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Summary

In this study we have simulated the evolution of stresses induced in the crust beneath Forsmark,
Sweden, using reconstructions of the Saale and Weichselian glaciations as well as three scenarios of
future glaciation. For each ice sheet, five different Earth models have been used. The main focus of
this report is on the stress evolution at Forsmark at 500 m depth, the location of the future nuclear
waste repository.

The present study is in many ways a continuation of the study by Lund et al. (2009), which focused
on a particular reconstruction of the Weichselian glaciation and the effects of that glaciation on the
stress and fault stability evolution at Forsmark. Here we extend the stress part of that study by adding
four more ice sheet simulations and by investigating the effect of those ice sheets on five different
earth models. In addition, we study the effect of a prolonged residence time of the ice sheet at glacial
maximum by introducing hiatuses of 25 kyr and 50 kyr at that time. We also investigate the impact of
multiple glaciations on the stress field. We use a methodology similar to that of Lund et al. (2009), a
glacial isostatic adjustment (GIA) simulation using a flat-earth finite element formulation based on
Wu (1992, 2004) and Schmidt et al. (2012).

The five ice models we study are (i) the Weichselian reconstruction (SKB 2010) used in Lund et al.
(2009), (ii) a transient evolution of the large Saalian glacial cycle (Colleoni and Liakka 2020), (iii) a
future projection of ice evolution where the governing temperatures are based on CO; -levels using
the Representative Concentration Pathway 4.5 (RCP 4.5) until the year 2300 and then a fast CO»
decline onward (Tholix et al. 2019), (iv) the same RCP 4.5 scenario until the year 2300 followed by a
slow CO> decline (Tholix et al. 2019) and (v) using the RCP 8.5 scenario to the year 2300 followed
by a slow CO2 decline (Tholix et al. 2019). The latter three ice models start in the year 2010 and
evolve 120 thousand years into the future. These five ice models cover a wide range of glacial sizes,
thicknesses and evolutions in Fennoscandia. We combine the ice models with five earth models with
varying thicknesses of the mechanically strong lithosphere and various mantle viscosities, in order to
cover a range of plausible models for the earth structure in and around Forsmark.

As expected, in our 25 GIA simulations we find that the ice models are the first order drivers of the
evolution of the stress field induced in the crust. The different earth models modulate the stresses, in
magnitude and also to some degree in the timing of the development. Comparing the regional
patterns of the direction and magnitude of the maximum horizontal stress we find that for a particular
ice model, the regional stress distribution is rather similar between earth models, with some
differences mostly around the outer parts of the ice sheet. The glacially induced vertical stress is
directly proportional to the local weight of the ice column. The horizontal stresses depend on the
flexure of the lithosphere, which in turn depends on the elastic and rheological parameters of the
earth model. The maximum horizontal stress tends to grow to magnitudes similar to the maximum
vertical stress, if the ice resides long enough at a particular configuration. During glacial periods,
none of the earth models used here produce horizontal stresses which are more than a few MPa larger
than the maximum vertical stress and most models never reach horizontal stresses as large as the
vertical stress. In the models in this study we found a maximum compressive horizontal stress of 30.4
MPa at 500 m depth in Forsmark. Tensional induced horizontal stresses develop around the edges of
a stationary ice sheet, and can also develop at ice free locations as an ice sheet advance toward them.
In this study we found up to 11.4 MPa induced tensional stress at 500 m depth in Forsmark.

We studied how displacement and stress evolve if the glacial maximum is extended for longer time
periods, with the same resident ice volumes. The results show that none of the earth models are in
isostatic equilibrium at the original glacial maximum but that subsidence and horizontal stresses
continue to increase with residence time, even after a 50 kyr hiatus. We also investigated what effect
a prior glaciation has on the stress and displacements during the next glaciation. There is, naturally, a
significant initial difference, which depends on the time between glaciations and the viscosity of the
earth model. The effect decreases during growth of the next ice sheet and is generally very small (up
to about 1 MPa depending on earth model) at the next glacial maximum.

Stress data from beneath Forsmark accompany this report. For each of the 25 + 18 ice-earth
combinations (excluding the case of multiple glaciations), data is provided at 1 km intervals from
500 mto 14.5 km depth, for every 1000 year throughout the simulations.
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Sammanfattning

I detta arbete har vi simulerat hur spanningarna i jordskorpan utvecklas under en nedisning. Vi har
anviant modeller av bade Saale och Weichselisarna samt tre modeller av tinkbara framtida
nedisningar. Varje ismodell har anvénts tillsammans med fem olika jordmodeller for att ocksa studera
jordmodellens inverkan pa spanningsutvecklingen. Fokus for rapporten ligger pa spannings-
utvecklingen pa 500 m djup i det framtida slutforvaret for anvént kdrnbrénsle i Forsmark.

Den hiér studien dr pd méanga sitt en fortséttning av arbetet i Lund et al. (2009) som undersokte
spanningar inducerade i jordskorpan av Weichselisen och hur dessa paverkar forkastningars stabilitet.
Har utokar vi spanningsdelen av det arbetet genom att undersoka ytterligare fyra olika ismodeller och
hur de samverkar med fem olika jordmodeller. Dessutom studerar vi effekten pa spanningstillstandet
av en forlingning av den tid dé isarna befinner sig i maximal storlek med 25 000 respektive 50 000
ar. Vi undersoker dven hur dterkommande nedisningar paverkar spdnningarna. Vi anvénder en
metodik liknande den in Lund et al. (2009) genom att simulera hur jorden isostatiskt svarar pa
nedisning i platta jordmodeller, efter Wu (1992 2004) och Schmidt et al. (2012).

De fem ismodeller vi anvénder &r (i) den Weichselrekonstruktion (SKB 2010) som anvéindes i Lund
et al. (2009), (ii) en transient utveckling av den stora Saale-isen mellan 240 till 135 tusen &r fore nutid
(Colleoni and Liakka 2020), (iii) en framtida isutveckling dér temperaturen bestims av CO»-nivéer
enligt IPCC:s ”Representative Concentration Pathway 4.5” (RCP 4.5) fram till &r 2300 och sedan en
snabb minskning av CO, (Thélix et al. 2019), (iv) Samma RCP 4.5-scenario men med en efter-
foljande 1dngsam minskning av CO» (Thdlix et al. 2019) och (v) RCP 8.5 modellen till ar 2300 och
sedan en ldngsam minskning av CO» (Tholix et al. 2019). De tre senare ismodellerna startar &r 2010
och varar i 120 000 ar framat. Dessa fem ismodeller spanner dver glaciationer med mycket olika
storlekar, tjocklekar och utvecklingar. Ismodellerna kombineras med fem olika jordmodeller med
varierande tjocklek av den mekaniskt starka delen av litosfaren och varierande mantelviskositet for
att utvirdera olika mdjliga modeller av jordens egenskaper runt och under Forsmark.

Som forvéntat visar vara 25 simuleringar att glaciationens utveckling till férsta ordningen bestimmer
hur spanningsfiltet i jordskorpan utvecklas. De olika jordmodellerna modulerar spanningarna, i
storlek men ocksa delvis i tidsutvecklingen. Pa en regional skala, for en specifik ismodell, 4r bade
riktning och storlek av den storsta horisontella spanningen relativt lika mellan olika jordmodeller, de
storsta skillnaderna aterfinns i istickets ytterkanter. Den isinducerade vertikala spanningen &r direkt
proportionell mot den lokala islasten. De inducerade horisontella spanningarna beror pa hur litosfaren
bojer sig under lasten, vilket beror av jordmodellens elastiska och reologiska egenskaper. Den
maximala horisontella spanningen véxer till en storlek liknande den vertikala spAnningen, om isen
ligger of6érdndrad under tillrdckligt lang tid. Ingen av de jordmodeller vi studerat hir producerar
horisontella spdnningar som &r mer d4n ndgra megapascal storre 4n den vertikala spanningen och i de
flesta simuleringarna nar de horisontella spanningarna aldrig samma storlek som de vertikala under
glaciala perioder. Véra simuleringar ger en maximal horisontell kompressiv spanning om 30,4 MPa
vid 500 m djup i Forsmark. Horisontella dragspéanningar induceras runt kanterna pa en stationdr is
och dven pa vissa isfria platser nér istdcket avancerar mot dessa. I vara simuleringar finner vi upp till
11,4 MPa inducerad dragspanning pa 500 m djup i Forsmark.

Vi undersoker hur de inducerade spanningarna paverkas om isarna skulle ligga under langa tids-
perioder med sin maximala utstrackning och tjocklek. Resultaten visar att ingen av jordmodellerna
kommer i isostatisk jamvikt vid det glaciala maximat i ismodellernas originalform, landsénkning och
horisontella spanningar fortsétter att 6ka med langre liggtid, d&ven efter 50 000 ars stillestand. Vi
undersoker ocksa vilka effekter en tidigare nedisning har pa hur rorelser och spanningar utvecklas
under nésta nedisning. Vi ser en signifikant effekt under den tidiga delen av nésta glaciation, som
beror av tiden mellan de tva nedisningarna och jordens viskositet. Effekten minskar ndr nista is vixer
till och &r generellt sett mycket liten vid ndsta glaciala maximum, upp till cirka 1 MPa beroende pa
jordmodell.

Den hér rapporten atfoljs av digitalt data for de glacialt inducerade spanningarna. For varje
simulering (25 + 18 is-jordkombinationer, utom de for multipla nedisningar) finns data for Forsmark
fran 500 till 14,5 km djup med intervaller om en kilometer och 1000 ar.
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1 Introduction

Spent nuclear fuel is potentially hazardous for hundreds of thousands of years, a time frame which in
Fennoscandia is enough that one, or more, continental ice sheets may cover the repository for some
time. It is therefore important to assess how a large ice sheet affects the stresses in the repository rock
mass, both from a construction point of view and in order to evaluate if those stresses may cause
rapid fault motion, i.e. earthquakes. In this report we use numerical modelling to investigate the
stresses induced in five different models of the Earth using five different ice sheet evolutions, with
different areal extents, different total ice volumes and different ice thicknesses over Forsmark. A
previous SKB study on the effect of a Weichselian ice sheet on stresses and fault stability at
Forsmark (Lund et al. 2009, L2009 hereafter) used one particular ice sheet reconstruction based on
the University of Main Ice-Sheet Model (UMISM - SKB 2010). The current study includes results
with the UMISM reconstruction, and adds one ice sheet simulation of the much larger Saalian ice
sheet (Colleoni and Liakka 2020) and three simulations into the future, using the climate evolution
models Representative Concentration Pathway (RCP) 4.5, RCP 4.5¢ and RCP 8.5 as starting points
(Tholix et al. 2019).

