka in the next section indicate a warmer climate and thereby higher air temperature than that used in
the SICOPOLIS simulations for the same period (Figure 3-4). Higher air temperatures than used in the

simulations can result in increased basal temperatures, and thus higher MAGT.

Air temperature and precipitation over the last 7 ka

The air temperature input data are used to construct the ground surface temperature for the last 7 ka
(approximately corresponding the Middle and Late Holocene) for vegetated and barren conditions,
i.e. corresponding to the ice-free period between 7 ka BP and present-day in Figure 3-3. In this study,
two air temperature reconstructions are used (Vinther et al. 2009, Kobashi et al. 2017), described in
detail in Appendix A2.1. The resulting air temperatures (100-year averages) for the DH-GAPO1 site
are presented in Figure 3-4.

Based on the MAAT from the Kangerlussuaq and KAN B (DH-GAPO1 drill site) weather station
(Appendix A2.1) and on the 1.6 m air temperature data from the STM sites at the DH-GAPO1 and
DH-GAPO3 drill sites (Appendix A2.3), the annual lapse rate (vertical component of air temperature
gradient) can vary between —0.9 and —1.5 °C km™' at the GAP site. This implies that the present-day
air temperature at the DH-GAPO04 site can be 0.2—0.3 °C lower than that at the DH-GAPO1 site.
Along the 2D model domain with the bed elevation variation between —145 and 620 m and the
—1.5 °C km™' lapse rate, the air temperature can vary from +0.8 to —0.4 °C from the air temperature
at the DH-GAPOI1 drill site at the 380 m elevation. However, without information on the present-day
and Middle and Late Holocene local climate at the DH-GAPO04 site, in combination with limited
information on the lapse rate at the GAP site, the air temperature reconstructions constructed for the
DH-GAPOL site is used for the 2D model domain.

The Holocene precipitation is poorly constrained. Records provide strong evidence for greatly reduced
effective moisture during the Middle Holocene (7.1-5 ka BP) relative to the present day, whereas
the Late Holocene precipitation remains vague (Briner et al. 2016). Nevertheless, the low and high
precipitation variants with 40 and 280 mm annual precipitations, respectively, are assumed to provide
a suitable precipitation range for the last 7 ka.
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Figure 3-4. Reconstructed 100-year average MAAT for the last 7 ka based on d"°O proxy ice-core records
(Vinther et al. 2009) (blue) and argon and nitrogen isotope proxy ice-core records (Kobashi et al. 2017) (red).
The MAAT at 500 years intervals used in the SICOPOLIS simulations (Greve et al. 2011), downscaled to the

DH-GAPOI site, is also shown (black).
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Topographic wetness index

The topographical wetness index (TWI) is used to map the n-factors to the ground surface along the
2D model domain by calculating the likelihood for soil saturation as a function of specific catchment
area and local ground surface slope (Beven and Kirkby 1979), see also Hartikainen et al. (2010). These
calculations are presented in Appendix A2. The resulting TWI values are related to the surface moisture
conditions such that the values less than 10.9, between 10.9 and 13.2 and larger than 13.2 represent dry,
fresh-moist and wet surface conditions, respectively (Hartikainen et al. 2010).

The distribution of TWI and the corresponding surface moisture conditions at the DH-GAPO1 and
DH-GAPO04 bedrock drill sites with the presence of ice-sheet and no ice-sheet are given in Figure 3-5,
see also Appendix A2.2. The results illustrate clearly that TWI yields predominantly dry surface
conditions for the GAP site. Fresh-moist and wet conditions occur merely in narrow zones and mainly
in depressions (Figures A2-6 and A2-7). Patches of fresh-moist surface conditions are found at the
DH-GAPO1 and DH-GAPO04 drill sites, where even wet surface conditions can be detected in front
of the ice sheet (Figure 3-5).
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Figure 3-5. Topographic wetness index (TWI) and the corresponding surface moisture condition for the
DH-GAPO04 site with an absence (a) and presence (b) of ice-sheet, and for the ice-free DH-GAPO1 site (c).
The locations of the sites are shown in Figure 3-1. Location of the ice margin around 7.1 ka BP is based
on the results by Levy et al. (2018).
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Water bodies

Water bodies influence the thermal and hydraulic surface boundary conditions. The input data
include the location and extent of water bodies (proglacial lakes and meltwater lakes at the ice-sheet
margin), which are extracted from the soil map shown in Figure 3-2 and in Figure A3-9 and A3-10
(Appendix A3.3). It is assumed that the lakes and meltwater lakes have maintained their present
positions and extents since the deglaciation. The variation in the extent of lakes has a negligible effect
on the bedrock temperatures at the DH-GAPO04 drill site, since the nearest lake is located 1800 m
from the site.

3.2.2 Subsurface properties and conditions
Material properties of bedrock and soil cover

Material properties of the bedrock are described in Appendix A3.2. The hydraulic conductivity and
soil properties are adopted from the Forsmark site (Hartikainen et al. 2010) due to the lack of data
for these parameters for the DH-GAPO04 site. The hydraulic conductivity is assumed to be the same
to the depth-dependent hydraulic conductivity of the rock mass at Forsmark, the site in south-central
Sweden studied in Hartikainen et al. (2010), see Chapter 1. This is motivated by the similar type of
crystalline bedrock at the sites, and by the overall purpose of evaluating the permafrost model as used
at Forsmark site. The 100 metre-average values for the rock layers shown in Figure 3-2 are presented
in Table 3-4.

The single layered soil cover consisting of till, glaciofluvial sediments, Eolian sand or gyttja is based
on the soil map described in Appendix A3.3. The soil types are assumed to have similar thermal and
hydraulic properties as the soil cover at the Forsmark site (Hartikainen et al. 2010). Considering that

the effect of convective heat transfer on the permafrost development has proved to be negligible
(Hartikainen et al. 2010), the hydraulic properties can be assumed to have a negligible effect on the
permafrost development as well. The thermal and hydrological soil properties are presented in Table 3-5.
The soil thickness at the DH-GAPO04 drill site is overestimated in the soil model. The uncertainty in soil
thickness is handled by a dedicated sensitivity analysis on soil thickness (see Section 3.3.3).

Table 3-4. Thermal and hydrological properties of rock. The average values for the 0-700 m depths
are adopted for depths larger than 700 m (i.e. for > 700 to 9400 m).

Rock layer
Parameter Unit 0-100 m 100-200 m 200-300 m 300-400 m 400-500 m 500-600 m 600-700m > 700 m
Thermal Wm'K" 242 2.39 2.45 2.24 1.77 2.33 2.28 2.28
conductivity
Specific heat Jkg' K" 682 671 673 676 687 682 678 678
capacity

Radiogenic Wm™ 3.0x107 3.0x107 3.0x107 3.0x107 3.0x107 3.0x107 3.0x107 3.0x107

heat production

Bulk density kg m™ 3218 3229 2786 2736 2768 2771 2935 2935
Total porosity % 0.43 0.54 0.43 0.54 0.95 0.62 0.58 0.58
Horizontal ms™ 10°° 5.0x10°¢ 10°® 10" 10" 10" 10" 10"
hydraulic

conductivity

Vertical ms™ 107 5.0x10% 107 10" 10" 10" 10" 10"
hydraulic

conductivity

Parameters for the unfrozen groundwater content function

o - 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
e, - 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006
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Table 3-5. Thermal and hydraulic properties of soil cover. The data is from the Forsmark site,
see Hartikainen et al. (2010).

Soil type

Parameter Unit Gyttja Eolian sand Glaciofluvial sediments Till
Thermal conductivity Wm™K"' 0.6 219 1.0 214
Heat capacity Jm3 K™ 4.2x10° 2.7x10° 3.4x10° 2.5x10°
Bulk density kg m™ 46.4 1800 900 2000
Total and kinematic % 50 35 45 25
porosity
Hydraulic conductivity m s’ 3.0x107 1.5x10™ 1.5x107® 1.5x107¢
Parameters for the unfrozen groundwater content function
%o - 0.1 0.1 0.9 0.6

- 0.006 0.006 0.004 0.002

€s

Geothermal heat flow

The measured vertical geothermal heat flow is based on the temperature measurements made in the

DH-GAPO04 borehole over the period September 2016 — August 2017 (Claesson Liljedahl et al. 2021).
The heat flow is determined as a product of the vertical component of the measured temperature gradi-
ent and thermal conductivity. Both factors are calculated as 50 metres running means (Appendix A3.2).

The geothermal heat flow at the bottom of the model domain at the —9400 m elevation (10 km depth)
is undisturbed by the long-term climate change at the ground surface. In the absence of geothermal
heat flow data from several km depths, the geothermal heat flow at the bottom of the model domain
is described by a near surface palaeoclimatically corrected 200 m average vertical geothermal heat
flow of 37.8 mWm . This palaeoclimatically corrected geothermal heat flow value was obtained
from the measured present-day average vertical geothermal heat flow of 28.0 mWm ™ and an average
palaeoclimatic correction of 9.8 mWm™, both values calculated for the 280-480 m depth interval
(depth below LGL), see Appendix A3.2.9. The palaeoclimatic correction is computed by using

a unidimensional heat conduction equation and glacial cycle (104—0 ka BP) site-average surface
temperatures based on the basal ice temperature history of the SICOPOLIS simulations (Section 3.2.1,
Appendix A1) during the glacial period (104—7 ka BP) and the ground surface temperature history
during 7-0 ka BP (Section 3.2.9, Appendix A3).

Initial salinity concentration of groundwater

Data on groundwater salinity concentration at the beginning of the last glacial cycle is not available.
Therefore, due to the similar type of crystalline bedrock between the sites and the overall purpose

of evaluating the permafrost model as used for the Forsmark site, the initial salinity concentration

of groundwater at 104 ka BP is assumed to be similar with the initial salinity distribution in Hartikainen
et al. (2010) corresponding to the ionic composition of the present-day groundwater at Forsmark.

3.3  Numerical simulations
3.3.1 Finite element mesh and temporal discretisation

The numerical implementation, including the spatial and temporal resolution, is identical to the ones
used in the previous Forsmark studies (Hartikainen et al. 2010, Brandefelt et al. 2013). To this end, the
model domain (Figure 3-2) is discretised by using an unstructured finite element mesh of linear triangle
elements. The mean grid spacing varies from less than 1 m close to the ground surface to about 300 m
at the bottom of the model domain. The material properties for the bedrock and soil cover are described
in Section 3.2.2.
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Time is discretised by using a time step of 500 years from the beginning (104 ka BP) until LGM
(20 ka BP) and 100 years from LGM until the present. The adaptive time integration scheme controls
the time step depending on the convergence of the numerical solution such that it can be shorten
to around one year from the 100- or 500-year default values. The annual time integral for TO in
Equation 3-6 is calculated numerically by using one day long time intervals.

3.3.2 Boundary and initial conditions

For ground surface locations covered by the ice-sheet, the ground surface temperature is set equal
to the basal ice temperature. Since the deformations of the soil and bedrock are omitted, the surface
groundwater pressure corresponds to the atmospheric pressure when the ice-sheet is cold-based,
whereas it is set equal to the hydrostatic pressure corresponding to the weight of the overlying ice
when the ice-sheet is warm-based. For vegetated or barren locations, the surface temperature is set
to the modelled MAGST (described in Section 3.1.2) and the surface groundwater pressure is set to
correspond to the atmospheric pressure. For locations covered by water bodies, the ground surface
temperature is set to a constant value of +4 °C and the atmospheric surface groundwater pressure
is increased by a hydrostatic pressure of 98.1 kPa corresponding to an approximate average water
depth of 10 metres for the lakes on the model domain. The groundwater salinity concentration is
fixed to the constant value of 0.04 mass-%.

At the bottom of the model domain, the heat flow is set to 35.9 = 2.0 mWm 2. It is calculated from
the palaeoclimatically-corrected near surface vertical geothermal heat flow of 37.8 £ 2.0 mWm™
(see Section 3.2.2, Appendix 3.2.8 and Appendix 3.2.9) by removing the effect of the radiogenic heat
production of the 10 km-thick rock mass amounting to 1.9 mWm . The groundwater flow is zero
at the bottom of the domain and the salt diffusion-dispersion flow has a constant value of 3 mm a™'
representing the dissolution of soluble salts from the rock matrix (Hartikainen et al. 2010). Both side
boundaries are set to be no-flow boundaries.

The initial conditions for MAGT and groundwater pressure are obtained as a solution of a stationary
heat conduction and groundwater flow problem for given mean glacial-cycle surface temperature,
constant surface groundwater pressure and initial salinity concentration of the groundwater. Based
on the information that the climate has been evolving during the past glacial cycles in a more or
less similar manner, the resulting mean glacial-cycle surface temperature evolves slowly. Therefore,
the mean glacial-cycle surface temperature was determined by using the results of SICOPOLIS
simulations and the ground surface temperature reconstructions for the last 7 ka (Section 3.2). The
surface groundwater pressure is set to the atmospheric pressure. The initial salinity concentration
of groundwater is assumed to be similar with the initial salinity distribution in Hartikainen et al.
(2010) (Section 3.2.2).

3.3.3 Test cases

The impacts of surface and subsurface conditions on the evolution of permafrost and frozen ground
are investigated in various test cases covering plausible variations of the climate and basal ice-sheet
conditions as well as uncertainties identified in previous studies (SKB 2006, Hartikainen et al. 2010).