The process by which the solid earth responds to a glacial load on its surface is called Glacial
Isostatic Adjustment, GIA. Using a simplified description, the Earth can be considered to consist of
an outer elastic shell, the mechanically strong lithosphere, surrounding a viscoelastic medium in the
interior, the mantle. To complicate the picture, the thickness of the outer elastic shell is known to
vary laterally and in addition, the rheological parameters also vary both laterally and with depth. On
short time scales, less than a year, the immediate response of the Earth to changes in the glacial load
will be elastic while on long time scales, thousands of years, it approaches that of a viscous medium
overlain by an elastic layer. Estimates of the viscosity in the uppermost regions of the mantle ranges
from 10?'-10* Pa s beneath cratonic regions (e.g. Mitrovica et al. 2007, Steffen and Wu 2011,
Schmidt et al. 2014) down to 10'° beneath mid-oceanic ridges and in hotspots (e.g. Schmidt et al.
2013). As a consequence, in cratonic regions covered by ice sheets during the last ice age, such as
Fennoscandia, adjustment is still ongoing today, some 10 000 years after the end of glaciation, with
uplift velocities in excess of 10 mm/yr (e.g. Kierulf et al. 2021). In regions underlain by a mantle
with an elevated temperature, e.g. Iceland, the GIA process may have finished as soon as 1000 years
after the deglaciation (e.g. Sigmundsson 1991). During growth of an ice sheet, stresses in the
subsurface below the load will increase. In the viscoelastic mantle this will cause a flow of mantle
material down- and outwards from the region directly beneath the growing ice sheet, causing the
loaded surface to subside. The flow of material at depth will at the same time cause regions at a
distance to be uplifted, commonly referred to as a fore-bulge. Conversely, during times of decay of
the ice sheet, stresses in the subsurface will decrease, causing the region that was depressed to start
uplift while the fore-bulge will initially uplift further due to elastic expansion of the compressible
earth and then collapse/subside. However, important to note here is that as areal extent changes
during the waxing and waning of the ice sheet, the node-line (separator between uplifted and
subsided regions) will migrate. Thus, the vertical displacement at a site located away from the centre
of the ice sheet or outside the ice margin, may, during the course of a glacial cycle, include periods of
subsidence as well as periods of uplift. Further, due to the high viscosity of the mantle there will
never be equilibrium during times of ice sheet changes. In fact, if the ice sheet were to remain fixed
at any given configuration, the Earth beneath would continue to deform for thousands to several tens
of thousands of years, depending on the mantle viscosity, during which time the stresses would also
change. This effect is observed today in the present-day uplift in Fennoscandia, which is continuing
long after the end of the glaciation.

Since the realization that Fennoscandia is uplifting because of a previous ice sheet, a large number of
GIA models have been developed to explain the phenomenon. An overview of earlier models can be
found in Steffen and Wu (2011). Since then, and the publication of L2009, there have been new
studies and models of the Fennoscandian surface velocity field, the thickness of the mechanically
strong lithosphere and the viscosity of the mantle: Zhao et al. (2012), van der Wal et al. (2013),
Schmidt et al. (2014), Steffen et al. (2014), Nordman et al. (2015), Root et al. (2015), Simon et al.
(2018), Vestel et al. (2019) and Kierulf et al. (2021). A new book on Glacially Triggered Faulting
(Steffen et al. 2021) which contains extensive information on GIA and glacially triggered, or
postglacial, faults has also been published.
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2 Numerical modelling of glacial isostatic
adjustment

Over the years several approaches for numerical modelling of the Earth's response to glacial load
changes at the surface have been developed such as spectral decomposition (e.g. Peltier 1974, Wu
and Peltier 1982, Wolf 1991), finite difference - spectral (Martinec 1999), finite volume (Latychev et
al. 2005) and finite element (e.g. Gasperini and Sabadini 1990, Wu 1992), as well as mixed methods.
In this study we will make use of the Finite Element (FE) methodology following the same approach
as used in L2009. Here we will only give a brief summary of the methodology while L2009 should
be consulted for further details and discussion on simplifying assumptions.

2.1 Modelling methodology used in this study

We solve the linearized equation of motion for the glacial isostatic adjustment (GIA) problem which
can be expressed as:

V6 —V(u- pogor ) — pigr — poVD =0 €))
V20, = 47Gp, (2)
p1=-poV-u-uV - po 3)

where o is the stress tensor induced by the GIA process (i.e. not including lithostatic, tectonic or
other stress contributions), u the displacement vector, F a unit vector in the radial direction, p the
density and g, @ and G the gravitational acceleration, potential and constant, respectively. Subscripts
0 and 1 refer to the initial and perturbed states respectively (e.g. Wu and Peltier 1982, Wolf 1991, Wu
2004).

Assuming an incompressible Earth and neglecting self-gravitation (fourth term in Equation 1)
equations 1-3 reduces to a single equation (Wu 2004):

V-6—V(u-pgf)=0 4)

Although we assume an incompressible earth in the mathematical description of the problem, we
allow for compressibility in the elastic description of the material. The first term in equation 4 is the
divergence of stress and the second term the pre-stress advection. We solve Equation 4 using the
commercial finite element (FE) software ABAQUS (Abaqus 2007) with the second term accounted
for by boundary conditions implemented as spring elements (Schmidt et al. 2012).

As our region of interest is confined to Fennoscandia, the lateral scale allows for modelling of the
Earth as a flat Earth. The effect of this on the model predictions has been shown to be partly
compensated by neglecting self-gravitation (Amelung and Wolf 1994, Schotman et al. 2008). The
implementation has shown to generate vertical displacements and displacement rates in good
agreement with models solving the full set of equations on a spherical earth (Spada et al. 2011).

Each simulation is split into two model runs, one regional model and one local sub-model. The
regional model covers the entire ice sheet over Fennoscandia (Figure 3-1) with a FE-mesh of
approximately 50 x 50 km lateral resolution and vertical resolution increasing from 5 km at
shallowest depth to approximately 330 km at the core-mantle boundary. To minimize boundary
effects the model is embedded in a half-sphere of radius about 22 times the ice sheet dimension
(Lund 2005). The sub-model uses a finer mesh (approximately 10 x 10 km lateral resolution and 1
km vertical resolution) in a 450 x 450 km region centred at Forsmark, Sweden, and extending down
to a depth of 30 km. The sub-model is fully confined to the elastic lithosphere and therefore purely
elastic. In order to have manageable model sizes and computation times, the regional model is run
using linear elements with reduced integration and hourglass stabilization.
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The sub-models, however, are run using full integration as otherwise the stress solution close to the
model boundaries displays clear fluctuations. For each GIA model, a regional flat earth model is first
run, loaded by the ice-sheet reconstruction/projection. Displacements are then extracted from the
regional model over the surfaces of the local sub-model. Finally, the local sub-model is driven by
applying the temporal evolution of the displacements in the regional models to all six bounding outer
surfaces of the local sub-model. The sub-model therefore does not contribute with any information to
the solution not already present in the regional model but rather acts as an elaborate way of
interpolating the solution in the regional model onto a finer mesh based on the FE framework.

2.2 Recent developments

Since the publication of L2009, two new FE methods using commercial FE-software for modelling
the GIA phenomenon have been published, Wong and Wu (2019) and Hampel et al. (2019). The
work by Wong and Wu (2019) extends the findings by Bangtsson and Lund (2008) that the technique
presented in Wu (2004) cannot be fully generalized to a compressible earth. In order to properly
implement compressibility, and thus be able to account for all four terms in Equation 1, Wong and
Wu (2019) suggests an iterative scheme. Initially the equation:

V-5=0 (5)

is solved subject to the appropriate boundary conditions and surface load and the resulting
displacement vector is extracted. Using the solution to Equation 5, Equations 2 and 3 can be solved
and numerical values of terms 2-4 in Equation 1 can be computed as volumetric averages over each
element. These are then implemented as body forces acting on the individual elements after which
Equation 5 is solved again. The scheme is repeated until the solution for the displacement vector
converges. In the next time step the converged displacement vector from the previous time step is
used as an initial value in computing the body forces on each element after which Equations 5, 3, and
2 are iterated until convergence. The feasibility of this approach was, however, only demonstrated for
axi-symmetric (essentially 2D) GIA problems. An extension of his methodology was presented in
Huang et al. (2023), allowing for the solution of fully 3D GIA problems.

Hampel et al. (2019) use the commercial finite-element software Abaqus and the keyword
NLGEOM, which performs the simulations with a geometrically non-linear formulation, a “large
displacements” approach. This methodology produces the correct stresses directly in the model,
without the need for post-processing of the stress result, something which allows direct calculations
of e.g. fault motion. Using the NLGEOM keyword instead of elastic foundations or springs, Hampel
et al. (2019) finds that the resulting surface displacement field is in agreement with the foundations
approach by Wu (1992), when used with the same incompressible models. They do not show results
for the stress field, or for GIA models with compressibility. Instead they use models of floating
columns and find that the NLGEOM simulations predict the results for compressible columns better
than the elastic foundation simulations. There is ongoing discussion in the community about the
applicability of the NLGEOM approach to large scale GIA models. The methodology was
benchmarked in Reusen at al. (2023) to approaches using both spectral methods as well as the FE
methodology with emphasis on the horizontal displacements. The study concluded that for smaller
ice-loads (up to approximately 200 km radius) the methodology yielded acceptable results.

Recently the elastic springs approach to GIA modelling in commercial finite-element packages
(Schmidt et al. 2012) has also been used with the COMSOL software (Comsol 2021), with results
equal to those obtained with Abaqus (Vachon et al. 2022).

SKB TR-25-03 6



3 Ice sheet models

The main purpose of this study is an analysis of the effects of various potential future ice sheet
evolutions on the crustal stress field at Forsmark. We use five different ice sheet models: a Saalian
type ice sheet (NH40 - Colleoni and Liakka 2020), a reconstruction of the Weichselian glaciation
(UMISM - SKB 2010) which was also used in L2009, and three future projections based initially on
future climate projections (RCP45, RCP45e, RCP85 - Tholix et al. 2019). The volume and areal
extent of the ice sheets varies significantly, with NH40 being the largest and RCP85 the smallest,
covering a wide range of possible future glacial scenarios. None of these ice sheets were developed
jointly with any of the earth models we will use, described in section 4, implying that the ice-earth
model combinations are not self-consistent in a GIA sense. We will briefly review the ice models
below, and discuss features of importance to this study. For more in-depth information the reader is
referred to the cited original sources.

The UMISM ice sheet reconstruction is a regional model including only the region of the
Weichselian ice sheet. All other ice sheet models include ice in the entire northern hemisphere. A
region as large as the entire northern hemisphere is not compatible with the flat-Earth approximation
used for the FE model in this study. In addition, as the main target of this study is a rather restricted
area close to the centre of the Fennoscandian ice sheet, the ice load at great distance from Forsmark
(outside Fennoscandia) will not be of importance to our results (see e.g. section 3.1). We therefore
only consider the ice sheet covering Fennoscandia and surrounding areas in our GIA models. For the
RCPxx models, the ice in this area is clearly delimited from the other northern hemisphere ice sheets
and occupy the same region as that covered by the UMISM reconstruction. For the NH40 ice model
we have to make special arrangements, see below.

In this study, we define the Glacial Maximum, GM, as the time when the ice has its greatest volume,
with the exception of the NH40 Saalian type ice sheet reconstruction. In NH40, the time of greatest
thickness (within the region we use) has been used as GM, as this only differs by 500 years from the
time of greatest volume and additionally coincides with the time of greatest thickness at Forsmark.
The RCP45 model has two pulses of ice growth of similar size, where the earlier is slightly larger but
the later correlates better in terms of model time with the GM of the other ice sheets, hence we refer
to the peak volume of the later pulse.

The End Of Glaciation, EOG, is not well defined for all ice models as many are not fully ice-free at
the last time-step in the models. In these, we select as EOG a point in time at which the decrease in
volume and glacier extent appears to level out. This is defined slightly ad hoc, but is suitable for the
purpose of this study. The GM and EOG times used for the different ice models in this study are
listed in Table 3-1 in terms of thousands of years (kyr) since the start of the ice sheet model
simulation, a measure we will refer to as model years.

3.1 NH40 — a Saalian type ice sheet

The Saale ice sheet was significantly larger than the Weichselian ice sheet. In order to investigate the
induced stress effects of a very large ice sheet, both spatially and in thickness, we use the simulation
of a Saalian type ice sheet by Colleoni and Liakka (2020), hereafter referred to as NH40. The ice
sheet simulation starts at 245 kyr before present (BP) and runs for 130 kyr until 115 kyr BP at a
resolution of 500 years and approximately 40 x 40 km. We add another 45 kyr to the time history to
reach the time when the Weichselian ice sheets starts to grow significantly, with the ice load assumed
constant from 115-70 kyr BP. During this time there is ice only on the islands in the Barents Sea and
north of the Russian north coast. Due to significant timing uncertainties in the climate data used for
the NH40 simulation, the time of 0 BP is not well defined. For the remainder of this report, where
relevant, we will however assume 0 BP to equal the year 1950.

At glacial maximum, 131 kyr BP, NH40 is more or less continuous from the British Isles through
Scandinavia, Siberia, across Bering's Strait, over northern North America and Greenland (Figure
3-1). This is considerably larger than the region covered by any of the other ice sheets used in this
work. We therefore increased the model domain for the GIA models where the NH40 was used, see
Figure 3-1 , using a 50 x 50 km resolution (similar to the resolutions of the mesh used in the other
GIA models) and an azimuthal projection such that nodes in Scandinavia in the two meshes are
within 2-3 km or less.
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Figure 3-1. Thickness of the NH40 Saalian type ice sheet at glacial maximum, 131 kyr BP. The solid box shows the
area used for the regional NH40 GIA model. For comparison, the dashed box shows the area used for the regional
models loaded by the UMISM and RCPxx ice sheets. Ice in Greenland, Iceland and Jan Mayen included in the boxes
was not used in this work.

Transfer of the NH40 onto the GIA mesh was performed using the tools surface (with tension factor
0.35) and grdtrack (using bi-cubic interpolation) of the Generic Mapping Tools V5.4 (Wessel et al.
2019). The areal extent, ice-volume and maximum thickness of the ice sheet before and after the
transformation differ by less than a few percent.

Comparison of the shallow subsurface stress predicted at Forsmark using NH40 transferred onto
either the smaller GIA mesh used for the other ice sheets or the larger NH40 mesh show less than a
few percent difference at all times. Increasing the region covered by the NH40 FE mesh further is
therefore expected to have little impact on the predicted stresses at Forsmark. Snapshots of the ice
sheet at select times can be seen in the upper row of Figure 3-2 and the temporal evolution of the
areal extent, volume, maximum thickness as well as thickness at/distance to Forsmark can be seen in
Figure 3-3. Despite NH40 being the overall largest ice sheet of five studied here, the duration of ice
coverage at Forsmark is exceeded by two of the other models (UMISM and RCP45). In NH40
Forsmark is covered by ice in two periods of 7.5 kyr and 10.5 kyr, separated by 11 kyr during which
the ice margin is located 50-100 km north of Forsmark. NH40 displays the greatest ice thickness at
Forsmark among all studied ice sheets, reaching 4031 m at GM. The load centre of the ice sheet (as
well as maximum thickness) varies with time (Figure 3-2) but is at GM located furthest south among
the ice sheets used herein.
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Figure 3-2. Maps of the thickness of the NH40 Saalian type ice sheet (upper row) and the UMISM reconstruction of
the Weichselian ice sheet (lower row) at selected points in time (also indicated in Figure 3-3). Note that the NH40 ice
sheet has been limited to the region indicated by the solid box in Figure 3-1. Maximum extent of the NH40 ice is at
131 kyr BP and of the UMISM ice at 18.2 kyr BP.

3.2 UMISM - a Weichselian ice reconstruction

The University of Main Ice-Sheet Model, UMISM (SKB 2010), is a numerical model used to
reconstruct the Weichselian ice sheet. This reconstruction was used in L2009 and is included here
both as a reference and as a scenario for a future Weichselian type ice sheet. The UMISM
reconstruction starts at 120 kyr BP and runs up until year 0 BP, equivalent to year 1950 (note that in
L2009 only the later stages of the reconstruction, from 68 kyr BP onward, were used). The UMISM
model has a spatial resolution of approximately 50 x 50 km and a temporal resolution of 1000 years
until 20 kyr BP when the resolution increases to 100 years. The area covered is indicated in Figure
3-1 and illustrations of the ice sheet at various points in time are given in Figure 3-2 and Figure 3-6.

The evolution of the ice sheet is characterized by two major advances with the latter being the largest.
Maximum areal extent and volume are reached at the Last Glacial Maximum, LGM, at 18.2 kyr BP.
The temporal evolution of the areal extent, volume, maximum thickness as well as thickness
at/distance to Forsmark can be seen in Figure 3-3 and Figure 3-4 together with the temporal evolution
of the other ice sheets. In comparison to the part of NH40 used in this work, the maximum areal
extent and volume of the UMISM reconstruction is only about 41 % and 30 % of that of NH40.
Forsmark is covered by ice during both the major advancements in the UMISM reconstruction with
the ice thickness reaching a maximum of 2937 m 800 years after LGM. In contrast to the NH40
model, the load centre and maximum thickness in the UMISM is relatively stable over the central
Bay of Bothnia throughout the reconstruction (Figure 3-2).
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Figure 3-3. Temporal evolution of the NH40 Saalian type (red; limited to the solid box in Figure 3-1) and the UMISM
Weichselian (blue) ice sheets. Left: areal extent, volume and maximum ice thickness. Right: ice thickness at, and
closest distance to the ice margin from, Forsmark. Dashed lines indicate times at which maps of the ice sheets are
shown in Figure 3-2. Peak values are summarized in Table 3-1.

Worth noting in the UMISM reconstruction is that while LGM occurs at 18.2 kyr BP, the maximum
thickness occurs at 14.3 kyr BP (Figure 3-2 and Figure 3-3, Table 3-1) and the ice sheet remains
thick over Forsmark until this time. As a consequence, surface displacements and stress build-up in
the crust beneath Forsmark, due to the load of the UMISM ice sheet, are expected to continue to
increase for several thousands of years after LGM. No transfer of the UMISM model onto the FE
mesh was required as the two meshes are identical.

3.3 RCPxx — projections of future ice sheets

In order to study potential future ice sheet scenarios, we use three ice models developed as climate
models by Tholix et al. (2019). These are based on a three-pronged approach for CO»-levels, first
using Representative Concentration Pathways (RCP) developed for the Coupled Model Inter-
comparison Project 5 (CMIPS5) of the IPCC Fifth Assessment Report (IPCC 2013) up until the year
2300, then a subsequent model of CO» declines down to 280 ppm, and finally a regression equation,
calculating CO» from sea surface temperatures. The three models are:

e RCP45: Approximate total radiative forcing of 4.5 W/m? in or shortly after 2010 with respect to
pre-industrial time, followed by a fast CO» decline from year 2300 onward.

e RCP45e: Same as RCP45 until year 2300 followed by a slow CO; decline.

e RCPS85: Approximate total radiative forcing of 8.5 W/m? in or shortly after 2010 with respect to
pre-industrial time, followed by a slow CO> decline from year 2300 and on.

Under these emission scenarios, virtually all contemporary studies indicate that the onset of the next
glaciation in the Northern Hemisphere will be significantly delayed — occurring at least 100 kyr from
now under RCP4.5 and several hundred thousand years under RCP8.5 (SKB 2023, Section 3.4.5 and
references therein). However, in contrast to these studies, Tholix et al. (2019) project that glaciation
in the Northern Hemisphere, including Fennoscandia, will occur much sooner. This discrepancy
arises because the simulations in Tholix et al. (2019) are excessively cold, producing significantly
more ice over Fennoscandia in the present day than is actually observed. This cold bias then carries
over into their future projections, resulting in Fennoscandian glaciations at times when they are not
expected based on the broader scientific literature.
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In summary, the timing of ice coverage projected by Thélix et al. (2019) is not considered realistic
and does not align with conclusions from other SKB reports (e.g. SKB 2023). However, for the
purpose of this study, i.e. to examine how different ice models influence the evolution of stress fields
induced in the crust, the exact timing of glaciations is not critical. Therefore, despite their unrealistic
timing, the ice configurations simulated by Tholix et al. (2019) are still used in this analysis.

The RCPxx projections cover 120 kyr starting from year 2010 with a temporal resolution of 100 yrs
for the first 10 kyr and 1 kyr thereafter and a spatial resolution of 0.75° in latitude x 0.5° in longitude.
However, since there is initially none-zero ice thickness over Svalbard and the Scandes, our GIA
models loaded by the RCPxx projections start with ice-free conditions at the year 1010 and ramp up
the ice linearly to the 2010 starting ice thicknesses. This has little impact on the features of interest in
this study, such as maximum induced stress, fore-bulge stress and fault stability, but results in
erroneously predicted uplift velocities at Forsmark at present. Since these ice models have
significantly more ice in the Scandes mountains at year zero than what is actually present there today,
Forsmark is located in the model fore-bulge at year 2010. The GIA models loaded by the RCPxx
projections have been run for 201 kyr, assuming a constant ice-load for the last 80 kyr of the
simulation (i.e. using the load at the last time step of the particular ice model). The RCPxx ice sheet
models were transferred onto the FE mesh using the methodology described above for the NH40 ice
sheet model. The areal extent, ice-volume and maximum thickness of the ice sheets before and after
the transformation differ by less than a few percent.

Evolutions of the RCPxx projections of future Fennoscandian ice sheets are shown in Figure 3-4 with
peak values summarized in Table 3-1. Maps of the ice sheets at selected points in time can be seen in
Figure 3-5 and Figure 3-6. For comparison, the UMISM reconstruction of the Weichselian ice sheet
is included in Figure 3-4 and Figure 3-6. Interestingly, the general temporal trends in terms of areal
extent and volume are very similar between the RCPxx ice sheet models and the UMISM, see Figure
3-4. All models have two pronounced periods of glacier advance, separated in time by about 42 kyr,
and almost ice-free conditions in-between. The main difference between them is that the UMISM ice
sheet grows almost twice as large during the second advance as it was during the first peak, while the
RCP45 and RCP45¢ ice sheets have approximately the same sizes during the two main advances. In
terms of areal coverage, the RCP45 ice grows larger than the UMISM during both periods of glacier
advance, while in terms of volume the UMISM ice sheet grows larger than the RCP45 during the last
advance. The duration of the glaciated periods is longer in the RCP45 projection than in the UMISM
reconstruction and the evolution of the maximum thickness, as well as the thickness at Forsmark,
indicates that the RCP45 ice sheet advances rapidly at the onset of each glacial period, then slowly
advances to the peak after which it rapidly retreats. This is in contrast to the UMISM reconstruction
which seem more dynamic in nature with a rapid advance followed more or less immediately by an
even faster retreat.

In the RCP45 projection, Forsmark is covered by ice in two periods spanning 28 and 32 kyr,
respectively, with the thickness reaching a maximums of 2047 m and 2006 m (cf. 4031 m in the
NH40 simulation and 2937 m in the UMISM, see Table 3-1). Among the ice models used herein the
RCP45 projection displays by far the longest period of ice coverage over Forsmark. In the RCP45¢
projection the ice margin barely reaches Forsmark at the glacial maximum (Figure 3-4 and Table 3-1)
while in the RCPS85 projection Forsmark is ice-free during the entire simulation, with the ice margin
located no closer than about 180 km north of the site.