The test cases are organised according to six relevant factors including i) MAAT, ii) precipitation,
ii1) glacial conditions, iv) timing of the last ice-sheet readvance, v) geothermal heat flow and vi) soil
thickness as follows:

Middle and Late Holocene MAAT

V. Middle and Late Holocene MAAT (Figure 3-4) is based on the proxy ice-core records
of "0 by Vinther et al. (2009).

K. Middle and Late Holocene MAAT (Figure 3-4) is based on the proxy ice-core records
of argon and nitrogen isotopes by Kobashi et al. (2017).
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Precipitation

L.

H.

The low precipitation case assumes that low precipitation with the maximum monthly
precipitation of 5 mm in summer and 1 mm in winter dominates throughout the Holocene.

The high precipitation case assumes that the present-day precipitation at the DH-GAPO1 site
(Johansson et al. 2015a) prevails during the entire Holocene.

Glacial conditions

G.

Gbh.

Gbt.

Glacial conditions are based on the reference SICOPOLIS simulation, see Section 3.2.2
and Appendix Al.

The spatial distribution of the geothermal heat flow used in the SICOPOLIS simulation
(based on Greve et al. 2019, see Section 3.2.2) assumes relatively low values, comparable
to the measured value at GAP, for a large area surrounding the GAP site (Figure A1-1).
Measurements of the geothermal heat flow across Greenland are however rare (e.g. Greve
etal. 2019, Colgan et al. 2022). Studies of HFD in Fennoscandia have shown a large
spatial variability in HFD (Néslund et al. 2005), both on a local and regional scale. Given
the similar geological settings between Fennoscandia and Greenland, there is therefore

a large uncertainty related to the prevailing geothermal heat flux within a few hundreds
of km around the GAP site. In particular, the geothermal heat flux upstream (east of)

the GAP site is important. If the HFD is underestimated in this region in the ice-sheet
simulation based on Greve et al. (2019), see Section 3.2.2, the ice advected from this area
in over the GAP site would be too cold and the simulated bedrock temperatures would be
affected accordingly. Therefore, a sensitivity case with higher HFD in this upstream area
was constructed, allowing for higher basal temperatures and warmer ice from this area
to be advected towards the GAP site. Hence, in this sensitivity case, we investigate this
upstream effect on the GAP MAGT by using an alternative map of geothermal heat-flux
in SICOPOLIS, as described in Appendix Al.

There is a large uncertainty associated with the last glacial cycle air temperature used as
forcing in the SICOPOLIS simulations (Appendix Al). A warmer climate than used in the
simulations may result in increased basal temperatures, and thus a higher MAGT. Therefore,
in this sensitivity case, the subglacial temperature of the reference SICOPOLIS simulation
is increased by the amount of the estimated uncertainty of 2.5 °C in the glacial MAAT

but never above the pressure melting point of ice. This is estimated from the difference

in the downscaled MAAT used in the SICOPOLIS simulations and the above two MAAT
reconstructions for the last 7 ka (Figure 3-4).

Timing of the last ice-sheet readvance

32

200.

500.

800.

1800.

The ice-sheet readvances into approximately the present-day location by the end of the
Little Ice Age. This is considered to be the latest plausible readvance based on Willemse
et al. (2003).

The ice-sheet readvances into proximity of the present-day location at around 500 years BP,
i.e. at the onset of the Little Ice Age, based on the SICOPOLIS simulations.

The ice-sheet readvances into proximity of the present-day location at around 800 years BP,
i.e. before of the Little Ice Age, based on Young and Briner (2015).

The ice-sheet readvances into proximity of the present-day location at around 1800 years BP.
This assumes the earliest plausible readvance according to Young and Briner (2015).
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Geothermal heat flow

Min. A geothermal heat flow of 33.9 mWm ™ at the bottom of the model domain (at 10 km
depth), based on a minimum palaeoclimatic correction of 7.8 mWm* for the 200 metres
average geothermal heat flow between 280 and 480 metres depth (Section 3.2.3 and
Appendix A3.2.9).

Mean. A geothermal heat flow at the bottom of the model domain (at 10 km depth), based on the
measured present-day vertical geothermal heat flow of 28.0 mWm ? calculated for the depth
interval between 280 and 480 metres by using the mean annual borehole temperature for
September 2016 — August 2017 and the mean palaeoclimatic correction of 9.8 mWm* based
on the 32 surface temperature cases.

Max. A geothermal heat flow of 37.9 mWm ™ at the bottom of the model domain (at 10 km
depth), based on a maximum palaeoclimatic correction of 11.8 mWm? for the 200 metres
average geothermal heat flow between 280 and 480 metres depths (Section 3.2.3 and
Appendix A3.2.9).

Soil thickness
S100. The soil cover is based on the soil map and model seen in Figures A3-9 and A3-10.

S10. The thickness of the soil cover based on the soil model is reduced to 10 % everywhere by
rescaling the soil thickness of the soil model (Figure A3-10) by the factor 0.1. From observa-
tions around the DH-GAPO04 borehole, it can be concluded that the soil model (Figure A3-10)
considerably overestimates the soil thickness in this area (see Appendix A3.3.2). Since this
area is used for a comparison between measured bedrock temperatures from the borehole
and corresponding modelled bedrock temperatures, this sensitivity case is constructed for the
model evaluation.

Combining the two MAAT cases (V, K), two precipitation cases (L, H), two glacial condition cases
(G, Gbh) and two cases for the timing of the last ice-sheet readvance (500, 800) together with the
mean geothermal heat flow case (Mean) and the soil thickness case based on the soil map (S100)
composes a core of 16 test cases. An additional 16 test cases are formed to investigate further uncer-
tainties related to the Weichselian glacial conditions (Gbt), timing of the last readvance of GrIS (200,
1800), geothermal heat flow (Min, Max) and soil thickness (S10). In the evaluation of the permafrost
model performance for safety assessment purposes, overestimated modelled bedrock temperatures are
potentially more critical than underestimated ones (Chapter 1). In order to be pessimistic, the objec-
tive of these additional cases is therefore primarily to assess uncertainties that may result in warmer
conditions than in the 16 cases described above.

All test cases are evaluated by both Models A and B. As described in the introductory paragraphs
of Section 3.1, the difference between the models is that Model B accounts for nonzero thermal offset
(TO), where zero TO is used in Model A. All test cases are summarised in Table 3-6.

SKB TR-21-08 33



143

80-lc-dl aMs

Table 3-6. Test cases for the numerical simulations. ‘Vinther’, ‘Kobashi’ and ‘Greve’ refers to data based on the studies by Vinther et al. (2009), Kobashi et al. (2017)
and Greve (2019) respectively. For further details see Section 3.3.3.

Case

Middle and Late
Holocene MAAT

Vinther Kobashi

Precipitation

Low High

Glacial condition

Greve Modified Greve basal
heat flow density

Modified Greve basal
temperature

Last ice-sheet readvance
timing (years BP)

200 500 800 1800

Geothermal heat flow
(mW m™)

Min Mean Max
(33.9) (35.9) (37.9)

Soil thickness

100 %
thickness

10 %
thickness

V_L_G_500_Mean_S100

L

V_L_G_800_Mean_S100

L

V_L_Gbh_500_Mean_S100

L

V_L_Gbh_800_Mean_S100

V_H_G_500_Mean_S100

V_H_G_800_Mean_S100

V_H_Gbh_500_Mean_S100

V_H_Gbh_800_Mean_S100

K_L_G_500_Mean_S100

K_L_G_800_Mean_S100

K_L_Gbh_500_Mean_S100

K_L_Gbh_800_Mean_S100

K_H_G_500_Mean_S100

K_H_G_800_Mean_S100

K_H_Gbh_500_Mean_S100

K_H_Gbh_800_Mean_S100

K_L_Gbt_500_Mean_S100

K_H_Gbt_500_Mean_S100

V_L_G_200_Mean_S100

V_L_G_1800_Mean_S100

K_H_Gbt_200_Mean_S100

K_H_Gbt_1800_Mean_S100

V_L_G_500_Min_S100

V_L_G_500_Max_S100

V_L_Gbh_500_Min_S100

V_L_Gbh_500_Max_S100

K_H_G_500_Min_S100

K_H_G_500_Max_S100

K_H_Gbh_500_Min_S100

K_H_Gbh_500_Max_S100

V_L_G_500_Mean_S10

K_H_G_500_Mean_S10




4 Results

The permafrost models with zero TO (Model A) and nonzero TO (Model B) are used to simulate

the thermal evolution of the ground from 104 ka BP until present (2010 AD) in the 2D model domain,
aligned along the DH-GAPO04 borehole, for the specified material parameters, initial conditions and
boundary conditions described in Chapter 3. In addition, the present-day ground surface temperature
and TO are simulated using the surface conditions from the STM site close to the ’Talik lake’ (Johansson
et al. 2015a). The main results for MAGST, TO, MAGT, unfrozen groundwater content, permafrost
depth and the depth of perennially frozen ground together with the results for the groundwater pressure,
flow and salinity concentration are presented in this chapter. Supplementary results are presented in
Appendix A4.

4.1 Mean annual ground surface temperature (MAGST) and
thermal offset (TO)

The present-day MAGST and TO are computed at the STM site (Figure 3-1). According to the TWI
value of 7.4 (see Section 3.2.1), dry surface moisture conditions prevail at the site. When the precipita-
tion acts on the surface moisture conditions through the n-factors (Section 3.1.2), the values for the low
precipitation case (Table 3-1) and the high precipitation case (Table 3-3) together with the five-year
average (2011-2015) of the air temperature average (—5.2 °C) from the STM site (Appendix A2.3)
result in the MAGST and TO presented in Table 4-1. The measured values in the table are based on
the soil temperature data that have been collected at 25 centimetres depth intervals down to 1.25 m
depth during the period 2011-2015 by Johansson et al. (2015a). The surface values are obtained

by extrapolation.

Further, MAGST and TO are calculated for the fresh-moist and wet ground surfaces that are found
close to the STM site and at the DH-GAPO4 site close to the ice-sheet margin (Figure 3-2). The results
are presented in Table 4-2 and plotted in Figure 4-1 along the ground surface above the borehole.
Values close to zero MAGST together with zero TO in Figure 4-1 represent the basal ice temperature
at the pressure melting point of the overlying ice-sheet. With respect to the dry surface condition, the
fresh-moist and wet zone above the borehole in front of the ice-sheet (Figure 3-5) yields elevated
MAGST and decreased TO along the borehole towards the ice-sheet (Figure 4-1). In comparison to the
dry area, the modelled present-day MAGST in the fresh-moist and wet zones is increased by ~0.5 °C
and ~ 1.5 °C, respectively, whereas TO is reduced decimally (0.1-0.2 °C) (Table 4-2, Figure 4-1).

Table 4-1. Modelled and measured present-day MAGST and TO at the STM site close to DH-GAP01
associated with dry moisture condition and considering low and high precipitation cases.

Parameter Unit | Modelled values Measured values
Low precipitation High precipitation | Mean Standard deviation

MAGST °C -4.4 -3.5 -3.0 0.7
TO °C -0.8 -0.5 -0.5 0.5

Table 4-2. Modelled present-day MAGST and TO for fresh-moist and wet ground surfaces close
to the STM site and above the borehole of DH-GAP04 close to the ice margin and considering low
and high precipitation cases.

Parameter Unit Fresh-moist Wet
Low precipitation High precipitation | Low precipitation High precipitation

MAGST °C -3.9 -3.0 -2.6 -1.9
TO °C -0.7 -0.4 -0.6 -0.3
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Figure 4-1. Modelled present-day MAGST and TO along the ground surface over the borehole of DH-GAP04
for the high and low precipitation cases. TOB refers to “Top of Borehole”.

The evolution of MAGST and TO at the DH-GAP04 site during the glacial cycle (1040 ka BP) is
shown in in Figure 4-2. During the glacial period, the ground surface temperature is driven by the
basal ice temperature, which after an initial transient warming cools down gradually until the onset
of deglaciation at ¢ 10 ka BP as shown in Figure 4-2. MAGST achieves its lowest glacial value of
—10.7 °C at 14.1 ka BP with the reference SICOPOLIS simulation (Section 3.2.1) and —9.1 °C at
18.5 ka BP with the sensitivity SICOPOLIS simulation. The deglaciation phase starts at around
10.5 ka BP with rapid warming of the ground surface as the overlying ice-sheet turns from cold-based
to warm-based (the base of the ice-sheet reaches the pressure melting point temperature over a period
of 500 years). During the following 3 000 years, the ice-sheet stays warm-based until the deglaciation
of the site at around 7 ka BP. Without seasonal freezing when ice covers the area, no active layer is
created, and thereby TO is zero.

After the deglaciation, the ground surface is influenced directly by the prevailing climate, including the
air temperature (Figure 3-4), and different precipitation and surface moisture conditions. Consequently,
the ground surface cools gradually until the last readvance of the ice-sheet at 200—1 800 years BP when
the drill site gets partially covered by the ice-sheet as the ice-sheet reaches its present-day position.
From the last readvance until present, climate warms up and the ground surface reaches its current
temperature. MAGST varies considerably in time and location, between 0 and —7 °C, depending on
the air temperature and precipitation conditions (Figure 4-2). The maximum difference in MAGST in
time is ~5 °C. On the ice-free land, seasonal freezing takes place creating active layer and thereby TO
extending to ~—1 °C for the high precipitation case and to ~—1.5 °C for the low precipitation case.
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Figure 4-2. Evolution of MAGST and TO (calculated as a mean value along the projected DH-GAP04 bore-
hole length on the ground surface) for the basal ice temperature histories G (Greve), Gbh (modified Greve
basal heat flow density) and Gbt (modified Greve basal temperature) during the glacial period (104—7 ka BP)
and for the V (Vinther) and K (Kobashi) air temperature cases, L (low) and H (high) precipitation cases and
the last readvance of the GrIS case at 500 years BP during the last 7 ka (approximately Middle to Late
Holocene). Solid lines show the mean and coloured areas the standard deviation for the 200 m horizontal
length of the borehole (horizontal distance from TOB towards the ice-sheet).