The load centre and maximum thickness in the RCPxx projections is located further north than in the
UMISM and NH40. Taken together, the NH40 simulation, the RCPxx projections and the UMISM
reconstruction cover a wide range of ice sheet scenarios at Forsmark, ranging from extended periods
of ice cover to ice free conditions with Forsmark located in the fore-bulge. These simulations also
include models where the ice sheet centre is located at either higher or lower latitudes.
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Figure 3-4. Temporal evolution of the RCP based Fennoscandian ice sheet models and the UMISM Weichselian ice

sheet reconstruction. Left: areal extent, volume and maximum thickness of the ice sheets. Right: ice thickness at, and

closest distance to the ice margin from, Forsmark. Dashed lines indicate times at which maps of the RCPxx and the

UMISM ice sheets are shown in Figure 3-5 and Figure 3-6. The time in the RCP projections as well as the UMISM

reconstruction is in model years.

Table 3-1. Summary of maximum area, volume, regional ice thickness and ice thickness at
Forsmark and End Of Glaciation, EOG, as seen in Figure 3-3 and Figure 3-4 for all ice
sheet models. In all the RCPxx models as well as in the UMISM, two major advances of
the ice sheet are present. For all except RCP45, the maximum area, thickness, volume
and thickness at Forsmark are reached in the later advancement while in RCP45 the two
advances are of similar size. Therefore, RCP45 peak values are given for both ice sheet
maxima. Times are given in terms of kyr since the start of ice sheet models and times in
bold font mark the Glacial Maximum, GM, as defined and used herein.

Max thickness

Ice Max area Max volume Max thickness Forsmark EOG
sheet
[106 km2] [kyr] [106 km3] [kyr] [m] [kyr] Lat. Lon. [m] [kyr] [kyr]
5.01 57 5.68 58 2796 | 62 | 67.32|22.79| 2047 50 -
RCP45

4.88 99 5.55 101 | 2993 | 106 | 67.32 | 22.79 | 2006 99 116

RCP45e 2.13 100 1.86 100 | 2440 | 99 |67.32|22.79| 49 100 111

RCP85 1.13 101 0.77 102 | 2008 | 102 | 68.07 | 21.10 - - 113

NH40 11.50 |113.5| 26.39 | 113.5 | 4313 | 114 | 58.02 | 17.64 | 4031 114 123

UMISM 4.66 101.6 | 7.80 101.8 | 3305 | 105.7 | 64.47 | 22.29 | 2937 | 102.6 | 109.9
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Figure 3-5. Maps of the thickness of the RCP45 and RCP45e ice sheets at selected points in time, as indicated in

Figure 3-4. At the times in the first and last map in each row the ice sheets are close to their maximum areal extents.
Time is given in years since start of the ice sheet models.
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Figure 3-6. Maps of the thickness of the RCP85 and UMISM ice sheets at selected points in time as indicated in
Figure 3-4. At the times in the first and last map in each row the ice sheets are close to their maximum areal extents.

Time is given in years since start of ice sheet models. For the UMISM reconstruction (lower row) the slices from left
to right are equivalent in time to 62, 48, and 20 kyr BP.
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3.4 Extended residence time of the ice configuration at glacial
maximum

In order to study the effect of extended residence time of the GM ice configuration we prepare two
additional scenarios of the UMISM, NH40, and RCP45¢ models. In these we maintain the GM ice
sheet configuration for periods of 25 kyr and 50 kyr, respectively, before proceeding with the
deglaciation phase in the simulations. 50 kyr is similar to the projected maximum time an ice sheet
could be situated over Forsmark during future glaciations (Liakka et al. 2024). This allows the earth
to adjust to the GM ice load for longer time periods and allows us to study how close to isostatic
equilibrium the models develop.

3.5 Repeated glaciations

The current ice age, the Quaternary, started 2.58 million years ago. Since then, the ice sheets in the
northern and southern hemispheres have been advancing and retreating in so called glacial periods.
During the last 800 kyr the average duration of a full glacial and interglacial period has been of the
order of 100 kyr, with interglacial periods typically 10-30 kyr long (Past Interglacial Working Group
of PAGES 2016). We have seen that a dynamically evolving ice sheet prevents the Earth under the
load to reach isostatic equilibrium and that reaching such an equilibrium may take several tens of
thousands of years after the ice disappears or stops evolving. A relevant question is therefore how
large the effect of previous ice sheets on the GIA response of a following ice sheet is?

To study the impact of repeated glaciations a special version of the RCP45 ice sheet, RCP45x, has
been prepared where we remove all ice during the first 70 kyr of the model. This is the time period of
the first phase of advance and retreat of the RCP45 ice sheet, see Figure 3-4. Although the RCP45
model is not fully ice-free at 70 kyr, between 67 and 77 kyr the ice is confined to the Scandes and
Svalbard with relatively small changes to the ice-sheet volume compared to the periods just before
and just after. After the first ice free 70 kyr, the RCP45x model is ramped up linearly to the minimum
ice configuration at 73 kyr in the original RCP45 model.

The original RCP45 model will serve as an example of repeated glacials separated by a 10 kyr
interglacial, while RCP45x will serve as a model of only the second glacial. Hence the difference
between the RCP45 and RCP45x models will measure the effect of the first glacial on the second.
The duration of the interglacial here is in the lower end of estimated interglacial durations during the
last 800 kyr (Past Interglacial Working Group of PAGES 2016). Further it has been estimated the
current Holocene interglacial will last at least another 100 kyr from present day (e.g. Liakka et al.
2024). For a longer interglacial period than that considered here, the effect of the previous glacial will
have relaxed further. Thus, the impact of repeated glaciations studied in this work should be
considered upper estimates.

SKB TR-25-03 14



4 Earth models

The selection of earth models used in this study is based on the results in Lund and Schmidt (2011)
and in Schmidt et al. (2014), where the predicted present-day uplift velocities in response to the
UMISM model were compared to the uplift in Fennoscandia observed using cGPS (Lidberg et al.
2007, 2010). Based on the overall fit as well as the fit at Forsmark to the current uplift, the models
M14, M118 and L11 have been selected for this work. The M14 and M 118 models have a laterally
uniform thickness of all material layers, while the L11 model has a laterally varying elastic thickness
of the lithosphere (see Figure 4-1) based on truncated and scaled elastic thickness estimates from
gravity data and Bouguer coherence modelling over northern Europe (Pérez-Gussiny¢ et al. 2004,
Pérez-Gussinyé and Watts 2005) and seismic data over Greenland and northern Russia (Priestly and
McKenzie 2006, Artemieva and Thybo 2008).

In addition to the M14, M118, and L11 models, two earth models inferred from global GIA studies of
the last glacial period have been used. The VM5a model by Argus et al. (2014) and the model by
Lambeck et al. (2017), here referred to as L2017. The rheological structure of the models is presented
in Table 4-1. Elastic properties and densities in all models are volume averages taken from the
Preliminary Reference Earth Model (Dziewonski and Andersson 1981, Table 4-2). Predicted present
day uplift velocities and remaining land uplift at Forsmark for all five earth models loaded by the
UMISM ice sheet are presented in Table 4-3.

As Table 4-1 and Table 4-2 show, models M14, M118, VM5a and L2017 have laterally uniform
thicknesses of all material layers. M14 and M118 have a 120 km thick fully elastic lithosphere layer,
L2017 has a slightly thinner fully elastic layer of 102 km whereas VMS5a has a 60 km thick fully
elastic layer and then a 40 km thick layer with viscosity 10* Pa s, which will act very similar to a
fully elastic layer on the time scales of the ice histories herein, 120-200 kyr. Models VM5a and
L2017 thus have almost identically thick elastic lithospheres which are 20 km thinner than the M14
and M 118 models. The two former will therefore have slightly lower flexural rigidity than the two
latter, and allow for more short wavelength displacements.

The L11 earth model comes in two versions, one larger used with the Saalian ice sheet
reconstruction, NH40, and one smaller used with the other ice sheets. The original data have been
truncated and scaled to yield minimum and maximum elastic thicknesses of 60 km and 288 km in
both L11 models and mean thicknesses of 120 and 139 km in the smaller and larger L11 model
respectively. In both models the elastic thickness beneath Forsmark is 130 km with thickening to the
east and thinning to the west. Test simulations with the UMISM ice sheet on the two L11 earth
models yield negligible differences in the surface displacement and stress tensor at Forsmark.

Table 4-1 shows that the viscosities in the upper mantle, beneath the lithosphere, are very similar in
all earth models considered. There is only a factor of three difference between the lowest, models
M14 and VM5a, and the highest, model L11, while in the lower mantle the viscosity differences span
more than an order of magnitude. The earth models used herein represent optimal models to three
different reconstructions of the Weichselian ice sheet that differ in spatial and temporal evolution.
This therefore indicates that the viscosity in the lower mantle has a limited effect on the resulting
present-day surface velocities (available observations are in terms of velocities, not displacements) in
Fennoscandia, in agreement with most previous studies. In this study we have not considered
laterally varying viscosities.
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Figure 4-1. Elastic thickness of the lithosphere used in the L11 model. The smaller dashed rectangle shows the region
used for all ice sheets except the NH40 which used the full model. Variation of elastic thickness outside the region
used varies according to closest boundary of region. Yellow triangle marks location of Forsmark.

Table 4-1. Rheologic structure of earth models used in this study. For the upper and lower
mantle, the table contains the depth interval and the viscosity. CMB is the Core Mantle
Boundary

Model Lithosphere [km, rheology] |Upper mantle [km, Pa s] Lower mantle [km, Pa s]
M14 120, elastic 120-670, 5 x 1020 670-CMB, 30 x 10%°
M118 120, elastic 120-670, 10 x 10%° 670-CMB, 300 x 10%°
60, elastic
’ 670-1250, 15.8 x 1020
. . 23 _ 20 ’

VM5a |632‘—31 00, viscoelastic 10 100-670, 5 x 10 1250—CMB, 31.6 x 10%
L2017 102, elastic 102-670, 5.1 x 10%° 670-CMB, 130 x 10%°
L11 60-288 (mean 120; 130 at
small Forsmark), elastic

Lithosphere—CMB, 15 x 1020
60-288 (mean 139; 130 at

L11 large Forsmark), elastic
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Table 4-2. Elastic parameters and densities used in the earth models, based on volume
averages of PREM (Dziewonski and Andersson 1981). LAB — Lithosphere Asthenosphere
Boundary with depth given in Table 4-1. CMB — Core Mantle Boundary. * 60 km in VM5a

Layer depth extent [km] 0-15 15-50* 50*—LAB LAB-410 410-670 | 670-CMB
Young's modulus [GPa] 64 156 170 182 263 552
Poisson's ratio 0.28 0.30

Density [kg/m3] 2750 3251 3378 3433 3837 4853

Table 4-3. Present day uplift rate and remaining land uplift at Forsmark predicted by the
five earth models loaded by the UMISM reconstruction of the Weichselian ice sheet (SKB
2010). For comparison, the uplift rates observed by GNSS in three studies at station
MARS, located in Gavle approximately 65 km east-north-east of Forsmark, are included
under “Data”. The difference in the three studies mainly reflects differences in the
reference system used when processing the GNSS data. Estimate of the remaining uplift
is not available, n/a, in these studies

Model Uplift rate [mm/yr] Remaining uplift [m]
M14 6.9 44

M118 8.0 132

L11 6.6 52

VMb5a 5.4 29

L2017 9.4 89

Data

Lidberg et al. (2007) 7.3 n/a

Lidberg et al. (2010) 8.9 n/a

Kierulf et al. (2021) 7.7 n/a
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5 Vertical surface displacements

In this section we study the magnitude and temporal evolution of the vertical displacements at
Forsmark induced by the ice sheet scenarios on the different earth models used. We also present the
impact of an extended residence time of the ice sheet configuration at GM, as well as that of repeated
glaciations, on the vertical displacements.

5.1 Vertical surface displacements at Forsmark

Vertical surface displacements at Forsmark for all earth models loaded by the NH40 and UMISM ice
models can be seen in Figure 5-1. Maximum subsidence ranges from 565 - 823 m and 479 - 687 m
for NH40 and UMISM, respectively (see Table 5-1). For both ice models the greatest vertical
displacement occurs in the VM5a earth model, closely followed by the M14 earth model, while the
least subsidence occurs in the M 118 earth model. Interestingly, the vertical displacements in the L11
earth model are greater than in the L2017 model when loaded by the NH40 ice history but not when
loaded by the UMISM reconstruction. This is likely both because the thickest part of the ice sheet is
located south of Forsmark in the NH40 but north of Forsmark in the UMISM (see Table 5-1) and
because the thickness of the lithosphere varies laterally in the L11 earth model. It is further noticed
that the maximum subsidence is not only regulated by the viscosity of the upper mantle. Both the
VMS5a and M14 earth models have the same viscosity in the upper mantle but in the uppermost part
of the lower mantle the viscosity in the VM5a is about half that of the M14 earth model (Table 4-1).
The viscosity in the upper mantle of the L2017 earth model is only slightly higher than that in the
VM5a and M14 earth models (5.1 x 10%° Pa s vs. 5.0 x 10% Pa s) yet the maximum vertical
displacement at Forsmark in the L2017 model is 9—19 % less than that in the VM5a and M 14 earth
models. However, the viscosity of the lower mantle in the L2017 model is a factor ~4.3 greater than
that in the VM5a and M 14 earth models. Finally, the L11 earth model has the highest upper mantle
viscosity of all Earth models herein, yet it does not display the smallest maximum subsidence at
Forsmark among the studied earth models. The lower mantle in the L11 earth model is however the
weakest among the Earth models, while comparable to that in the shallow lower mantle in the VM5a
model, it is a factor 9-20 lower than that in the L2017 and M 118 earth models respectively, thereby
compensating for the stronger upper mantle in the L11 model. It can therefore be concluded that
while the viscosity of the lower mantle has a limited impact on present day uplift rates (post-glacial
phase) it does play an important role for the vertical displacements during the inter-glacial phase of
the GIA process in Fennoscandia.

Maximum subsidence in the earth models loaded by NH40 and UMISM occurs some 1.5-2 kyr and
3.7 kyr, respectively, after GM (see Table 3-1 and Table 5-1), i.e. during times when the ice sheets
have started to retreat. This results from the steady growth of the ice sheets up until the GM and the
short residence time of the GM ice configuration prior to deglaciation. The Earth will not have
reached isostatic equilibrium at GM, implying that the Earth’s surface continues to subside until a
balance between the vertical displacement and the contemporary ice load has been achieved. Locally
at Forsmark, maximum subsidence occurs at the same model time for all earth models when loaded
by the NH40 reconstruction while when loaded by the UMISM reconstruction, peak vertical
displacement in the L2017 and M 118 earth models occurs 100 years later than in the other models
(Table 5-1). This is most likely a result of the higher mean viscosity in the mantle in these two
models, causing them to be further from isostatic equilibrium than the other three earth models. For
both the ice models and all earth models, uplift at Forsmark above the initial equilibrium line only
occurs at early times, prior to any major build-up of ice, reaching at most 3.7 m for the L2017 earth
model loaded by the NH40 reconstruction.
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Following the maximum subsidence after the GM, the surface at Forsmark rapidly rebounds. In
general, we see a clear relation between the maximum vertical displacement and the speed of the
rebound process. But as observed for the maximum vertical displacement, the L11 earth model again
breaks the clear trend when loaded by the UMISM reconstruction but not the NH40. Potentially this
is due to the difference in the size of the NH40 and UMISM ice sheets, where the larger NH40 ice
sheet activates deeper parts of the mantle than the smaller UMISM ice sheet, thereby decreasing the
impact of the combined effect of a lateral variation of the elastic thickness in the L11 earth model and
a load centre located south vs north of Forsmark in the NH40 and UMISM reconstructions
respectively. The problem is complex though and a well-founded understanding of the cause and
consequence would require a larger set of models than run in this study.
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Figure 5-1. Vertical displacement, Uz, at Forsmark for earth models loaded by the NH40 Saalian type ice sheet
simulation in the upper panel and the UMISM reconstruction of the Weichselian ice sheet in the lower panel. Vertical
dashed line in upper panel displays the end of the NH40 ice sheet, the later evolution assumes constant load for the
remaining time, while for the UMISM ice sheet the same applies from time 0 and onward. Vertical dotted line mark
GM defined in Table 3-1.

Allowing the GIA simulation to continue to run with constant load at the end of the ice sheet
simulations we see that for all earth models except the strongest, M118, the remaining vertical
displacements are less than a few meters after about 45 kyr. Thus, all these models have come close
to isostatic equilibrium. In the M118 earth model the remaining uplift at Forsmark 45 kyr after the
end of the ice sheet simulation amounts to 16.6 to 18.1 m for the UMISM and NH40 simulations,
respectively, or about 3.8 % of the maximum subsidence.

The RCPxx projections span a large range in terms of size of the ice sheets from the largest, RCP45,
which is comparable to the UMISM ice sheet in terms of maximum areal extent (albeit thinner and
with longer duration of the glacial pulses, including slower build-up and melting) to the smallest,
RCP85, in which the ice margin is never closer than 180 km to Forsmark (Figure 3-4). The vertical
displacements induced by RCP45 follow the general trends as was seen for the UMISM and NH40 ice
sheets but again the L11 earth model breaks the trend and is the earth model with smallest maximum
vertical displacement at Forsmark (Figure 5-2, uppermost panel). Interestingly, this is a local
observation as inspecting the maximum vertical displacements over entire Fennoscandia (Table 5-1),
the L11 model displays the second greatest subsidence of the Earth models herein. The load centre in
the RCP45 projection is located further away from both Forsmark and the eastward thickening of the
lithosphere (Figure 3-5 and Figure 4-1) than the UMISM and the NH40 simulations (Figure 3-2).
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Forsmark is therefore located further away from the centre of subsidence beneath the RCP45 ice
sheet and more affected by the longer wavelength of the surface deformation caused by the
thickening of the lithosphere to the east, than is the case when loaded by the UMISM and the NH40
ice sheets. The timing of the maximum subsidence beneath Forsmark when loaded by the RCP45
projection displays a larger spread between the earth models than observed for the UMISM and
NH40 reconstructions. The weakest (in terms of low mantle viscosity) earth models, M14 and VM5a,
peak at the time of maximum thickness of the ice at Forsmark, which occur 1 kyr prior to the GM
(Figure 5-2, Table 3-1 and Table 5-1). The stronger the mantle (higher viscosity) in the earth models,
the further delayed in time does the peak subsidence occur, reaching a delay of 4 kyr for the M118
earth model (Table 5-1). The longer period between the GM and maximum subsidence in Forsmark
when loaded by the RCP45 projection compared to the UMISM and NH40 can be traced back to the
slower thinning of the RCP45 ice sheet following the GM.
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Figure 5-2. Vertical displacement, Uz, at Forsmark for earth models loaded by the RCP ice sheets: RCP45 (top
panel), RCP45e (second), RCPS5 (third) and the UMISM ice reconstruction (bottom panel). Time axis is in model
years. Thick dashed vertical line running through all panels indicates the last time step of the ice models. For the
further 80 kyr of GIA simulations the ice loads have been kept constant. Thin vertical dashed lines in the RCP85 panel
display times at which maps of the displacement field in Fennoscandia are shown in Figure 5-3 and Figure 5-4.
Dotted vertical line mark GM defined in Table 3-1. Note the different scales on the vertical axes.
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Table 5-1. Maximum subsidence, -Uz, in Fennoscandia and Forsmark and maximum uplift,
Uz, at Forsmark. Time is given in terms of kyr since onset of ice sheet model

Max subsidence Fennoscandia Ma)i:zrsbl:i:rince II\:’I:;:]ZI:_E
Ice | Earth | [m] [kyr] [Lat] [Lon] [m] [kyr] [m] [kyr]
VMb5a | 689 102 66.66 | 25.11 467 100 13.68 32
M14 | 642 104 66.46 | 26.09 448 100 - -
)
§ L11 658 104 66.84 | 24.11 373 101 - -
14
L2017 | 638 106 66.46 | 26.09 441 102 4.3 12
M118 | 572 106 66.25 | 24.65 391 104 - -
VMb5a | 520 102 67.02 | 23.09 47 102 14.4 113
o M14 | 449 102 66.84 | 24.11 63 102 0.7 5.4
0
% L11 423 103 67.19 | 22.06 63 102 11.33 116
L2017 | 453 102 66.84 | 24.11 34 102 6.2 93
M118 | 360 103 67.02 | 23.09 27 102 0.9 6.2
VMb5a | 299 104 67.36 | 21.01 3 101 8.3 108
M14 | 258 104 67.19 | 22.06 2 100 5.0 107
0
g L11 204 105 67.36 | 21.01 15 103 5.2 114
14
L2017 | 260 104 67.19 | 22.06 2 122 11.7 106
M118 | 177 105 67.36 | 21.01 2 135 7.9 107
VMb5a | 823 116 63.90 | 26.60 776 115.5 3.2 139
M14 | 771 116 63.04 | 23.59 753 115.5 1.7 8
g L11 739 | 1155 | 65.10 | 23.34 701 115.5 3.1 12
L2017 | 667 116 63.46 | 23.98 632 1156.5 3.7 5
M118 | 565 116 64.72 | 25.22 476 115.5 2.2 8
VMba | 687 | 105.5 | 64.59 | 22.95 637 105.4 2.7 41
M14 | 646 | 105.5 | 63.76 | 22.18 608 105.4 0.3 15
E L11 600 | 105.5 | 64.93 | 21.07 518 105.4 2.0 44
> L2017 | 600 | 105.5 | 64.18 | 22.56 556 105.5 2.6 38
M118 | 479 | 105.5 | 64.35 | 21.64 431 105.5 1.6 38
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For the smaller RCP45¢ and RCPS8S5 ice sheets, the vertical deformation history at Forsmark becomes
complex, including both subsidence and uplift, which is due both to the small size of the ice sheets
and to the fact that they either only briefly cover Forsmark (RCP45¢) or not at all (RCP85). For both
ice sheet projections, all earth models predict subsidence at the GM in Forsmark (Figure 5-2) ranging
from 1.2 m to 58.9 m for the RCP85 on M118 and RCP45¢ on L11 combinations, respectively.
Following the GM, the fore-bulge migrates inwards towards the load centre turning subsidence into
uplift in all earth models loaded by the RCP85 model as well as the earth models VM5a and L11
loaded by the RCP45e model. It is to be noted here that the peak of uplift occurs several kyr after the
GM. This is not solely due to the migration of the fore-bulge during glaciation but also due to elastic
expansion of the compressible Earth as the surface load decrease. Hence, while a fore-bulge does
occur during build-up of the ice-sheets, the peak uplift in the fore-bulge does not occur until the earth
decompresses during the removal of the load (see Figure 5-3 and Figure 5-4). The fairly simple
relation seen before between the mantle strength and surface deformation, modulated by the
lithospheric thickness, no longer dominates. While the maximum subsidence at Forsmark induced by
the RCP45¢ ice sheet on earth models VM5a, L2017 and M 118 still follows the trends observed
under the load of the more massive ice sheets, the greatest subsidence is seen in the earth models
M14 and L11. However, during deglaciation, the fore-bulge migrates in over Forsmark in the L11
model while in the M14 model it does not. Similarly, while the M14 and VM5a differ mainly by the
elastic thickness of the lithosphere (120 km in M 14 and effectively 100 km in VMS5a, Table 4-1) and
the viscosity in the upper 580 km of the lower mantle, in the M14 earth model the fore-bulge never
reaches Forsmark due to the slightly greater elastic thickness leading to longer wavelengths of the
surface deformation.