4.2 Thermo-hydro-chemical evolution of ground surface
and bedrock

4.2.1 Glaciated period (104-7 ka BP)

At the initial state at 104 ka BP, the ground surface temperature is equal to the prescribed glacial cycle
mean ground surface temperature of —6.3 °C and the ground is perennially frozen down to the depth
of 440 m below LGL (495 m below TOB) and the permafrost (0 °C isotherm) extends to the depth
of 450 m below LGL (505 m below TOB).

During the glacial period, when the ground surface cools down as a result of the basal ice temperature
of the reference SICOPOLIS simulation (Figure 4-2), the perennially frozen ground develops down
to a depth of 605 m below LGL (675 m below TOB) at 13.2 ka BP, whereas the permafrost reaches a
depth of 625 m below LGL (700 m below TOB) just after the onset of deglaciation at around 9.8 ka BP
(Figure 4-3). Correspondingly, for the basal ice temperature of the sensitivity SICOPOLIS simulation
(Figure 4-2), the perennially frozen ground obtains a depth of 535 m below LGL (600 m below TOB)
at 13.7 ka BP and the permafrost a depth of 550 m below LGL (615 m below TOB) at 13.8 ka BP
(Figures 4-4, 4-5).

During the deglaciation phase, from around 10.5 to 7 ka BP, the ground warms up rapidly and the
perennially frozen ground and permafrost degrade strongly, by 240 m for the reference SICOPOLIS
simulation (Figure 4-3) and by 310 m for both the sensitivity SICOPOLIS simulation and the warm
variant of the reference SICOPOLIS simulation (Figures 4-4, 4-5). The warming of the ground also
results in a very strong reduction in geothermal heat flow, from 35 to 12 mWm™” (see Figure A4-1,
in Appendix 4).
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Figure 4-3. Evolution of MAGT (line contours) and unfrozen groundwater content (filled areas) at the
DH-GAPO04 site during period 104—0 ka BP for the test case VL G 500 Mean S100 with Model B.
The perennially frozen ground is illustrated by the blue shadings.
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Figure 4-4. Same as Figure 4-3, but for the test case K H Gbh_500_Mean S100.
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Figure 4-5. Same as Figure 4-3, but for the test case K H Gbh_800 Mean S100 and Model A.

The thermal state of the ground including the distribution of MAGT, unfrozen groundwater content
and geothermal heat flow density and direction at the onset (10.5 ka BP) and end (7.1 ka BP) of
deglaciation are shown in Figures 4-6 to 4-9. The corresponding hydro-chemical states containing
salinity concentration, excess groundwater pressure, i.e. the groundwater pressure in excess of the
initial steady-state hydrostatic pressure, and groundwater flow velocity and normalised flow direction
are shown in Figures 4-10 to 4-13.

The perennially frozen ground contains a permeable frozen fringe, typically a 20-30 m thick layer
containing unfrozen groundwater of 10 to < 100 volume-%, where groundwater flow can still occur as
shown in Figure 4-11 (dark blue). The rest of the perennially frozen ground (with an unfrozen water
content of more than 0 to 10 %) gets almost impermeable and the groundwater flow is significantly
reduced (Figure 4-10). The increase in the unfrozen water content in two locations from 2.5 to 4 km to
the left and from 5 to 7.5 km to the right from the borehole is related to the increase in the groundwater
salinity concentration (Figure 4-10). At the end of the deglaciation, the perennially frozen ground
obtains its minimum depth consisting mainly of the permeable frozen fringe (Figures 4-8, 4-9).

4.2.2 Middle and Late Holocene period (7-0 ka BP)

After the deglaciation, the ground surface is influenced directly by the prevailing climate, including the
air temperature (Figure 3-4), and different precipitation and surface moisture conditions. Consequently,
the ground surface cools gradually (Figure 4-2) with successive development of perennially frozen
ground and permafrost (Figures 4-3 to 4-5) until the last readvance of the ice-sheet at 200—1 800 years BP.
The transition from warm-based glacial conditions to colder ice-free conditions increases the geothermal
heat flow considerably, from 12 to 25 mWm, see Figure A4-1 in Appendix A4. Subsequently, the
ground surface warms up to the present-day state. The maximum depth of perennially frozen ground
and permafrost are obtained immediately after the last readvance, ranging between 270 and 430 m below
LGL and 290 and 450 m below LGL, respectively. The measured permafrost depth based on the borehole
temperature data is 340 m below LGL (380 m below TOB). The modelled permafrost dept for the

K _H_Gbh 500 _S100 test case with Model B exceeds the measured depth by 5 metres.
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Figure 4-6. MAGT and unfirozen groundwater content (UGWC) at the onset of deglaciation at 10.5 ka BP
(a and b), and associated geothermal heat flow density (HFD) and flow direction (c) for the reference
SICOPOLIS simulation (test case V_L G 500 Mean S100 and Model B). The ice-sheet is illustrated in
cyan and the DH-GAPO4 borehole by the black line. Note that the top plot uses a 2x vertical exaggeration.
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Figure 4-7. Same as Figure 4-6, but for the sensitivity SICOPOLIS simulation
(test case K H Gbh_500 Mean_S100 and Model B).
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Figure 4-8. Same as Figure 4-6, but for the end of deglaciation at 7.1 ka BP.
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Figure 4-9. Same as Figure 4-6, but for the sensitivity SICOPOLIS simulation and the end of the deglacia-
tion at 7.1 ka BP.
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Figure 4-10. Salinity concentration in mass-% and unfrozen groundwater content (UGWC) at the onset
of deglaciation at 10.5 ka BP (a and b), excess groundwater pressure in MPa and groundwater flow
(GWF) velocity and normalised flow direction (c) for the reference SICOPOLIS simulation (test case
V L G 500 Mean S100 and Model B). The ice-sheet is illustrated in cyan and the DH-GAP04 borehole
by the black line. Note that the top plot uses a 2x vertical exaggeration.
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Figure 4-11. Same as Figure 4-10, but for the sensitivity SICOPOLIS simulation
(test case K H Gbh_500 Mean_S100 and Model B).
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Figure 4-12. Same as Figure 4-10, but for the end of the deglaciation at 7.1 ka BP.
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Figure 4-13. Same as Figure 4-10, but for the sensitivity SICOPOLIS simulation and the end of the deglacia-
tion at 7.1 ka BP.
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The present-day thermal state is shown for three test cases: V_ L. G_500 Mean_S100 with Model B
which results in the coldest bedrock (Figure 4-14), K H Gbh 500 S100 with Model B which yields
the best agreement with the measured borehole temperature (Figure 4-15), and K_H_Gbh 800 with
Model A which is the warmest simulation of the 16 core test cases (Figure 4-16). One third of the high
downward geothermal heat flow values up to 300 mWm ? is estimated to be due to a model artefact of
the surface boundary condition type, as the ground surface temperature is forced to increase by ~3.5 °C
during the last century. The corresponding hydro-chemical states including salinity concentration, excess
groundwater pressure, i.e. the groundwater pressure in excess of the initial steady-state hydrostatic pres-
sure, and groundwater flow velocity and normalised flow direction are shown in Figures 4-17 to 4-19.
In addition, MAGT profiles and the range of fluctuation along the borehole and the extension for the
same test cases are presented in Figures 4-20 to 4-22.

The modelled present-day MAGT along the borehole for all test cases with Model A and Model B are
presented Figure 4-23 and Figure 4-24, respectively. The measured temperature in the figures is the
annual mean temperature for the year September 2016 to August 2017 (Appendix A3.2.7). In addition,
the mean and standard deviation of the borehole temperature difference between the model and obser-
vation (Figure 4-23 and Figure 4-24) are calculated for the 91-491 metres depth interval below LGL
(100-550 m below TOB). The results are illustrated in Figure 4-25 (Model A) and in Figure 4-26
(Model B). In general, the test cases V_.H_Gbh 800 Mean_S100 and K H Gbh 500 Mean_S100
give the best agreement with the measured bedrock temperature for Model A and Model B, respectively,
whereas the test cases V. L. G 200 Mean_S100 and K H Gbt_1800 Mean_S100 yield the largest
deviation for both Models (Figures 4-23 and 4-24).
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Figure 4-14. Present-day MAGT contours and unfrozen groundwater content (UGWC) (a and b), and geo-
thermal heat flow density (HFD) and flow direction (c) for test case V_L G 500 _Mean_S100 and Model B.

The ice-sheet is illustrated in cyan, the location of the lakes by the blue bars and the borehole of DH-GAP04
by the black line. Note that the top plot uses a 2x vertical exaggeration.
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Figure 4-15. Same as Figure 4-14, but for the K H Gbh_500 _Mean_S100 test case. The ice-sheet is illustrated
in cyan, the location of the lakes by the blue bars and the borehole of DH-GAP04 by the black line.
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Figure 4-16. Same as Figure 4-14, but for the K H_Gbh_800 Mean_S100 test case and Model A. The
ice-sheet is illustrated in cyan, the location of the lakes by the blue bars and the borehole of DH-GAP04
by the black line.
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Figure 4-17. Present-day salinity concentration in mass-% and unfrozen groundwater content (UGWC) (a
and b), excess groundwater pressure in MPa and groundwater flow velocity and normalised flow direction
(c) for test case V_L_G 500 Mean_S100 and Model B. The ice-sheet is illustrated in cyan, the location of
the lakes by the blue bars and the borehole of DH-GAP04 by the black line. Note that the top plot uses a 2x
vertical exaggeration.
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Figure 4-18. Same as Figure 4-17, but for the K H Gbh_500 Mean S100 test case. The ice-sheet is illustrated
in cyan, the location of the lakes by the blue bars and the borehole of DH-GAP04 by the black line.
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Figure 4-19. Same as Figure 4-17, but for the K H_Gbh_800 Mean_S100 test case and Model A. The
ice-sheet is illustrated in cyan, the location of the lakes by the blue bars and the borehole of DH-GAP04
by the black line.
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Figure 4-20. MAGT along the borehole and the extension for the V.L G 500 _Mean S100 test case and
Model B. White envelope represents the range of temperature fluctuation over the glacial cycle (104—0 ka BP).
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Figure 4-21. Same as Figure 4-20, but for the K H_Gbh_500 _Mean_S100 test case.
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Figure 4-22. Same as Figure 4-20, but for the K H Gbh_800_Mean_S100 test case and Model A.
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Figure 4-23. Modelled present-day MAGT along the borehole of DH-GAPO04 for the test cases described
in Section 3.3.3 and Model A. The measured temperature (black line in upper panel) constitutes the annual
mean for the year August 2016 to September 2017 (described in Appendix A3).
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Figure 4-24. Modelled present-day MAGT along the borehole of DH-GAPO4 for the test cases described
in Section 3.3.3 and Model B. The measured temperature (black line in upper panel) constitutes the annual
mean for the year August 2016 to September 2017 (described in Appendix A3).
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Figure 4-25. Mean and standard deviation of the present-day borehole temperature difference shown in
Figure 4-23 for the test cases described in Section 3.3.2 and Model A. The mean (square) and standard
deviation (half of the line length) are calculated for the depth interval between 91 and 491 metres below

LGL (100-550 m below TOB).
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Figure 4-26. Mean and standard deviation of the present-day borehole temperature difference shown in
Figure 4-24 for the test cases described in Section 3.3.2 and Model B. The mean (square) and standard

deviation (half of the line length) are calculated for the depth interval between 91 and 491 metres below
LGL (100-550 m below TOB).
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The effect of the variation in the key parameters on the bedrock temperature is illustrated in Figure 4-27.
The higher Middle and Late Holocene air temperature (Kobashi v Vinther) results in 0.5 = 0.1 °C
higher average bedrock temperature for both models (Figure 4-27a), whereas the lower precipitation
variant (low v high) yields 0.38 £ 0.06 °C (0.6 = 0.1 °C) colder bedrock on average for Model A
(Model B) (Figure 4-27b). The approximately 1.5 °C higher basal ice temperature (the sensitivity
SICOPOLIS simulation v the reference SICOPOLIS simulation) leads to a 0.3 + 0.1 °C increase in the
average bedrock temperature (Figure 4-27¢), whereas the 300 years earlier last readvance of the GrlIS
(800 vs. 500 years BP) results in the average temperature increase of 0.25 + 0.06 °C (0.31 £ 0.08 °C)
(Figure 4-27d). The thermal offset (the nonzero TO v zero TO) yields 0.64 + 0.09 °C and 0.39 + 0.05 °C
average decreases in the bedrock temperature for the low and high precipitation variant, respectively
(Figure 4-27e).

The sensitivity of present-day MAGT to the basal ice temperature, timing of the last readvance of the
GrlS, geothermal heat flow and soil thickness for the bedrock temperature is further demonstrated in
Figure 4-28. The 2.5 °C increase in the basal ice temperature (Figure 4-2) gives 0.6 + 0.2 °C higher
average bedrock temperature for both Models A and B. While the 300 years later last readvance

of the GrIS at 200 years decreases the average present-day MAGT by 0.4 £ 0.2 °C (0.5 £ 0.2 °C),
the 1300 years earlier last readvance at 1800 years BP yields a 0.8 £ 0.2 °C (0.9 + 0.2 °C) increase
in the average bedrock temperature for Model A (Model B). Regarding the geothermal heat flow,
the 2 mWm * lower geothermal heat flow at the 10 km depth leads to 0.20 + 0.09 °C lower average
bedrock temperature, whereas the 2 mWm > higher geothermal heat flow results in the same amount
higher average bedrock temperature for both Models A and B. Finally, the 90 % reduction of the soil
thickness (test case S10) results in the 0.01 4+ 0.03 °C decrease in the average bedrock temperature for
both Models A and B (Figure 4-28).
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Figure 4-27. Present-day MAGT change along the borehole between the test cases of K (Kobashi) and V
(Vinther) air temperature (a), L (low) and H (high) precipitation (b), Gbh (sensitivity SICOPOLIS) and G
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for the 91—491 metres depth interval below LGL (100-550 m below TOB) (grey area).
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Figure 4-28. Same as Figure 4-27 but for test cases between Gbt and G basal ice temperature (a), 200
and 500 years BP, 1800 and 500 years BP timing of the last readvance of the GrIS (b), Min and Mean and
Max versus Mean geothermal heat flow (c), and 10 and 100 % soil thickness (d). The grey area shows the
91-491 metres depth interval below LGL (100-550 m below TOB).
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5 Discussion

In the following, important factors for the thermal evolution of the ground and development of
permafrost and perennially frozen ground (including air temperature, precipitation, surface moisture
conditions, glacial conditions and geothermal heat flow) are discussed together with the results for
the ground surface temperature, bedrock temperature, unfrozen groundwater content and groundwater
flow and salinity.

5.1  Ground surface temperature
DH-GAPO1 site

Calculations performed by the surface models for the STM site (Figure 2-3 and 3-1) show that under
the optimised surface moisture conditions based on the present-day precipitation (the high precipitation
variant) the surface models predict ~0.5 °C lower present-day MAGST compared to the measured
value of —3.0 + 0.5 °C, whereas the modelled TO is consistent with the measured value of —0.5 + 0.5 °C
(Table 4-1). In case the precipitation is reduced down to the level of the low precipitation variant, the
modelled MAGST and TO are lowered further by ~0.9 °C and ~0.3 °C, respectively.

In the surface models, the surface moisture conditions are identified in terms of TWI. The results
for the present-day surface moisture conditions (Figures 3-5, A2-6, A2-7) illustrate that dry surface
conditions dominate the GAP site, with fresh-moist and wet conditions occurring in narrow zones and
mainly in depressions. In relation to vegetation, the modelled dry surface condition is associated with
short grassland in subarctic and tussocks in arctic climate (Hartikainen et al. 2010). This is in line
with the observations at the DH-GAPO1 site, where the vegetation is dominated by dwarf-shrub heath
(Johannsson et al. 2015a). Depending only on the topography, TWI disregards the influence of water
bodies such as the ‘Talik lake” at the DH-GAPO1 site, which likely contribute to the surface moisture
conditions. Furthermore, considering that the present-day TWI values are used throughout the Middle
and Late Holocene, changes in the topography due to erosion and sedimentation processes (and their
influence on the TWI, surface moisture conditions and surface temperature) remain undetermined.
The ice-sheet effect on the surface moisture conditions at the ice margin, however, is accounted for
by the TWI (Figures 3-5, A2-6, A2-7).

DH-GAPO04 site

At the DH-GAPO04 site (Figures 2-3, 2-5, and 3-1), TWI yields fresh-moist and wet surface conditions
for the barren ground surface above the borehole in front of the ice-sheet. As a result, the modelled
ground surface temperature gets up to 3 °C higher than the air temperature (Table 4-2, Figure 4-1).
When comparing with observations, modelled winter surface conditions agree well with the actual
conditions, as visual monitoring on the site has detected accumulation of snow in the depression
between the ice-sheet and the slope along the borehole (Figure 2-5 right). On the other hand, the
absence of vegetation enables the insolation to warm the barren ground surface freely in summer,
despite an increased air humidity due to the evaporation of melting ice-sheet. Consequently, the
summer surface temperature can increase above the air temperature contradicting the model outcome
of temperature reduction. However, without further information it is not possible to evaluate if the
modelled MAGST in the fresh-moist and wet zones (Figure 3-5) is underestimated after the last
readvance of the GrlS during the Late Holocene (0—1 800 years BP).

From the Middle to Late Holocene (from 7.1 ka BP up until between 0.3—1.8 ka BP), without the
presence of the ice-sheet, dry surface moisture conditions prevail at the DH-GAPO04 site. The small fresh
moist area located above the middle section of the borehole (Figure 3-5) influences MAGST and TO
only marginally (Figure 4-2). Regarding MAGST on the ice-covered areas during the Late Holocene,
the main uncertainties concern the timing of the last readvance of the GrIS and the position of the ice
margin. Plausibly, the basal ice temperature is at the pressure melting point during the readvance, which
can be reliably defined in terms of the ice thickness. The +4 °C lake bottom temperature assumption is
conservative since it results in a fast and extensive warming up of the ground (Figures 4-14 to 4-19).
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However, the influence of lakes on the bedrock temperature at the DH-GAPO04 site is marginal, since
the nearest lake is located more than 1.5 km away from the borehole (Figure 3-2) (SKB 2006), corre-
sponding to four times the permafrost thickness.

5.2 Bedrock temperature

The uncertainty in the modelled bedrock temperatures is estimated in terms of the mean and standard
deviation between the modelled and measured temperatures for the depth interval between 91 and
491 metres below LGL (100-550 m below TOB). It is worthy of a remark that this depth interval
has limitations on detecting effects on the bedrock temperature. Ground surface temperature signals
dating from 3 000 to 200 years period before the present day have the maximum effect on the bedrock
temperature, whereas effects of more distant signals have been gradually diminished in time yielding
incomplete information on factors such as basal ice temperature history and geothermal heat flow.

The results also show that the different factors, including Middle and Late Holocene air temperature
and precipitation, basal ice temperature history, geothermal heat flow, and ice-sheet readvance timing,
interact weakly with each other. This indicates that the total effect can be obtained by superposition
as a sum of the individual effects.

We remark that the 2D model overpredicts responses to the real 3D external forcing. For example,
the warming of ground surface can be overestimated during last readvance of the GrIS as the
ground surface turns to be warmer in front of the ice-sheet (Figure 3-5). In addition, the 2D model is
unsuitable for modelling talik formation properly, since the important 3D groundwater flow network
is not included. We also remark that the 2D model domain is aligned with the borehole to minimise
unfavourable effects on comparisons with temperature measurements.

Best fit

Regarding Model A, the best fit with the measured bedrock temperature is obtained with the

K L Gbh Mean 500 S100 test case. It considers the Holocene MAAT based on the proxy ice-core
records of argon and nitrogen isotopes by Kobashi et al. (2017) (K), low precipitation case (L), glacial
conditions based on spatially modified geothermal heat flow (Gbh), timing of last readvance of the
GrIS at 500 years BP and full soil thickness (S100) (Section 3.3.3). The high precipitation variant (H)
of the same test case, i.e. K H Gbh_Mean 500 _S100, yields the best match for Model B (Figure 4-25).
These modelled temperature results are almost identical to the measured temperatures, differing by
only 0.0 £ 0.1 °C from the measured temperature (Figures 4-24 and 4-25). The similarity of the results
is explained by the outcome that the low precipitation case (L) with very light rain and snowfall and
with zero TO (Model A) and the high precipitation case (H) based on the present-day precipitation
with nonzero TO (Model B) have an approximately equivalent influence on the bedrock temperature
(—0.4 £ 0.1 °C) (Figure 4-26). This is also valid for all corresponding test cases. Considering that
Model A omits the verified TO and that there is no evidence in support of lower Middle and Late
Holocene precipitation than the 40 mm annual precipitation level of the L precipitation case, the

K H_Gbh Mean 500 S100 test case for Model B gives the better result of the two cases.

Effects of basal ice temperature and geothermal heat flow

The basal ice temperature history until the deglaciation during the 10.4—10.5 ka BP period (Figure 4-2)
and the geothermal heat flow at the 10 km depth determines the base level for the bedrock temperature
and its gradient. From this level, the bedrock warms up by ~4—6 °C during the deglaciation phase
and the following ice free period (Figures 4-20 to 4-22). Both factors have a similar influence with
an increasing trend in depth on the bedrock temperature (Figures 4-27 and 4-28). For example, the
combination of the G basal ice temperature history and the maximum geothermal heat flow in the

K H G Max 500 S100 test case for Model B yields a compatible result (—0.1 + 0.1 °C) with the
K H Gbh Mean 500 S100 test case (Figure 4-25). The temperature signal of the anomalous fast
heating in the beginning of the deglaciation (Figures 4-20 to 4-22) has evened out from the borehole

temperature profile.
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Uncertainties in the parameters used in the SICOPOLIS simulations including spatial distribution
of the geothermal heat flow and the last glacial cycle air temperature are accounted for by the basal
ice temperature. When comparing the simulations with the G basal ice temperature history, the

~10 mWm? increase in the geothermal heat flow surrounding the DH-GAPO04 site in the simulations
with the Gbh basal ice temperature history, yields a ~0.4 °C increase in the bedrock temperature. To
evaluate the effect of the uncertainty on the bedrock temperature further information on the spatial
and temporal variability of geothermal heat flow is required. The permafrost simulation with a basal
ice temperature history shows a spatial variability of the geothermal heat flow over the 2D model
domain amounting to ~20 mWm  for the depth interval between 91 and 491 metres below LGL
(Appendix A4). In addition, the geothermal heat flow seems to vary in time increasing to a ~10 mWm
higher value than that used in the SICOPOLIS simulations during the glacial phase (10.5-104 ka BP).
Because of the coarse resolution (10 km) of the computational grid and time-independent geothermal
heat flow, SICOPOLIS simulations are unable to handle the effects of plausible spatial and temporal
variations in geothermal heat flow on the basal ice temperature. The 2.5 °C uncertainty in the last
glacial cycle air temperature in the simulations with the Gbt basal ice temperature history results in a
0.8 °C increase in bedrock temperature as compared to the simulations with the G basal ice temperature
history. The effect is deemed to be the largest since the full uncertainty is directly transmitted to the
basal ice temperature.

-2

The ~4 mWm * uncertainty associated with the palaeoclimatic correction in the geothermal heat flow
has an effect on the bedrock temperature amounting to a 0.6 °C difference between the simulations
with the minimum and maximum geothermal heat flow. Considering that the palacoclimatic correction
covers all the relevant factors including the Middle and Late Holocene air temperature (V, K) and
precipitation (L, H), basal ice temperature history (G, Gbh) and timing of the last readvance of the
GrIS (550, 800), the effect of the uncertainty on the bedrock temperature is reliable.

Effects of surface conditions

During the Middle and Late Holocene, the ground surface temperature and thermal offset driven

by the air temperature and precipitation condition together with the last readvance of the ice-sheet
govern the evolution of bedrock temperature. Regarding the borehole depth interval (91-491 m below
LGL), the last 1800 years seems to be of critical importance for the bedrock temperature. In addition,
dissimilar factors such as the last readvance of the GrIS and the distinctly warmer period in the K air
temperature profile between 200 and 1700 years BP in comparison with that of the V air temperature
(Figure 3-4) seem to have similar warming trend on the bedrock temperature (Figure 4-27). Regarding
the uncertainty in the Middle and Late Holocene air temperature, the most part of the 0.6 °C effect
on the bedrock temperature comes from the latest part of the Holocene (1 700-200 years BP). Effects
of the air temperature discrepancies on the bedrock temperature before 3 ka BP are undetectable.

The uncertainty in the Middle and Late Holocene precipitation and TO representing the effect of
seasonal freezing and thawing of soil have a similar effect on the bedrock temperature. The simula-
tions between the low (L) and high (H) precipitation cases as well as between zero TO (Model A) and
nonzero TO (Model B) result in a 0.3—0.7 °C temperature difference. Considering that the low and
high precipitation cases (40 and 280 mm annual precipitation), determine the lower and upper limiting
values for the precipitation during this period, the precipitation effect is plausible. Similarly, the

TO effect is plausible, since while the zero TO referring to no seasonal freezing and thawing of soil
defines the upper liming value for TO, the nonzero TO meaning freezing and melting of maximum
amount of soil water results in the lower limiting value for TO. Freezing and melting of maximum
amount of soil water is possible, because the ground is assumed to be completely saturated by
groundwater in Model B. Among the parameters evaluated here, the uncertainty in timing of the last
readvance of the GrIS between 1800 and 200 years BP seems to have the largest effect on the bedrock
temperature amounting generally to an 1-2 °C difference between the simulations with the earliest
and latest readvances. The amount of the effect is valid since the timing of the last readvance of the
GrIS based on geological findings is well defined (Section 3.3.3).