When loaded by the RCPS8S5 ice sheet all earth models predict subsidence at Forsmark at the GM, as
noticed above. However, following the GM, subsidence quickly turns into uplift as the fore-bulge
migrates in over Forsmark in all earth models except the L11 (Figure 5-2). In the L11 earth model
subsidence instead increases, to peak 3 kyr after the GM (Table 5-1). Rebound then sets in turning
subsidence into uplift at 8 kyr after the GM and peaking 14 kyr after the GM. This behaviour
significantly deviates from that of the other earth models. It can further be noted that the subsidence
following the peak uplift in the L11 model acts on a longer timescale than that displayed by the other
earth models. Looking at the vertical displacement field over the full FE-model (Figure 5-3 and
Figure 5-4) it is clear that the signal seen at Forsmark is not solely due to the inward migration of the
fore-bulge but also a build-up of the fore-bulge over longer time scales in the L11 earth model than in
the other earth models tested in this study. The origin of this deviation can probably be related to the
fairly small size of the RCP85 ice sheet, mobilizing primarily the upper mantle. The relatively low
viscosity of the lower mantle in the L11 earth model cannot compensate for the relatively high
viscosity of the upper mantle. Therefore, the L11 earth model is effectively the stiffest earth model
seen by the GIA process associated with the RCP85 ice sheet. It is finally worth noting that for the
L2017 and M118 earth models the node line (i.e. the separator between subsided region and the fore-
bulge) start migration outwards as the rebound continues, turning uplift into subsidence once more at
Forsmark after which the region slowly approaches steady state.

The GIA simulation has been run for an additional 80 kyr following the end of the RCP ice sheet
simulations, assuming no further changes in the ice sheets. With the exception of the strongest earth
model, M 118, all earth models are close to isostatic equilibrium at Forsmark 40—50 kyr after the end
of the RCP ice sheet models. In the M 118 model, similar conditions are not reached until the end of
the 80 kyr additional GIA simulation. Similar GIA simulations using the UMISM reconstruction
have been run for an additional 80 kyr from the end of the UMISM model. These simulations also
show that all earth models except M118 are close to relaxed after 40—50 kyr while M 118 requires the
full additional 80 kyr to achieve the same state.
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107 kyrs 113 kyrs

Figure 5-3. RCP85 ice sheet model (top) and resulting vertical displacement, Uz, field in Northern Europe for earth
models L2017 (middle) and VM5a (bottom) at times 101 (left), 103 (middle) and 105 kyr (right) into the model (as
indicated in Figure 5-2). Note the different scales used for uplift (red) and subsidence (blue). Contour between white
and light red marks the node line (no displacement relative to the start of the model). The location of Forsmark is
marked by a yellow triangle.
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Figure 5-4. Vertical displacement, Uz, fields in Northern Europe for earth models M118 (top), M14 (middle) and L11
(bottom) loaded by the RCPS5 ice sheet at selected times (as indicated in Figure 5-2, see Figure 5-3 for the ice sheet).
Note the different scales used for uplift (red) and subsidence (blue). Contour between white and light red marks the
node line (no displacement relative to the start of the model). The location of Forsmark is marked by a yellow triangle.
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5.2 Impact of extended glacial maximum on vertical
displacements

In order to investigate how far away from isostatic equilibrium the earth models are at glacial
maximum in the different ice models we introduce a hiatus of 25 and 50 kyr of constant ice
configuration following GM (Table 3-1) in the UMISM, NH40 and RCP45e models. We only test the
earth models M 14, VM5a and L11. Figure 5-5 displays the vertical surface displacements at
Forsmark for all the perturbed glacier models on all the considered earth models.

Neither the UMISM nor the NH40 models with extended GM offer any surprises in Figure 5-5,
subsidence continues although the load is constant, indicating that isostatic equilibrium is not
reached. We saw already above how the subsidence continues in the original models for a few kyr
after the GM, indicting non-equilibrium at the GM in both the NH40 and the UMISM. For the
UMISM, we also noted in section 3.2 that following the GM there is a period of 3.9 kyr during which
the ice load changes only slightly before the fast deglaciation phase sets in. Taken together, these two
arguments explain why we see a continued subsidence after GM for both the NH40 and the UMISM
reconstructions and why this lasts longer under the UMISM ice sheet. As Figure 5-5 shows for NH40
and the UMISM, even after a GM hiatus of 50 kyr, during which subsidence increases approximately
20 % from the start of the hiatus, subsidence is still increasing for all three earth models.
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Figure 5-5. Vertical displacement, Uz, at Forsmark for earth models M14 (ved), L11 (black) and VM5a (green)
loaded by NH40 (upper panel), UMISM (middle panel) and RCP45e (lower panel) ice sheets in their original ice
configuration as well as with their respective GM ice configuration extended by 25 kyr and 50 kyr. Vertical dashed
line displays the timing of GM in each ice sheet.
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The vertical displacements at Forsmark under the load of the RCP45¢ ice sheet and its extended
versions show a greater complexity. While all three earth models initially continue to subside
following the onset of the GM hiatus, only the M14 earth model continues to subside throughout the
entire duration of the hiatus. The L11 earth model appears to reach isostatic equilibrium already after
approximately 17 kyr, but this is an erroneous conclusion as we shall see when we study the stress
evolution during the hiatus (and actually L11 starts to slowly uplift after 17 kyr). The subsidence at
Forsmark in the VM5a model peaks after 10 kyr of GM hiatus after which it starts to uplift again.
Following the end of the hiatus, during the deglaciation phase, the fore-bulge migrates in over
Forsmark in both the L11 and the VM5a earth models and we note that the more the subsidence at
Forsmark has decreased during the hiatus, the greater is the peak uplift during the deglaciation phase.
As seen before, in the M 14 earth model the fore-bulge never migrates in over Forsmark. We
previously explained the differences between the earth model responses during and after the
deglaciation phase as being due to differences in the flexural rigidity. This is also the plausible
explanation for the behaviour observed here. The M 14 earth model has a uniform elastic thickness of
120 km. While the elastic thickness in the L11 earth is 130 km locally beneath Forsmark, it quickly
decreases to 60 km (Figure 4-1) towards the ice-sheet, lowering the effective flexural rigidity to
below that of M 14 despite the greater local elastic thickness. Consequently, the sensitivity to distant
parts of the ice sheet quickly decreases. Over shorter time spans (a few kyr), the effective elastic
thickness in the VM5a model is 100 km. However, the lower 40 km of the lithosphere in the VM5a
model is in fact viscoelastic, albeit with a high viscosity. Thus, over longer time spans the effective
elastic thickness in the VM5a model, as seen by the GIA process, decreases allowing for shorter
wavelength deformations, i.e. an area gets more sensitive to the local load and less affected by load at
a distance. As the RCP45e ice sheet margin barely covers Forsmark, the vertical displacement at
Forsmark at GM is governed by distant parts of the ice-sheet. Since the effective flexural rigidity in
the VM5a model decreases during the GM hiatus, the effect is that the vertical displacement at
Forsmark decreases with time.
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5.3 Impact of repeated glaciations on vertical displacements

Figure 5-6 shows the vertical displacement at Forsmark for the RCP45 and RCP45x ice histories for
all earth models, as well as the difference between the RCP45 and RCP45x displacements. We see
that the ice sheet prior to 73 kyr makes a significant difference in the GIA response at the onset of the
next glaciation phase. As the ice grows, the previous ice load becomes less and less important. For
the stiffest earth model, M 118, the difference is appreciable even at the later glacial maximum, where
the difference amounts to 38.7 m, about 10 % of the total vertical displacement. At the end of the
model time (120 kyr) the difference has shrunk to 17.6 m. Whether or not this is a significant
difference depends on the intended use of the predicted displacements, as well as on uncertainties in
the ice sheet simulation.
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Figure 5-6. Vertical displacement, Uz, at Forsmark for earth models M14 (red), M118 (blue), L11 (black), L2017
(magenta) and VM5a (green line) loaded by the RCP45 (solid) and RCP45x (dashed) ice sheet models. Upper panel
shows U: while lower panel shows the difference in U: for each earth model loaded with the two ice sheet models.
Vertical dashed lines indicate the glacial maximum (GM) and the last time step of the ice model.
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6 Glacially induced stresses

In this section we present the stress field in the upper crust induced by the ice-sheet models in the
studied earth models. For the full field over Fennoscandia, stresses are presented at 2.5 km depth due
to the resolution of the regional models. With a total of 25 ice-sheet — earth model combinations only
the maximum horizontal stress, Sy, and maximum shear stress, tmax = (S1 — S3)/2, at GM and EOG
(Table 3-1) are presented (S; and S3 being the maximum and minimum principal stresses
respectively). Locally at Forsmark we present the temporal evolution of Sy including declination, the
minimum horizontal stress, Sy, the vertical stress, S, , and tmax at 500 m depth. Finally, we present the
impact on Sy of an extended GM ice sheet configuration as well as multiple glaciations. As is
common in Earth Sciences we consider compressive stresses positive.

Stress tensors beneath Forsmark from all 25 ice-sheet - earth model combinations as well as the 18
models with extended GM configuration have been extracted from 500 m to 14.5 km depth at 1 km
intervals every 1000 year throughout the simulations. These data are accompanying this report as
ASCII files together with a README file describing the models, file format and file naming
convention.

6.1 Maps of the glacially induced stress field at glacial maximum

Maps of the glacially induced Su at GM (seen in Figure 3-3 and Figure 3-4 and defined in Table 3-1)
are shown in Figure 6-1 to Figure 6-5 while maps of tmax are shown in Figure 6-6 to Figure 6-10.
Each figure consists of five maps showing the response of the individual earth models for a particular
ice sheet. In the maps of Sy, the magnitudes are shown by colours and contour lines while the
directions are shown by short black bars.

As expected, we see in Figure 6-1 to Figure 6-5 that the ice models have first order impact on the
magnitudes and directions of the induced Sy at GM, whereas the various earth models modulate the
general behaviour of the induced stresses. The NH40 ice induces the highest Sy magnitudes of all ice
models, spread over a significantly larger area than the other ice models. The UMISM and RCP45 ice
models also induce relatively high Sy magnitudes in the areas of maximum ice cover, and have, as
does NH40, positive Su stretching out over the North Sea to Great Britain where there is an ice
bridge. The RCP45¢ and RCP85 ice models have significantly less ice and produce smaller areas of
positive Sy, with lesser magnitudes. All models clearly show the transition from positive Sy under the
ice load to negative Sy outside the load, with directions of Sy, in a general sense, being perpendicular
to the long axis of the load under the ice and parallel to the load outside the ice. This behaviour of the
direction of Sy can be understood from how the elastic lithosphere bends. Directly beneath the load
centre the curvature of the lithosphere will be concave, i.e. in the upper part of the lithosphere is
under compression (positive normal stress) while in the lower part undergoes extension (negative
normal stress). If the load is elongated, the curvature perpendicular to the elongation axis of the load
will be the greatest hence the direction of Sy will be perpendicular to the load. As we move away
from the load centre, the curvature will switch from concave to convex indicating extension in the
upper part of the lithosphere (negative normal stress) and compression in the lower part (positive
normal stress) in the direction perpendicular to the load axis (or radially to the load centre). The
curvature parallel to the load axis is smaller, implying less negative normal stress. As we define Sy as
the largest horizontal normal stress (i.e. least negative in case both Sy and S;, are negative), the
direction of Sy outside the load will flip to being parallel to the load axis (or perpendicular to the
radial direction to the load centre). Note that the change from convex to concave curvature of the
lithosphere in the direction perpendicular to the load axis (radial from the load centre) does generally
not coincide with the node line between subsidence and the fore-bulge. Likewise, the curvature of the
lithosphere parallel to the load axis (or perpendicular to the radial direction to the load centre) will
not necessarily change from convex to concave or back in the same location (consider e.g. a saddle
point), hence the change in the sign of Sy will generally not occur in the same region as the flip of the
Su direction. Finally, stretching of the lithosphere will further modulate the stress magnitudes and
hence potentially both the sign and direction of Sw.
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Forsmark is located in areas of positive Sy at the GM in ice models NH40, UMISM and RCP45 but
in negative, or close to zero, Sy in models RCP45e and RCP85. Directions of Sy at Forsmark vary
depending on the ice sheet considered but not so much between the earth models loaded by the same
ice sheet, with the exception of the L11 earth model where an eastward rotation is seen when loaded
by the larger ice sheets NH40, UMISM or RCP45.

The results in Figure 6-1 to Figure 6-5 show that although magnitudes and directions vary slightly
between earth models, they produce rather similar Sy distributions under the same load. The
directions of Sy vary most significantly in the vicinity of the transition from positive to negative Su
whereas the magnitudes show a more uniform scale difference. Earth model L11, with the varying
lithospheric thickness, shows the most deviating results compared to the flat models, with a clear
asymmetry in the behaviour east and west of the load centre.

Figure 6-6 to Figure 6-10 show how tmax varies with ice and earth model at GM. Overall, we see the
characteristic pattern for an ellipsoidal ice sheet (Lund et al. 2009), with high shear stresses below the
major axis of the ice sheet, and around the edges of the ice sheet. The NH40 ice is so large that that
pattern cannot be seen in the Fennoscandian area. As expected, the results vary more depending on
the ice model than on the earth model. The NH40 ice sheet produces the largest induced shear
stresses, in the area of Estonia. The earth models show similar patterns for the same ice model, albeit
with varying shear stress magnitudes. The highest shear stresses are observed in models M118 and
L2017, indicating that the stronger mantle, especially the stronger lower mantle, does not allow stress
relaxation as quickly as the weaker models. For ice model UMISM, the lower slope of the ice in the
east produces slightly lower shear stress magnitudes in the east than in the west, where the slope is
higher, albeit over a larger area. Again, models M118 and L2017 produce higher shear stresses than
the other earth models but the difference is not as large as for the NH40 ice. The RCP45 ice sheet
produces a more symmetrical pattern than the UMISM, but the magnitudes of shear stress are similar.
The smaller RCP45e and RCPS85 ice sheets induce correspondingly smaller shear stresses.
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Figure 6-1. Magnitude (color) and direction (black bars) of the glacially induced maximum horizontal stress, Su, at
2.5 km depth at GM of the NH40 Saalian type ice sheet for all earth models. Location of Forsmark is marked by a

yellow triangle.
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Figure 6-2. Magnitude (color) and direction (black bars) of the glacially induced maximum horizontal stress, Su, at
Forsmark is marked by a yellow triangle.
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Figure 6-3. Magnitude (color) and direction (black bars) of the glacially induced maximum horizontal stress, Su, at
2.5 km depth at GM of the RCP45 ice sheet projection for all earth models. Location of Forsmark is marked by a
yellow triangle.
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Figure 6-4. Magnitude (color) and direction (black bars) of the glacially induced maximum horizontal stress, Su, at
2.5 km depth at GM of the RCP45e ice sheet projection for all earth models. Location of Forsmark is marked by a
yellow triangle.
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Figure 6-5. Magnitude (color) and direction (black bars) of the glacially induced maximum horizontal stress, Su, at
2.5 km depth at GM of the RCPS5 ice sheet projection for all earth models. Location of Forsmark is marked by a
yellow triangle.
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Figure 6-6. Maximum glacially induced shear stress, tmax, at 2.5 km depth at GM of the NH40 Saalian type ice sheet
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Figure 6-7. Maximum glacially induced shear stress, tmax, at 2.5 km depth at GM of the UMISM Weichselian ice sheet
reconstruction for all earth models. Location of Forsmark is marked by a yellow triangle.
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Figure 6-8. Maximum glacially induced shear stress, tmax, at 2.5 km depth at GM of the RCP45 ice sheet projection
for all earth models. Location of Forsmark is marked by a yellow triangle.
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Figure 6-9. Maximum glacially induced shear stress, tmax, at 2.5 km depth at GM of the RCP45e ice sheet projection
for all earth models. Location of Forsmark is marked by a yellow triangle.
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Figure 6-10. Maximum glacially induced shear stress, tmax, at 2.5 km depth at GM of the RCP85 ice sheet projection
for all earth models. Location of Forsmark is marked by a yellow triangle.
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6.2 Maps of the glacially induced stress field at the end of
glaciation

Maps of the glacially induced Sy at EOG (seen in Figure 3-3 and Figure 3-4 and defined in Table 3-1)
are shown in Figure 6-11 to Figure 6-15 while maps of tmax are shown in Figure 6-16 to Figure 6-20.
Each figure consists of five maps showing the response of the individual earth models for a particular
ice sheet. In the maps of Sy, the magnitude is shown by colours and contour lines while the direction
by short black bars. The ice over Fennoscandia has mostly disappeared with at most some remnants up
in the Scandes mountains in some of the ice sheet models. The induced vertical stress has therefore
decreased to approximately zero. The flexure of the lithosphere under the former ice sheet, however,
preserves horizontal stresses which decrease during glacial rebound.

Figure 6-11 to Figure 6-15 show the magnitude and direction of Sy at the EOG. We see that the
pattern is generally rather similar to the pattern at the glacial maximum, for the same ice and earth
model combination, but that the stresses are generally lower. In some models the nodal line between
positive and negative Sy migrates inward but this is not the case for all models, or all areas in an
individual model. Stress directions are generally preserved beneath the long axis of the former ice
sheet while away from this, stress rotation can be observed in some regions but in others not. For the
larger ice sheets, the VM5a earth model produces slightly lower stresses than the other earth models.
Differences between the earth models are, however, not very large. Worth pointing out is also that
while the Sy field is similar to the U, field (compare leftmost maps in Figure 5-3 and Figure 5-4 to
Figure 6-15) differences do exist, especially in the location of the node line (i.e. the separator
between positive and negative U, and Swu) of respective field, hence the Sy field at a particular
location cannot be directly deciphered from the U, field. This can easily be understood as the stress is
not primarily a function of the displacement but rather the strain which is a tensor where the
components are the spatial partial derivative of the displacement vector.

Figure 6-16 to Figure 6-20 show the tmax at the end of glaciation. The tmax distributions at the end of
glaciation are rather different to those at the glacial maximum, as the largest tmax are now found under
the centres of the former ice sheets. Much of the tmax distribution around the edges of the (former) ice
sheet has become significantly lower in magnitude. It is interesting to note that the tmax are no longer
largest in the models using the NH40 ice sheet, the models using the UMISM and RCP45 ice sheets
focus the tmax at the end of glaciation more and induce higher shear. This is related to the size of the
former ice sheet, the thickness of the elastic lithosphere and thus the amount of bending induced in
the lithosphere. This was studied by Johnston et al. (1998), who found that there is an optimum
relation between the size of the ice sheet and the thickness of the elastic layer which produces the
largest shear stresses. None of the earth models consistently produces the highest, or lowest, tmax at
the end of glaciation, instead the induced tmax show a rather intricate inter-dependency between the
ice and earth models.
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Figure 6-11. Magnitude (color) and direction (black bars) of the glacially induced maximum horizontal stress, Su, at
2.5 km depth at EOG of the NH40 Saalian type ice sheet for all earth models. Location of Forsmark is marked by a
yellow triangle.
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Figure 6-12. Magnitude (color) and direction (black bars) of the glacially induced maximum horizontal stress, Su, at
2.5 km depth at EOG of the UMISM Weichselian ice sheet reconstruction for all earth models. Location of Forsmark
is marked by a yellow triangle.

SKB TR-25-03 42



o o
o 2 : o @
< . < (85}
1o 9% o & D 6. ; o Y. O,
L \ kN L \ kN
7T v \
VLIRS NS A D = TITTTTTIRS 2
5M 1 4 § Q&\:;///”/ o= l\\:\ M 1 18 &\ /ﬁfﬁf?ﬁ&gﬁﬂj \&
N A7 N »,N R\ PSSO / XN
NN R NN W~ o A\
N E Ll >~ g
: 7% W7 =
7 VI /4 vz
W
7 o A 177,
0" : i
] L1 (4] T 0 7 =
i 17
74 4 i Y
145 ? { 5
i / RS
A 7 SFRNERRY
22 ~
SNV \\
NN
4 N (NN AR
o W 3! N
60° | AR N NS
0 3 N 2 MRINERS
NRRR 3 AR
Q AN o A X Q Q Q N
T R 2 N . us, s
NN 7 A S ) s
N s N N
N N % 2
R 0N &
—
33 r="1 =
0'R A ™ Pl -
Su—"
E
E.\Sli 3 = R - -~ o A i
50° £ = L TN ™ = S I
¥ s = ¥ )
/ A / °
AR & 77 == 41
] W=\ AR R NS NN R 6p-
S N oz N /
2017 N VMb5a LIS
Z N e
0777 e % SN
: i =SSN 7 3
Wy : N 77
11200777 Y 17
YRR, oSN 1
o 4402577, N
70" i SN ]
”7 SEESENINNA I L) SRR NNARN '\ T
;HH NN “\ N A )
NSO WS 77 RN,
s N ANRRY N4 N
i N / NNV =
11 AN L] NN 744 o
11 N s WY #77271 M
nh 3 Lh0vell 1] AN 7444
1995 X J W 777
17 > N 77 &3 SN V1727
77 /. : NN 1427777
& /, NNNNA 4171777 NS
4 Qk&\ 117 7 NN,
4 AN XS
% % X
g Z NS /
bR 7
B X NNy
NN
F Tt 2,
N :\\ttQQ\ 7
RN 220NN z
NS /;;;‘\\\\
5 = WNNS——
N KL AN S Ar I AAIL I
N N NN 7\
N 8 SORRNNNANN, AR G/
AN ERINNTAERNNN AN AN
A A A oA A
SEINANNNY] e =2 I
NN\, NN S s
NN NN IS A
A% = i s ITs)
' O,