The large uncertainty in the soil thickness (Section 3.3.3) is shown to have a very small effect

(=0.0 £ 0.1 °C) on the bedrock temperature for the depth interval between 91 and 491 metres below
LGL independently of TO (Figure 4-28). On the other hand, the permafrost model omits the frost
phenomenon that can create ground ice into ice lenses and ice wedges in the soil layer, which can

SKB TR-21-08 59



change the soil thickness and the influence of soil on the ground temperature (French 2007, Williams
and Smith 1989, Yershov 1998). Independently of the soil thickness the frost phenomenon increasing
the soil water content can influence the bedrock temperature by increasing the amount of TO up to the
theoretical maximum of pure water amounting approximately —4 °C (Equation 3-6). The degree of
saturation of soil at the DH-GAPO4 site is unknown as well as the existence of ground ice. However,
visual perceptions of barren ground at the DH-GAPO04 site in front of the ice-sheet support unsaturated
soil water conditions, and thereby smaller TO than that of Model B. In addition, it is plausible that
the Middle and Late Holocene has included periods during which the climate has been dry enough
to drain and keep the topmost soil layer unsaturated.

5.3 Permafrost and perennially frozen ground

In the permafrost model, the development of permafrost and perennially frozen ground is governed by
the basal ice temperature during the glaciated period (104—7 ka BP) and the ground surface tempera-
ture modelled by the surface model in terms of the air temperature and surface moisture conditions
dependent n-factors, during the last 7 ka. Given the variation in these parameters, the thickness of the
modelled perennially frozen ground at the DH-GAPO4 site varies between 240 and 600 metres over
the last 104 ka (Figures 4-3 to 4-5). The maximum thickness is obtained after LGM at 13.2 ka BP and
the minimum thickness at the end of the deglaciation at 7.1 ka BP. The permafrost thickness (depth
of 0 °C isotherm) is typically 20 metres greater than the thickness of the perennially frozen ground.
The modelled present-day permafrost depth at the DH-GAPO4 site based on the bedrock temperature
results (Figures 4-23 and 4-24) varies considerably between the test cases amounting between 210 and
440 metres for Model A and between 250 and 480 metres for Model B. The perennially frozen ground
depth remains 10 to 20 metres shallower. Among the parameters considered here a combination of the
lowest basal ice temperature (G) and minimum geothermal heat flow (Min) together with the lowest
Middle and Late Holocene air temperature (V) and lowest precipitation (L) yields the maximum
depth, whereas the highest basal ice temperature (Gbt), the highest air temperature (K) and precipita-
tion (H) and the earliest readvance of the GrIS at 1800 years BP result in the minimum thickness by

a clear 70 metres margin. In addition, the modelled present-day subglacial perennially frozen ground
at the DH-GAPO04 site extends 500 to 3 000 metres horizontally under the ice-sheet margin with an
increasing amount of unfrozen groundwater (Figures 4-14 to 4-16). This compares well with the

2 km subglacial permafrost interpretation at this site by Ruskeeniemi et al. (2018). In areas where the
unfrozen groundwater content gets larger than 10 %, the groundwater flow is enhanced in the partially
frozen ground up to ~ 1 m/a, in particular below the ice-sheet (Figures 4-17 to 4-19). In contrast, for
deeply frozen locations such as the DH-GAPO04 drill site the ground becomes impermeable and the
groundwater flow through the frozen ground is effectively prevented.

In addition to the temperature, the perennially frozen ground depends also on the groundwater pressure
and salinity such that the freezing of groundwater decreases with increasing groundwater pressure
and salinity concentration. The groundwater pressure increases with depth due to gravity such that the
hydrostatic pressure at the 500 metres depth decreases the freezing point of water by 0.35 °C. During
the deglaciation and the last readvance of the GrIS, the groundwater pressure is further increased due to
the weight of an overlying warm-based ice-sheet (Figures 4-17 to 4-19). At the end of the deglaciation,
at 7 ka BP, the groundwater refreezes rapidly (Figure 4-3), as the groundwater is depressurized with
the retreating ice-sheet (Figure 4-12). The salinity concentration of groundwater increases with depth,
as well. In addition, a strong concentration of salinity can be seen in depressions below the ice-sheet
from 2.5 to 4 km to the left and from 5 to 7.5 km to the right from the borehole during the glacial
period (104-7.1 ka BP) (Figures 4-10 and 4-11). As a result, the freezing of groundwater is reduced
significantly despite low temperatures (Figures 4-6 and 4-7). Furthermore, the perennially frozen
ground gets diluted (thawed zones in Figures 4-12 and 4-13), as the almost impermeable ground
prevents the motion of salinity towards the ground surface on the one hand, and the excluded salt in
the freezing process migrates down to the unfrozen zone on the other hand.

In the beginning of the ice-free period, open taliks, layers of year-round unfrozen ground through the
permafrost, are formed below the lakes in the model domain shown in Figure 3-2. Only the largest
lake located approximately 2 km to the right from the borehole is able to maintain an open talik,
whereas the taliks under the other smaller lakes (in the left part of profile) partially or completely
close over time (Figures 4-14 to 4-16).
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Conclusions

The present study aimed to investigate how simulated ground surface temperatures, permafrost depths
and bedrock temperatures from permafrost models used in safety assessments compare with observed
data on soil temperature and bedrock temperature from the GAP site in west Greenland. Two versions
of a numerical permafrost model (Model A without thermal offset and Model B with thermal offset)
were evaluated.

We present an extensive set of permafrost model simulations for key parameters of the thermal
evolution of ground and bedrock for a location by the Greenland ice sheet (GrIS) in the Kangerlussuaq
region, south—western Greenland. The last glacial cycle period is simulated up to present-day with
the overall purpose of evaluating the permafrost modelling code by comparing modelled bedrock
temperatures with temperatures observed in a 649 m deep borehole at the present ice-sheet margin. The
input parameters include air temperature and precipitation for the last 7 ka (approximately the Middle
and Late Holocene), surface moisture conditions and thermal offset (seasonal freezing and thawing
of soil) as well as initial conditions based on basal ice temperature histories for the last glacial period,
deep-ground geothermal heat flow accounting for palaeoclimatic effects and timing of the most recent
ice-sheet readvance. The following conclusions can be drawn from the study:

Taking all identified uncertainties in input data into account, the comparison between observed and
modelled bedrock temperatures show that the permafrost models predict the present-day bedrock

temperature for the full 400 metres depth interval (91-491 m below the ground surface) within the

range —1.4 and +1.6 °C for Model A and —2.2 and +1.3 °C for Model B.

This uncertainty ranges relates both to input data uncertainty and intrinsic model errors. The fact
that the uncertainty ranges in the simulated temperature are nearly centred around the measured
temperature indicates that any potential intrinsic model error is small, as such error would system-
atically simulate either too warm or too cold conditions.

These ranges will be used to assess the assumptions and conclusions associated with the permafrost
simulations previously made for the safety assessments at the Forsmark site, Sweden (SKB 2010,
2014, 2020). Generally, one concern is if the model was to produce too high bedrock temperatures,
since this would result in too shallow permafrost modelled for the Forsmark site. However, the
model uncertainties obtained in the present study, typically up to around +1.5 °C, are considered
small in this context. Also worth noting is that within the obtained uncertainty range, the contribu-
tion by the (smaller) intrinsic model errors is of relevance for the previous Forsmark simulations,
whereas the contribution by the larger input data errors at Greenland is not of relevance for the
previous Forsmark simulations, since corresponding input data errors are already handled in the
Forsmark simulations.

The model results also provide useful information on uncertainties of the key parameters and their
effect on the evolution of permafrost and perennially frozen ground and the bedrock temperature
down to a 500 metres depth. While the air temperature, precipitation, surface moisture conditions,
thermal offset and timing of ice-sheet readvance govern the uppermost subsurface temperature with
the overall uncertainty effect of ~3.5 °C, the initial conditions and geothermal heat flow determine
the baseline for the bedrock temperature with the combined uncertainty effect of ~1.5 °C.
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Appendix 1

Ice-sheet surface and basal conditions

During times of glaciated conditions at the GAP site, the permafrost model, described in Section 3.1,
needs basal ice temperatures as thermal surface boundary condition. Since there is no palaco-information
on basal temperatures, such data need to come from model simulations. In this section, we describe the
ice-sheet model simulations used as input to the permafrost experiments. In Section A1.1, the ice-sheet
model and the experimental design is outlined. Section A1.2 describes the reference simulation used
as input in the permafrost test cases (Section 3.3.3). Sections A1.3 and A1.4 discusses, and quantifies,
the uncertainties related to the simulated basal temperatures. These include the uncertainties related to
the spatial (Section A1.3) variability of the geothermal heat flux and the surface climate representation
(Section A1.4).

A1.1 Ice-sheet model description and experimental design

The basal temperature was estimated using the 3D thermomechanical ice-sheet model SICOPOLIS
(SImulation COde for POLythermal Ice-Sheets, version 3.0). The model is subjected to the shallow-ice
approximation, meaning that only the lower order terms describing the ice flow are retained, while
higher order terms, describing e.g. the detailed dynamics of ice streams and ice shelves, are neglected.
The model is forced by MAAT and precipitation at the ice-sheet surface, and a prescribed representa-
tion of the geothermal heat flux beneath the ice-sheet. The governing equations of SICOPOLIS are
described in detail in e.g. Greve (1997) and Greve et al. (2011). SICOPOLIS has been widely used
for various palaeo-applications (e.g. Calov et al. 2005, Ganopolski et al. 2010, Robinson and Goelzer
2014, Liakka et al. 2016, Lofverstrom and Liakka 2018), and for analysing the present-day and
future evolution of the Greenland ice sheet (GrIS) (e.g. Greve 2007, Greve et al. 2011, Applegate et al.
2012, Riickamp et al. 2019).

The model configuration in the present study is based on the experiments conducted by Applegate et al.
(2012), which in turn were adopted from SeaRISE partners (2008) and Greve et al. (2011). The simula-
tions use a 10 x 10 km horizontal resolution and 81 terrain-following vertical model levels. The spatial
distributions of Greenland air temperature and precipitation are parameterised using the equations

in Fausto et al. (2009), and the time-dependent air temperature changes of the last glacial cycle are
taken to be proportional to the §'°O variation of the GRIP ice core record (e.g. Dansgaard et al. 1993),
following the methodology in Huybrechts (2002) and Greve et al. (2011). Changes in precipitation
are assumed to be exponentially proportional to the air temperature changes (Greve et al. 2011). Ice
extent is restricted to land areas, which means that ice spreading over ocean grid cells is immediately
removed. The simulations start at 125 ka BP and are first spun up until 20 ka BP. Subsequent to this
spin-up period, the model is integrated from 20 ka BP until present-day to compute the basal tempera-
tures that are used as input to the permafrost simulations.

Table A1-1. Summary of the SICOPOLIS simulations performed in this study.

Simulation name Description

Reference simulation This simulation uses the same parameter values as in Applegate et al. (2012), except for a
spatially variable (instead of a spatially uniform) representation of geothermal heat flux based
on Greve (2019).

Sensitivity simulation This simulation uses spatially uniform geothermal heat flux with local GAP anomaly compared
to the reference simulation with the aim to address the uncertainty related to the spatial
distribution of geothermal heat flux in the Greve (2019) dataset.
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A1.2 Reference simulation

In this section, we describe the reference SICOPOLIS simulation (Table A1-1), used as input in the
permafrost test cases (Section 3.3.3).

A major constraint of the ice-sheet simulations in this study is that they should result in approximately
correct representation of the present-day location of the ice-sheet margin in the region of the GAP site,
i.e. the ice-sheet margin should be situated directly east of the DH-GAPO04 proglacial bedrock drill
site (Claesson Liljedahl et al. 2016). Another important constraint is that the DH-GAP04 bedrock drill
site should be ice-covered throughout most of the last glacial cycle, including the LGM, and that the
deglaciation of the DH-GAPO04 site should occur during the Middle Holocene at around 7—6 ka BP.

Applegate et al. (2012) conducted 100 ensemble simulations of the GrIS from 125 ka BP to 3500 AD.
Each simulation used different combinations of the following model parameters: flow enhancement
factor (Ey), melting coefficients for snow and ice (B, and Bi.), basal sliding factor (C;) and geother-
mal heat flux (Q,,). All other parameters were set identical as in Greve et al. (2011).

Here, we choose the parameter values of Eg, Bgows Picc and C, corresponding to ensemble number 92
in Applegate et al. (2012) (Table A1-2), since this simulation was found to yield an approximately
correct location of the modelled present-day ice-sheet margin near the DH-GAPO04 drill site (the
simulated ice-margin is located in the grid point adjacent to the drill site). However, whilst Applegate
et al. (2012), in this ensemble simulation, used a spatially uniform Q,., value of 32 mW m™* over the
entire Greenland domain, we use a spatially variable Q,, distribution from the dataset developed by
Greve (2019) (Figure Al-1). This dataset was compiled based on available Q,., measurements across
Greenland, including the measurements at the GAP site (average value of 31 mW m™, see Claesson
Liljedahl et al. 2016). Hence, by replacing the uniform Q,, value used in Applegate et al. (2012) with
the Greve (2019) dataset, we ensure that 1) the basal ice temperatures are calculated with the most
up-to-date information available for Greenland Q,, , ii) the basal ice temperatures at the GAP site are
computed using the local value of Q,, for that site (which are lower than for other Q,, observations
in Greenland), and iii) that Q,, elsewhere on Greenland are generally higher than the low value of the
GAP site.

The present-day GrIS thickness in the reference simulation is shown in Figure A1-2 (left). It is evident
that the reference simulation results in too little ice in northern Greenland. However, the location of
the simulated present-day ice margin in the region of the DH-GAP04 drill site, which is most relevant
for this study, agrees with observations.

Table A1-2. Parameter values used in this study, adopted from ensemble number 92 in Applegate
et al. (2012). The representation of the geothermal heat flux (Q,.,) is based on Greve (2019), see
the text. All other parameters are set identical as in Greve et al. (2011). How the parameters are
treated in SICOPOLIS is described in Greve (1997) and Greve et al. (2011).

Variable Value
Positive degree-day factor for snow (mm water equiv. day™ °C™")  Benow 2.77
Degree-day factor for ice (mm water equiv. day™ °C™) Bice 13.1

Ice-flow enhancement factor (dimensionless) E; 1.80
Basal sliding factor (m yr™' Pa™) C. 3.40
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Figure Al-1. Greenland geothermal heat flux (mW m™2) from Greve (2019), used as input to the ice-sheet

reference SICOPOLIS simulation (Table A1-1). The GAP site is indicated by a red cross and has a Oy,

value of 31 mW m™ (see also Claesson Liljedahl et al. 2016).
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Figure AI-2. Present-day ice thickness in the reference (left) and sensitivity (right) SICOPOLIS simulations,

following simulations of the last 125 ka. The DH-GAP04 drill site is indicated by a red cross.
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The evolution of the ice-sheet thickness and basal temperature in the region of the DH-GAPO04 drill
site during the spin-up of the reference simulation is shown in Figure A1-3 (black line). After the
initial 10-20 ka, during which the ice-sheet thickness at the site fluctuates between 0 and ~1500 m,
the ice thickness stabilises at ~ 1700 m at about 100 ka BP. Subsequently, the ice thickness remains
relatively constant, only increasing marginally between 100 ka BP and 20 ka BP. During the same
time period, the basal temperature exhibits a general decline from approximately —2 °C at 100 ka BP
to —10 °C at 20 ka BP.

The corresponding evolution of the ice-sheet thickness and basal ice temperature in the region of the
DH-GAPO04 drill site between 20 ka BP and present-day is shown in Figure A1-4 (black line). The ice-
sheet thickness and basal temperature remain relatively unchanged until ~10 ka BP, at which point the
basal temperature begins to increase rapidly in association with a rapid drop in the ice-sheet thickness
by the deglaciation. The site becomes completely deglaciated at around 7 ka BP, in general agreement
with other data (see Claesson Liljedahl et al. 2016).
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Figure AI-3. Evolution of ice thickness (a) and basal ice temperature (b) at the grid point closest to

the DH-GAPO04 drill site from 125 to 20 ka BP (i.e. the spin-up phase of the simulation). The black line
corresponds to the reference simulation and the green line to the sensitivity simulation. The interruption in
the basal-temperature evolution between 120 and 110 ka BP is explained by the fact that the GAP area is
not ice-covered during this time (visualised by zero ice-sheet thickness at 115 ka BP in (a)).
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Figure A1-4. Evolution of ice thickness (a) and basal ice temperature (b) at the grid point closest to the
DH-GAPO04 drill site from 20 ka BP to present-day. The black line corresponds to the reference simulation
and the green line to the sensitivity simulation.
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A1.3 Evaluating the uncertainty related to the spatial distribution
of geothermal heat flux (Qgeo)

The dataset by Greve (2019) includes the available observations of Q,, across Greenland. However,
the observations are very sparse, in summary only 8 observations. Between those few observational
sites, the value of Q,, was interpolated when producing the dataset. Therefore, due to the limited
number of Q,, observations, and the resulting large distance between those, there is great uncertainty
related to the spatial coverage of each Q,, value. For example, in Figure A1-1, it is suggested that the
low Q,., anomaly measured at the DH-GAPO04 drill site extends a couple of hundred km beyond the
drill site. However, since there is no solid information how far the low Q,., value measured at GAP
really extends beyond the site, it is possible that the spatial Q,., coverage in Greve (2019) is overesti-
mated. A smaller spatial extent of the low Q,, anomaly at the GAP site could hence potentially allow
for advection of warmer ice from regions upstream the site, resulting in higher basal temperatures than
in reference simulation and, consequently, to higher bedrock temperatures in the permafrost model.
In this context, it is worth noting that Q,., with a very high spatial variability has been observed in
Fennoscandia (Nislund et al. 2005), a region with similar types of bedrock as in Greenland.

To estimate an upper bound of the basal temperature at the DH-GAPO04 drill site, resulting from
advection of warmer ice upstream the site, we create a new Q,,, dataset. This dataset uses a uniform
Qye, value of 42 mW m ™ across entire Greenland except for the grid cell where GAP drill site is
located, for which the observed Q. value of 31 mW m*(Claesson Liljedahl et al. 2016) is used.
The surrounding value of 42 mW m* was chosen since it constitutes the maximum value upstream
(east) of the DH-GAPO04 area as found in a new evaluation of Greenland Q,., based on seismic data
(Artemieva 2019).

The new Q,, dataset is used in a sensitivity simulation with SICOPOLIS (Table A1-1). Apart from
Qge0r the sensitivity simulations use identical parameters and boundary conditions as in the reference
simulation (Section A1.2). In the sensitivity simulation, the resulting present-day GrIS thickness and
ice-sheet margin position for the DH-GAPO4 drill site area is very similar to that in the reference
simulation (Figure A1-2).

The temporal evolution of basal ice temperature and ice-sheet thickness in the DH-GAPO04 area in
the sensitivity simulation is shown in Figure A1-3 (from 125 to 20 ka BP) and Figure A1-4 (from 20
to 0 ka BP). Subsequent to the initial ~20 ka of the spin-up, the basal ice temperature in simulation
gradually diverges from the basal temperature in the reference simulation, culminating in a ~1.5 °C
higher basal ice temperature at 20 ka BP (Figure A1-3). This difference in basal temperature between
the sensitivity and reference simulations then remains approximately unchanged until 10 ka BP, after
which the deglaciation of the GAP site is initiated. The timing of the completed deglaciation of the
DH-GAPO04 area is identical in the sensitivity simulation to the reference simulation.

In summary, it is estimated that advection of warmer ice upstream of the DH-GAP04 drill site, resulting
from the uncertainty in the spatial distribution of Q,, in Greve (2019), may contribute to increase in the
basal temperature for the Dh-GAPO4 drill site area by up to 1.5 °C. The simulated basal temperature
from the sensitivity simulation is used as input in the permafrost test cases, see Section 3.3.3.

A1.4 Evaluating the uncertainty related to errors in the climate representation
in the SICOPOLIS simulations

As described in Section A1.1, SICOPOLIS is forced by a relatively simple climate representation, for
which the time-dependent variability of air temperature is assumed to be proportional to the GRIP §"*0O
record (Huybrechts 2002, Greve et al. 2011). However, translating the 8'*O signal to air temperature
is non-trivial, and may result in significant errors in the reconstructed air temperature. These errors
may be larger for some time periods of the last glacial cycle than for others, in part resulting from a
non-linear relation between §'°0 and air temperature (e.g. Huber et al. 2006). Furthermore, it has been
argued that this methodology does not capture the temperature amplitude of some important climatic
events during the latter part of the glacial cycle, e.g. the Holocene climate optimum, ~8-5 ka BP
(Nielsen et al. 2018).
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However, evaluating the impact of the uncertainties in surface air temperature on basal ice temperatures
is a challenging task since small changes in the climate may break the constraint of the SICOPOLIS
simulations stating that the present-day ice-sheet margin in the DH-GAPO04 drill site area need to

be simulated reasonably well (Section A1.2). Therefore, to obtain a crude first-order estimate of

the maximum isolated impact of surface temperature changes on basal ice temperature, we perform
steady-state simulations with a prescribed ice-sheet topography. The prescribed ice-sheet topography
ensures that the ice-sheet thickness remains the same throughout the simulation and hence that the
basal temperature is only influenced by the imposed air temperature perturbation at the surface and
not by amplifying effects due to e.g. the temperature-lapse-rate feedback. Integrating to steady-state
enables sufficient time for the imposed temperature anomaly at the surface to propagate to the ice-sheet
bed, in the absence of other climate fluctuations, and therefore allows us to evaluate its maximum
isolated impact on the basal ice temperature. The fixed ice-sheet topography and steady-state climate
corresponds to the 20 ka BP time slice in the reference simulation.

From this sensitivity simulation, it can be seen that imposing a 1 °C warm and cold anomaly,
respectively, at the ice-sheet surface results in ~0.5 °C temperature change in basal ice temperature
DH-GAPO04 drill site area after about 100 ka (Figure A1-5). Hence, it is here crudely estimated that
half of the potential error in air temperature representation at the ice-sheet surface would be translated
into a basal ice temperature error. However, as mentioned above, this estimate should be interpreted
with caution. In reality, relatively small changes in surface air temperature could be amplified by
the temperature-lapse-rate feedback as a result of changes in the local ice thickness. There are also
other internal thermodynamic feed-back mechanisms in the ice-sheet system that are not accounted
for in this simplified sensitivity experiment. Furthermore, real world climate and ice-sheets are not
in steady-state, so having 100 ka of constant climate conditions is unrealistic. The results should thus
be taken as a broad indication of the uncertainty introduced by climate representation errors in the
SICOPOLIS simulations.
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Figure A1-5. Steady-state evolution of basal ice temperature in the reference SICOPOLIS simulation (black

curve) and for an imposed +1 °C (red curve) and —1 °C (blue curve) air temperature perturbation at the ice-

sheet surface. All simulations use fixed ice-sheet thickness and steady-state climate corresponding to 20 ka BP
in the reference simulation.
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Appendix 2

Proglacial air temperature and surface conditions

A2.1 Proglacial MAAT

The proglacial Holocene MAAT for the DH-GAPO1 site has been obtained by combining meteoro-
logical data from (i) the AWS KAN_B (DH-GAPOLI site) (Van As et al. 2011, Johansson et al. 2015a),
(i1) Kangerlussuaq and coastal sites in south—western Greenland (Cappelen et al. 2017a, b) and

(iii) selected sites from the GrIS (Steffen et al. 1996), together with temperature proxy ice-core
records of 8O (Vinther et al. 2009) and, argon and nitrogen isotopes (Kobashi et al. 2017).

Figure A2-1 shows three meteorological data sets of air temperature that have been used to reconstruct
MAAT for the DH-GAPOL1 site for the recent history 1852-2017 AD (Common Era). The reconstruc-
tion involves three steps. First, the temperature data for the coastal sites in south—western Greenland
for 1852-2017 AD (Cappelen et al. 2017a) has been used to reconstruct MAAT for Kangerlussuaq for
the period 1852—1974 AD before the air temperature monitoring time at the site. This is done by using
the linear correlation of the measured MAAT between Kangerlussuaq and the coastal sites in south—
western Greenland for the period 1974-2017 AD shown in Figure A2-2(b). This temperature and the
measured temperature for 1974-2011 AD are subsequently projected to the DH-GAP1 site by utilizing
the linear correlation of the measurements for the period 2012-2017 AD between the DH-GAPO1
site and Kangerlussuaq shown in Figure A2-2(a). For the most recent history 2012-2017 AD, the
meteorological data form KAN_B is used directly.

4 Coastal sites in South-West Greenland
; |
0
-6
-8 .
DH-GAPO1 site
-10 [ Ly ]
-25 Summit
-26
-27
-28
-29
-30
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Year AD

Figure A2-1. Continuous time series for MAAT at the DH-GAPOI site (2012-2017) (Van As et al. 2011),
Kangerlussuaq (vellow) (1974-2017), coastal sites in south-western Greenland (1852-2017) (green)
(Cappelen et al. 2017a, 2017b), and at Summit (2000-2017) (purple) (Steffen et al. 1996).
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Figure A2-2. Correlation of measured MAAT between the DH-GAPOI site and Kangerlussuaq (a),
Kangerlussuaq and coastal sites in south—-western Greenland (b) and Kangerlussuaq and Summit (c)
(Van As et al. 2011, Cappelen et al. 2017a, 2017b, Steffen et al. 1996).

For the time before year 1852 AD, two MAAT reconstructions as shown in Figure A2-3 have been
used. The Holocene MAAT change for Greenland relative to 2000 AD (20-year averages) is based
on the ice-core record of d'*O (Vinther et al. 2009), whereas the Holocene MAAT for Summit until
1993 AD (ten-year running mean) is based on the proxy ice-core record of argon and nitrogen
isotopes (Kobashi et al. 2017). Discovering that despite of the long distance between Kangerlussuaq
and Summit, there is a strong correlation in the measured MAAT between the two sites on an annual
basis (Figure A2-2c), it was further found that there is a strong correlation between the reconstructed
meteorological MAAT for the DH-GAPO1 site and the air temperature data based on the ice-core
records (Figure A2-4). Hence, with given linear correlations in Figure A2-4 and adopting the similar
approach with the meteorological data completes the reconstruction of Holocene MAAT for the
DH-GAPOL site.

The resulting MAAT given as temperature changes relative to the 30-year average for the period
1981-2010 AD are presented in Figure A2-5. MAAT reconstruction based on §'*0 varies moderately
and has a clear decreasing trend until the Little Ice Age, whereas the reconstruction based on the argon
and nitrogen isotopes fluctuates considerably and doesn’t have any unique long-term trend.
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Figure A2-3. Holocene MAAT change relative to 2000 AD based on the proxy ice-core records of d"*O
(Vinther et al. 2009) (top) and Holocene MAAT for Summit based on the proxy ice-core record of argon and
nitrogen isotopes (Kobashi et al. 2017) (bottom).
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Figure A2-4. Correlation of MAAT between the meteorological data and the proxy ice-core records of d'*O
(Vinther et al. 2009) (a) and argon and nitrogen isotopes (Kobashi et al. 2017) (b).
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Figure A2-5. Reconstructed proglacial Holocene MAAT change relative to the 30-year average for 1981-2010
for the DH-GAPOI site based on the meteorological data and the proxy ice-core records (Vinther et al. 2009,
Kobashi et al. 2017).

A2.2 Proglacial surface conditions

For modelling the surface conditions of the proglacial area, the important input data set are the
location and extent of water bodies and the topographic wetness index.

A2.2.1 Location and extent of water bodies GAP (soil map)

The location and extent of water bodies in the model domain were extracted from the soil map, see
Section A3.3 and Figure A3-9 (Petrone 2018).

A2.2.2 Topographic Wetness Index (TWI) GAP model

Ground surface humidity conditions are determined through the Topographical Wetness Index (TWI).
This dimensionless quantity is commonly used to quantify topographic control on hydrological
processes. The TWI calculations for the model domain were carried out in ArcGIS, where slope, flow
direction and flow accumulation were calculated from the digital elevation model (DEM) of the area.
Schwanghart and Kuhn (2010) describe the multi-direction water flow algorithm used in the TWI
calculations. The TWI calculations used an altimeter-registered digital elevation model (ASTER DEM)
posted at 30 m (Howat et al. 2014, 2015).

Two TWI models were produced where one model includes the elevation of the ice-sheet surface in
the calculation, which results in that all precipitation that falls on the ice-sheet runs off supraglacially
(Figure A2-6). This is however not a realistic case since water can percolate through the ice via
fractures and moulins.
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The other TWI model excludes the ice-sheet from the calculation (Figure A2-7), which allows an
estimate of TWI for a situation when the ice-sheet has retreated.
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Figure A2-7. Topographic Wetness Index (TWI) for the model domain without ice-sheet conditions.
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A2.3 Present-day lapse rate

The present-day lapse rate (vertical air temperature gradient) at the GAP site is approximated by using
the 2 m air temperature data from the Kangerlussuaq and KAN B (DH-GAPO1 site) weather stations
(Cappelen et al. 2017b, Van As et al. 2011), and 1.6 m air temperature data from the soil temperature
monitoring sites at the DH-GAPO1 and DH-GAPO03 drill sites (Figure A2-8). Using the MAAT from
Kangerlussuagq at the elevation of 50 m and from KAN_B at the elevation of 380 m (Figure A2-1) gives
a mean lapse rate of —0.9 °C km™'. The monthly mean air temperature time series for the soil temperature
monitoring sites (Figure A2-8) covers periods from September 2010 to April 2017 (DH-GAPO1 site) and
from September 2011 to July 2016 (DH-GAPO3 site). Since values for August and September 2014 are
missing from the DH-GAPO3 site time series, the mean values of —5.4 °C for the DH-GAPO1 site and
—5.2 °C for the DH-GAPO1 site for the years 2012, 2013 and 2015 are used for the lapse rate. Hence,
using elevations of 374 m (DH-GAPO1) and 484 m (DH-GAPO03) yields a lapse rate of —1.5 °C km™
between the sites.
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Figure A2-8. Monthly air temperature for the soil temperature monitoring sites at the DH-GAPO1I site (red)
(September 2010 — April 2017) and DH-GAPO3 site (blue) (September 2011 — July 2016). Monthly values
for August and September 2014 are missing from the DH-GAPO3 time series.
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Appendix 3

Subsurface properties and conditions

The data on subsurface conditions and properties for the permafrost simulations consists of surface
topography, material properties of bedrock and properties of soil cover. The bedrock data includes
bulk density, porosity, thermal conductivity, specific heat capacity and radiogenic heat production and
bedrock temperature as well. The soil data consists of soil depth and type. Soil properties and hydraulic
conductivity of bedrock are based on the data from the Forsmark site (Hartikainen et Al. 2010).

A3.1 Geometry and topography

The surface topography included in the permafrost simulations is based on a combined resolution digi-
tal elevation model (DEM) for the area, utilising the ArcticDEM release 6 mosaic (tiles 15 382 2 and
16 382 1) (http://data.pgc.umn.edu/elev/dem/setsm/ArcticDEM/) and the GIMP DEM (Howat et al.
2014, 2015) of the area. The GIMP DEM covered areas has a resolution of 30 m and the ArcticDEM
covered areas has a resolution of 5 m.

A3.2 Bedrock
A3.2.1 Petrophysical properties

Variation in rock type and rock physical properties have impact on processes studied with thermal
modelling such as the growth of permafrost and the development of active layer. The essential
parameters required in thermal modelling can be readily measured from rock samples. Measurement
of petrophysical properties is best made from fresh, non-weathered rock samples and in sufficient
amount to achieve statistical significance over the natural variability within the sample set. Evenly
distributed rock samples were retrieved from the cores belonging to DH-GAPO03 and DH-GAP04,
with the aim to cover the main rock types distinguished by their mineralogical and textural character-
istics. Care was taken that the sample was representative of the specific rock unit and did not include
fractures or other anomalous features. A total of 18 10 cm long samples were collected from the

39 mm wide DH-GAPO3 core with a sample distance of approximately 20 m. From the 50.5 mm wide
DH-GAPO4 core a total of 71 12—15 cm long samples were collected. Petrophysical determinations
were conducted in the Petrophysical Laboratory of the Geological Survey of Finland in Espoo.
From all samples the following determinations were done: density (kg m™), matrix porosity (%) and
thermal conductivity (W m™' K™). In addition to these parameters specific heat capacity (J kg™' K™)
and radiogenic heat production (W m™) for U, Th and K, respectively were obtained from the samples
from DH-GAPO4, to support thermal modelling.

A3.2.2 Bulk density (measured)

Densities were measured as the mass per unit volume, expressed in kilograms per cubic meters. The

measurements were carried out by weighing the samples in air and water and calculating the dry bulk

density (Archimedes’ principle). The accuracy of the scale is 0.01 g and the repeatability for weighing
of average-size (200 cm’) specimens is better than 0.01 %.

A3.2.3 Porosity (total) (measured)

Porosities were determined by water saturation method. Water-saturated (seven days at room tempera-
ture and pressure) samples are weighed before and after drying (three days at 105 °C) in oven. The
accuracy of the scale used for porosity measurements is 0.01 g.

A3.2.4 Thermal conductivity (measured)

Thermal conductivity was measured with the steady-state divided bar method using an apparatus built
at the Geological Survey of Finland. Disks with 7 mm thickness were prepared from the core samples.
Thermal conductivity was measured after keeping the samples at least two days in a water bath at room
temperature and pressure. Inaccuracies of thermal conductivity values are considered to be smaller
than 5 %.
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A3.2.5 Specific heat capacity (measured)

Specific heat capacity was measured on the samples from DH-GAP04 using a Phywe calorimeter
added by thermometer functioning with AD590 sensor. The measurements were done from the same
7 mm disks as the thermal conductivity measurements. A calorimetric method was used. The sample is
heated to a known temperature, then placed into a calorimeter containing a weighed amount of water,
and the final equilibrium temperature of the calorimeter-water-sample system is measured. Specific
heat is calculated from the initial and final temperatures of the sample and calorimeter, the heat capac-
ity of the calorimeter, and the masses of water and sample. The sample is heated in boiling water, the
temperature of which is measured with a Hg-thermometer. The temperature of a sample in the hot bath
is about 98.5 °C. Temperatures in the calorimeter are measured electronically with a semiconductive
temperature sensor (AD 590) having a nominal resolution of 0.002 K. The specific heat capacity is
determined with an inaccuracy of less than 5 %, and a repeatability of 3—5 %. The GTK raw data on
specific heat capacity was corrected to room temperature conditions by 7.5 % reduction.

A3.2.6 Radiogenic heat production GAP (measured)

Radiogenic heat production measurements (K, U, Th) were performed on 30 samples from DH-GAP04
using a multichannel analyzer EG&G Ortec ACE™-2K gamma spectrometer equipped with a four-inch
Nal/TI detector. Measurements were done on solid pieces cut from the core. The samples were first
kept in plastic for one week in order to prevent the escape of radon. Measuring time for samples and
standards was 30 minutes and for background 60 minutes. Standard samples were measured 2—3 times,
and the results show that the measured values are in good agreement with the expected values. Energy
levels (MeV) of gamma spectrum for measured emitters are for K 1.36—1.56, for U 1.66—1.86 and for
Th 2.41-2.81. ‘“Total’ gives the net signal of radioelements (ur, unit of radioelement concentration).
Radiogenic heat production was calculated from the contents of K, U and Th according to equation:
H=10"p(9.52¢cy + 2.56¢7, + 3.48¢), in uW m ™ (Balling 1995, Beardsmore and Cull 2001) where p is
the density of sample.

A3.2.7 Measured GAP bedrock temperature

Bedrock temperature measurements were performed in the DH-GAPO04 borehole from 2011 and
onwards (Claesson Liljedahl et al. 2016). The mean annual temperature for the year September 2016
— August 2017 is shown in Figure A3-1. The 100-550 metres depth interval of the smoothed curve
based on a 10-metre moving average is used for the permafrost model evaluation. The inversion near
the top of the borehole is due to the warming of climate from the previous year.
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Figure A3-1. Measured mean annual bedrock temperature for September 2016 — August 2017 for borehole
DH-GAPO4. The smoothed curve is a 10 m moving average of the original curve. The inversion near the top

of the borehole is due to recent warming of the climate, and the inversion near the bottom of the borehole is

due to termination effects of the optical fibre, used to obtain the borehole temperature.
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A3.2.8 Geothermal heat flow (model/calculated)

By combining information from DH-GAP04 borehole temperature profiling from September 2016 —
August 2017 with petrophysical data the steady-state heat flow density (HFD) was calculated for
DH-GAPO04. Moving averages of the temperature gradient and thermal conductivity are used. The
average HFD calculated between 100-526 m, is 27.6 + 1.8 mWm* (Figure A3-2). The change in the
HFD values at 250-300 metres depth is assumed to be due to effects of the ice-sheet and topography
together with the tilting of the borehole. The HFD values from DH-GAPO04 are corrected for climatic
effects, i.e. long term palaeoclimatic variations, in the next section.

100 -
200 -
300 - -

400 -

Vertical depth below top of borehole (m)

500 -

600 . . . . . . . . . . . . . . .
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Figure A3-2. Calculated HFD for borehole DH-GAP04. HFD calculated from 50 m windows moving
averages of thermal conductivity and temperature gradient of the borehole temperature profile from
September 2016 — August 2017.
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A3.2.9 Palaeoclimatic correction of geothermal heat flow

HFD is not constant with depth. Vertical variation depends on crustal radiogenic heat production, heat
flow from the mantle, convective heat transfer due to groundwater flow, heterogeneity of the material,
surface topography, uplift, subsidence, erosion, sedimentation, and palacoclimate, i.e. variations in the
past MAGST (cf Benfield 1939, Birch 1948, Kukkonen and Joeleht 2003).

The measured vertical component of HFD at the DH-GAPO04 site is corrected for the influence of the
lower MAGST during glacial phases (manifested by the warming when entering the post-glacial ice-
free period) to obtain a so-called palaeoclimatically corrected HFD. In the absence of HFD data from
several km depths, undisturbed by long-term climate changes at the ground surface, a palacoclimatic-
ally corrected HFD is in the present study needed for the heat flow boundary condition at the lower
boundary of the model domain at the 10 km depth. The palacoclimate correction is done by exploiting
the solution of the unidimensional linear heat conduction problem in the semi-infinite homogeneous
solid for given constant surface temperature and initial temperature of 0 °C (Carslaw and Jaeger 1959).
With given step-wise changes of the past MAGST the resulting average palacoclimatic correction
of HFD for the depth interval z, <z <z, at time ¢ can be computed by the equation:

k Zy

n Zl
Z AT, | erf — erf
Zy = Z1 4 2,[K(t —t) 2,[k(t —t;)

Aq(t) =

where AT; is the MAGST change at time # < ¢, k is the thermal conductivity and « the thermal diffusiv-
ity defined by x =&, where C is the volumetric heat capacity.

For the glaciated period of the last glacial cycle (104-7 ka BP), the past MAGST consists of the

basal ice temperature history of the reference and sensitivity SICOPOLIS simulations described in
Appendix A1, whereas for the last 7 ka (approximately Middle and Late Holocene), 16 temperature
histories have been reconstructed by the permafrost surface models. The MAGST-development between
7 and 0 ka BP are computed based on the two MAAT reconstructions (V, K, see Section A2.1), two
precipitation conditions (L, H, see Section 3.3), two timings of the last readvance of the GrIS (500, 800,
see Section 3.3) and for both models representing different TOs (Model A and B, see Section 3.1). In
order to account for the effects of topography and lateral variations of the surface conditions, MAGST is
averaged over a 20-km wide region extending 10 km in both directions from the borehole. The resulting
MAGST anomalies with respected to the mean glacial cycle MAGST of each individual MAGST case
are shown in Figure A3-3 (zero TO, Model A) and in Figure A3-4 (nonzero TO, Model B).

Using an average thermal conductivity of k= 2.3 Wm 'K, a volumetric heat capacity of

C=1.98 MJm K" and the step-wise changes of MAGST shown in Figure A3-5 (zero TO, Model A)
and Figure A3-6 (nonzero TO, Model B), Equation (A3-1) yields an average palacoclimatic correc-
tion of HFD for the depth interval 300 m <z < 500 m that amounts between ~6 and ~13 mW m*
(Figure A3-7). In addition, the higher air temperature (K) has a positive influence of 1.3 0.3 mW m™
on the palacoclimatic correction in comparison to the lower one (V). In the same way, the higher
precipitation (H) against the lower one (L) increases the palaeoclimatic correction by 0.5+ 0.2 mW m 2,
whereas the higher basal temperature (Gbh) compared to the lower one (G) decreases the palacoclimatic
correction by 3.24 mW m . In addition, the earlier readvance of the GrlS, i.e. the last readvance timing
of 800 versus 500 years BP, increases the palaeoclimatic correction by 1.7 + 0.3 mW m™*. The effect
of TO on the palaeoclimatic correction is decreasing, i.e. TO in Model B reduces the palaeoclimatic
correction by 0.5 + 0.2 mW m . in comparison to zero TO Model A.

The mean and standard deviation of the 32 cases are 9.8 and 2.0 mW m™?, which yield the palaeo-
climatic correction of 9.8 + 2.0 mW m™ that is used to deduct the undisturbed thermal boundary condi-
tion at the bottom of the model domain for all model simulations in this report. The result is further
illustrated by using a cumulative sum in Figure A3-8.
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Figure A3-3. MAGST change from the mean glacial cycle value for the DH-GAP04 site based on the MAAT
reconstructions V and K, precipitation conditions L and H, basal ice temperatures G and Gbh and timing
cases of the last readvance of the GriS 500 and 800 and considering zero TO (Model A).
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Figure A3-4. Same as Figure A3-3 but for nonzero TO (Model B).

SKB TR-21-08

20 10
Time (ka BP)

1

V_L_.G_500
V_L_G_800
V_L_Gbh_500
V_L_Gbh_800
V_H_G_500
V_H_G_800
V_H_Gbh_500
V_H_Gbh_800
K_L_G_500
K_L_G_800
K_L_Gbh_500
K_L_Gbh_800
K_H_G_500
K_H_G_800
K_H_Gbh_500
K_H_Gbh_800

89



AT;; (°C)

6 | L L L L L L L Lo v b v 0 0 0 L | I R

T

6 A . S S —
100 20 10 1 0

ti (a)

Figure A3-5. Step-wise change of MAGST based on the MAAT reconstructions V and K, precipitation
conditions L and H, basal ice temperatures G and Gbh and timing cases of the last readvance of the GriS
500 and 800 and considering zero TO (Model A), nonzero TO (Model B).
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Figure A3-6. Same as Figure A3-5 but for nonzero TO (AT < 0 °C Model B).
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Figure A3-7. Modelled perturbation of HFD for the 16 test cases consisting of MAAT cases V and K,
precipitation cases L and H, basal ice temperatures G and Gbh and two last ice-sheet readvance timing
cases 500 and 800 and using zero (Model A) and nonzero (Model B) TO.
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Figure A3-8. Cumulative sum of the mean value (black line) and the standard deviation (grey area)
of palaeoclimatic correction of HFD for the DH-GAPO04 site.
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In order to evaluate the validity of this palacoclimatic correction, the above equation is also applied
to the Outokumpu Deep Drill Hole site (Kukkonen et al. 2011) that has been subject to independent
estimates of the palaeoclimatic correction. Using the thermal conductivity and volumetric heat capacity
(shown in Table A3-1) and MAGST histories of Kukkonen et al. (2011), the average palacoclimatic
correction for the depth interval of 100—1 000 metres is shown in Table A3-2. The results from the
independent site agree well with the values from the DH-GAPO04 site. In addition, the modelled palaco-
climatic correction for the DH-GAP04 site compares well with the average correction of 15 mWm ™

at the 500-m depth for the Fennoscandian Shield proposed by Kukkonen and J&eleht (2003).
Furthermore, the palaeoclimate correction is in line with the palacoclimate correction of ¢ 10 mWm ™
estimated for the Summit site in Greenland (Dahl-Jensen et al. 1998).

Table A3-1. Average thermal properties for the Outokumpu site (Kukkonen et al. 2011).

Thermal conductivity Heat capacity Comment
(Wm™K™) (MJ m3K™)
2.43 1.89 Average for the 300-500-m depth interval

Table A3-2. Modelled palaeoclimatic correction of HFD and the palaeoclimatically corrected HFD
for the Outokumpu site.

Depth interval | Model Reference value Comment

Palaeoclimatic Palaeoclimatically | Palaeoclimatic Palaeoclimatically
correction corrected HFD correction corrected HFD

100-1000 m 9 40 10 42 Reference value concerns
the 1-km depth interval

A3.3 Soil type and depth model

A soil cover map (Figure A3-9) and regolith depth model (Figure A3-10) covering the model domain
used in the permafrost simulations was produced in 2018 (Petrone 2018). The regolith analysis
combined results from analysis and processing of multispectral satellite images with data from several
field visits and the general regional understanding of the periglacial landscape.

For the analysis data from the DigitalGlobe’s WorldView-2 (WV2) satellite sensor was processed and
used. Multispectral satellite images with a resolution of 2.0 m from WV2 included the spectral bands
listed in Table A3-1.

Table A3-1. WorldView-2 multispectral specifications.

Band number Band name Spectral interval
1 Panchromatic 450-800 nm
2 Coastal 400-450 nm
3 Blue 450-510 nm
4 Yellow 585-625 nm
5 Red 630-690 nm
6 Red edge 705-745 nm
7 Near Infrared 1770-895 nm
8 Near Infrared 2860-1040 nm

As a basis of surface analysis different image data sets from DigitalGlobe were processed and ortho-
rectified (geometrically corrected) using the ArcticDEM Realease 6 (tiles 15 382 2 and 16 382 1)

(http://data.pgc.umn.edu/elev/dem/setsm/ArcticDEM/) and the GIMP DEM (Howat et al. 2014, 2015).
Polar Stereographic or WGS 84 UTM Zone 22N was used as the coordinate system for all files used
and produced.
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Field visits to several sites were made in 2017 to obtain information on depths and to provide correla-
tion points for the soil type/landscape type classification. Petrone (2018) presents a list of sites visited.
Even though a few field sites were visited for field checking, the model domain covers a large area
and therefore the uncertainty can be quite large in interpolated soil depths.

A3.3.1 Soil types

Several soil type classes were defined based on the spectral signatures and the regional understanding
of the area (Table A3-2). A maximum likelihood classification was performed using Spatial Analyst
in ArcMap 10.5.1. To remove most of the noise and to smooth out boundaries focal statistics and
majority filters were applied.

The soil map is presented as a 2 x 2 m raster with 7 different classes (Table A3-2 and Figure A3-9).
Each landscape class and percentage relative of the total surface area, excluding the ice-sheet, is
presented in Table A3-3.

Table A3-2. Class division with associated regolith information.

Class number Class name Regolith information

2 Glacial meltwater Glaciofluvial sediments

3 Lake Gyttja and/or silt

4 Vegetated surface Silt and/or silty peat

5 Barren Thin till on bedrock

6 Sand deposits Eolian sand
12 River sediments and proglacial sediments Glaciofluvial sediments and proglacial till
13 Glacier Thin till on bedrock

[ 2 Glacial meltwater
(Glacioflavia sediments)

Il 3 Lake
(Gyttja and silt)

[ 4 Vegetated surface
(Silt and/or Silty Peat)

5 Barren
(Thin Till or Bedrock)

[ 16 Sand deposits
(Eolian Sand)

7] 12 Glaciofluvial sediments
and Proglacial till

13 Glacier

10 km
|

Figure A3-9. Soil map covering the study area (Petrone 2018).
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Table A3-3. Each landscape class and percentage of total land area.

Class Percentage of non-ice area
Glacial meltwater 5%
Lake 8 %
Vegetated surface 58 %
Barren 20 %
Sand deposits 1%
River sediments and proglacial sediments 8 %

A3.3.2 Average soil thickness (soil map)

The description of the average thickness of soil cover in the model domain area has been provided
from Petrone 2018. The soil thickness is presented as a 100 x 100 m depth regolith depth model
(Figure A3-10). To create more realistic regolith depth transition between classes a mean filter was
applied, and thickness pixels were smoothed using the mean of the neighbouring pixels. Regolith
depths were assigned based on field data and scientific references from the area (Storms et al. 2012,
Petrone et al. 2016). Table A3-4 presents the landscape classes and regolith depth intervals applied.

As mentioned in Section 3.3.3, it should be noted that the soil thickness model shown in

Figure A3-10 overestimates soil thicknesses in certain areas due to interpolation effects. Of specific
interest, this is the case for the location of the DH-GAP04 borehole. At this site, soil thicknesses are
considerably larger in the model (designated to the regolith depth interval 19-24 m of Table A3-4,
see Figure A3-10) than in reality. The correct regolith thickness for this specific location should be
3 m or less. The error introduced by this soil thickness model overestimation have been studied by a
dedicated permafrost model sensitivity simulation where regolith thicknesses were reduced by 90 %
(Section 3.3.3, test case S10). The result shows that the locally overestimated regolith thickness in
the soil model only has a minor influence on modelled bedrock temperatures. The 90 % reduction in
regolith thickness only results in a 0.01 + 0.03 °C decrease in the average bedrock temperature at the
DH-GAPO04 borehole location (Section 4.2.2).

s = e s Regolith depth (m)
2 -3
47
[s-12
[ ]13-18
[ 119-24
[ ]25-31
[ 132-39
[ 40-47
I 48 - 55
I 56 - 60

0 55 10 km

Figure A3-10. Regolith depth model (Petrone 2018). Note that some regolith depths in the model are known to
be too large, e.g. around the DH-GAPO04 borehole site (see the text). Black circle = DH-GAP04 borehole site.
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Table A3-4. Regolith thickness intervals in meters. ' Storms et al. 2012. 2 Petrone et al. 2016.

Class

Regolith thickness interval (m)

2 — Glaciofluvial sediments

3 — Gyttja and/or silt

4 — Silty and/or silty peat

5 — Thin till on bedrock

6 — Eolian sand
12 — Glaciofluvial sediments and proglacial till
13 — Thin till on bedrock

20-60'
5-10
2-52
0-2
2-10

20-60"
0-2

A3.3.3 Soil properties

The data from the Forsmark site is used for the thermal and hydraulic properties of soil cover.
The assigned properties are presented in Hartikainen et al. (2010).
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Appendix 4

Supplementary results

A4.1 Geothermal heat flow

Figure A4-1 shows a 2D cross-sectional heat flow simulation for geothermal heat flow density along
the model domain for the K H_Gbh_500 Mean_S100 test case. First, at around 10 ka (3 kyr before
deglaciation), the local basal thermal state of the ice-sheet changes from being cold-based (basal ice
temperature ~—8 °C) to warm-based (basal ice temperature at the pressure melting point, ~—1 °C). This
results in a very strong decrease in heat flow. At the DH-GAPO04 drill site, the heat flow is reduced from
35+3t0 12+ 1 mW m? (~65 % decrease). Subsequently, at the time of deglaciation (around 7 ka), the
ground surface cools by 2—6 °C, compared to the ice-covered warm-based period, as the area becomes
subject to Middle Holocene air temperatures. This cooling lithospheric surface boundary condition
increases heat flow to 25 + 5 mW m™. At this site, the glacial transitions therefore result in complex

changes in heat flow, with values ranging from 11 to 38 mW m™* over the past 100 ka.
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Figure A4-1. Upper panel: glacial cycle vertical geothermal heat flow density along the model domain for
the K H Gbh_500_Mean_S100 test case. Note the logarithmic scale on the y-axis. Lower panel: surface
topography along the 2D model domain. The inclined >500 m deep DH-GAP04 borehole is shown in pink.

Present-day lake locations are denoted by blue bars. Modified from Colgan et al. (2022).
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Appendix 5

Input data files

Table A5-1 summarises the input data files described in the previous appendices, used for the perma-
frost simulations.

Table A5-1. Input data files used for the permafrost model simulations.

Section Type of data Name of data file

in previous

appendices

A2.21 Location and extent of water WGR_REG_LCLASS_2018-02-15/WGR_REG_LCLASS_2018-02-15.tif
bodies GAP (soil map)

A2.2.2 Topographic Wetness Index Twi_esri_ascii/twi_30m_withice.txt
(TWI1)

A3.3.1 Surface elevation ArcticDEM_AsterDEM_5m_22n/ArcticDEM_AsterDEM_5m_22n.tif

A3.2 Bedrock physical properties Input_data_GAP_permafrost_modelling_ GTK.xIsx

A3.2 Bedrock temperatures Heat flow density.xIsx

A3.3.1 Soil types (soil map) WGR_REG_LCLASS_2018-02-15 /WGR_REG_LCLASS_2018-02-15.tif

A3.3.2 Average soil thickness WGR_REG_RDM_2018-02-15.tif
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