40
35
30
25

ANANOON

R L1IRY

N

=
et 701
B ///i 1 —
72 i 20 @
BN A A A B
7001717, 1811 717
L r7171/77. A D_
1707077 177 7 H+ 15
E / S
~
’?ﬁ'/’ = N ?lh A 10 —_
: 4 -1
pEErsr sy =i 7 17078500% T
60° V=2 5 s
gz LT 0 I 5 (d)]
(s 44/ AAR
V57 { G rpp
7 \ 254 225 |
7 Z Z777) 77
Ok A AP, /// 7
=z ///5//555542// ] 5

-15

Figure 6-13. Magnitude (color) and direction (black bars) of the glacially induced maximum horizontal stress, Su, at
2.5 km depth at EOG of the RCP45 ice sheet projection for all earth models. Location of Forsmark is marked by a
yellow triangle.
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Figure 6-14. Magnitude (color) and direction (black bars) of the glacially induced maximum horizontal stress, Su, at
2.5 km depth at EOG of the RCP45e ice sheet projection for all earth models. Location of Forsmark is marked by a
yellow triangle.
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Figure 6-15. Magnitude (color) and direction (black bars) of the glacially induced maximum horizontal stress, Su, at
2.5 km depth at EOG of the RCPS85 ice sheet projection for all earth models. Location of Forsmark is marked by a
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Figure 6-16. Maximum glacially induced shear stress, tmax, at 2.5 km depth at EOG of the NH40 Saalian type ice sheet
for all earth models. Location of Forsmark is marked by a yellow triangle.
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Figure 6-17. Maximum glacially induced shear stress, tmax, at 2.5 km depth at EOG of the UMISM Weichselian ice
sheet reconstruction for all earth models. Location of Forsmark is marked by a yellow triangle.
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Figure 6-18. Maximum glacially induced shear stress, tmax, at 2.5 km depth at EOG of the RCP45 ice sheet projection
for all earth models. Location of Forsmark is marked by a yellow triangle.
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Figure 6-19. Maximum glacially induced shear stress, tmax, at 2.5 km depth at EOG of the RCP45e ice sheet
projection for all earth models. Location of Forsmark is marked by a yellow triangle.
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Figure 6-20. Maximum glacially induced shear stress, tmax, at 2.5 km depth at EOG of the RCPS5 ice sheet projection
for all earth models. Location of Forsmark is marked by a yellow triangle.

SKB TR-25-03 50



6.3 Temporal evolution of the induced glacial stresses at
Forsmark

We study the stress field at Forsmark using a sub-modelling approach as described in section 2.1,
which allows us to access stresses with a 1 km depth interval, starting from a depth of 500 m. Here
we present the stress data at 500 m depth. As in the sections above we present the modelling result
for one ice history at the time, with the five different earth model responses. We show the maximum
horizontal stress (Su) including declination, the minimum horizontal (Ss), the vertical (Sz), and the
maximum shear stress (tmax) through modelling time. A word of caution is warranted in that there is a
180-degree ambiguity in the Sy declination, this should be kept in mind while interpreting the plots
of the Sy declination.

Using the large NH40 Saalian type ice model, Figure 6-21 shows both the effects of the significant
growth of the ice sheet prior to arrival at Forsmark and the relatively short-lived peak of vertical stress
at Forsmark, in agreement with the evolution of the ice cover seen in Figure 3-3. Prior to the ice-sheet
margin arriving at Forsmark negative horizontal stresses develop. This can be observed prior to both
periods of glacial coverage, with the effect even more pronounced in-between the two pulses, a period
during which the volume and maximum thickness of the ice-sheet grows while the areal extent
decreases. As the ice migrates in over Forsmark, an induced normal faulting stress state develops as
the vertical stress increases to about 36 MPa but the Sy does not have time to develop to more than at
most 30.4 MPa, in the M14 model (Figure 6-22, upper panel). The smallest Sy (18.2 MPa) is induced
in the M 118 earth model as a consequence of the model’s strong mantle. It is to be noted that the peak
Su occurs 1 kyr after the GM, indicating, as discussed above, that the earth is far from isostatic
equilibrium at the GM.

When the ice sheet rapidly retreats from Forsmark stresses decline quickly after which we see a
transition to a more gradual decline in the horizontal stresses, governed by post-glacial rebound.
During that transition, horizontal stresses increase in all earth models except L11. The magnitude and
duration of this increase can be related to the viscosity of the mantle (the lower viscosity in the upper
and lower mantle, the shorter transition period). However, in the case of the L11 earth model the
thickening of the lithosphere to the east dampens the effect. During the post-glacial phase horizontal
stresses in the VM5a and the L11 earth models become negative, related to them having the lowest
mean viscosity in the activated part of the mantle.

The evolution of tmaxis complex but in general we see an increase when the ice-sheet advances
towards and in over Forsmark. Peak values are reached during the final advancement of the ice-sheet
a few thousand years before GM. The orientation of Sy up until the second advancement of the ice-
sheet in over Forsmark is in general in an NNE-SSW direction (Figure 6-22, lower panel). For
models M14, M118, and L2017 the orientation flips counter-clockwise by 90 degrees once, or shortly
after, the ice reaches Forsmark after which it stays this way for the rest of the simulation. For the L11
model the direction stays fairly the same, NNE-SSW, throughout most of GM, EOG and following
post-glacial phase up until the last few kyrs of the simulation when it also flips into the same
orientation as seen for models M14, M118, and L2017. The orientation of Sy induced by VM5a
largely follows that of M14, M118, and L2017 up until EOG when it initially flips clockwise by 90
degrees to a NW-SE direction, as seen for the L11 model, followed by a gradual rotation over a
period of 4-5 kyr into a N-S direction that mostly remains for the remainder of the simulation.

The glacially induced stresses at 500 m depth in Forsmark under the influence of the UMISM ice
sheet (Figure 6-23) follows in general the same pattern as observed for the NH40 ice sheet. The main
difference being that the difference in magnitude of Sy and Sz are smaller during the peak of
glaciation over Forsmark. In fact, in the M14 earth model the induced Su grows larger than Sz shortly
following the GM during the ~ 4 kyr long period during which the UMISM displays a short hiatus
prior to the deglaciation phase (Figure 3-3). While Sy grows largest in the M14 model (Figure 6-24,
upper panel) and is smallest in the M118 model (29.2 MPa and 20.4 MPa respectively) at 14.5 kyr
BP, peak Sh in the VM5a is slightly larger than peak Su in the L11 at GM, opposite to what is seen
under the load of the NH40 ice-sheet.
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tmax in Forsmark under the UMISM load display similar trends as under the NH40 load in the sense
that tmax increase as the ice-sheet advances towards and in over the area. However, during the period
Forsmark is ice covered, with the exception of L11 and M 118 and the first larger ice coverage in
Forsmark, tmax decrease. This was also seen during the first smaller ice-coverage in NH40 while in
the later, larger, ice-coverage in NH40 tnax continued to increase for a few kyr. The different
behaviors can be understood from the interplay between the speed at which the ice sheet increases in
thickness and the stiffness of the model. In a model with higher viscosity the bending of the
lithosphere occurs over a longer timescale than in a weaker model, i.e. horizontal stresses build up
slower. If at the same time there is a fast increase of the load Sz will increase faster than Sh. Thus,
with Szand Sy, approximately equal to S; and S3 it follows that tmax Will increase if a fast load increase
is imposed on a stiff earth model (such as L11 and M118). A second peak in tmax can be seen as the
ice withdraws from the region, i.e. with the exception discussed above tmax peak when the UMISM
ice-sheet margin passes Forsmark. A notable difference between the tmax under NH40 and UMISM is
seen between the two periods of thicker ice coverage in Forsmark. Under the NH40 load tmax actually
increase while under UMISM it initially decreases before starting to increase again. The difference
can be understood from the differences in the two ice-sheets as seen in Figure 3-3. In the NH40 case
the ice-sheet barely changes during this period and the margin is never further away from Forsmark
than 100 km. In the UMISM case the ice-sheet shrinks significantly and initially withdraws so that
the ice-sheet margin is 500 km away from Forsmark. As the UMISM ice-sheet start building up again
and the ice-sheet margin approaches Forsmark we see how tmax Once again increase to peak once the
margin reaches the site.

The orientation of Sy under the UMISM load (Figure 6-24, lower panel) bear similarities to that
which is seen under the NH40 load (Figure 6-22, lower panel). For the L11 earth model Su is mostly
oriented NNE-SSW up until the first glacial pulse after which the orientation rotates slightly to NE-
SW. During the final glacial pulse, a more pronounced rotation towards an E-W orientation is seen
followed by a return to a NE-SW orientation during the deglaciation and post-glacial phase. The Su
orientation in the other earth models are roughly the same throughout the simulation, the exception
being the VM5a model. At early times, up until the first major pulse of ice over Forsmark the Su
orientations are identical to that of the L11 model. Halfway through the buildup of the ice the
orientation flips by 90 degree to a NW-SE orientation only to rotate into an approximate E-W
orientation during the withdrawl of the ice followed by yet another rotation into an NE-SW
orientation similar to that of the L11 model. As the second major, and final, pulse of ice builds up SH
orientation once again flips by 90 degree into a NW-SE orientation which then more or less remains
throughout the remainder of the simulation. During deglaciation there is a small counterclockwise
rotation, however M14, M118 and L.2017 all recover from this while in VM5a the rotation continues
throughout the postglacial phase all the way into an NE-SW orientation after which it reverses to
reach an E-W orientation at the end of the simulation.
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Figure 6-21. Temporal evolution of maximum horizontal stress (Su, black), minimum horizontal stress (Sn, blue) and
vertical stress (Sz, red) at 500 m depth beneath Forsmark for all earth models, loaded by the NH40 Saalian type ice
sheet. Dashed vertical lines indicate times for which the ice sheet is seen in Figure 3-2 and Figure 3-3. Ice coverage
at Forsmark is indicated by light blue bar at base of each plot.
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Figure 6-22. Temporal evolution of maximum horizontal stress, Su, upper panel, and Su declination, lower panel, at

500 m depth beneath Forsmark for M14 (red), M118 (blue), L11 (black), L2017 (magenta) and VM5a (green) loaded
by the NH40 Saalian type ice sheet. Vertical dashed lines indicate times for which the ice sheet is seen in Figure 3-2

and Figure 3-3. Ice coverage at Forsmark is indicated by light blue bar at base of each plot.
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Figure 6-23. Temporal evolution of maximum horizontal stress (Su, black), minimum horizontal stress (Sn, blue) and

vertical stress (Sz, red) at 500 m depth beneath Forsmark for all earth models, loaded by the UMISM Weichselian ice
sheet reconstruction. Vertical dotted and dashed lines indicate times for which the ice sheet is seen in Figure 3-2 and
Figure 3-3 (dashed) and Figure 3-4 and Figure 3-6 (dotted). Ice coverage at Forsmark is indicated by light blue bar
at base of each plot.
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Figure 6-24. Temporal evolution of maximum horizontal stress, Su, upper panel, and Su declination, lower panel, at
500 m depth beneath Forsmark for M14 (red), M118 (blue), L11 (black), L2017 (magenta) and VM5a (green) loaded
by the UMISM Weichselian ice sheet reconstruction. Vertical dotted and dashed lines indicate times for which the ice
sheet is seen in Figure 3-2 and Figure 3-3 (dashed) and Figure 3-4 and Figure 3-6 (dotted). Ice coverage at Forsmark
is indicated by light blue bar at base of each plot.
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Stresses under the load of the RCP45 ice sheet at Forsmark (Figure 6-25) generally follow the trends
seen for the larger NH40 and UMISM ice-sheets during ice-free periods as well as during ice-sheet
advance and retreat. However, following the rapid advance of the ice sheet, the RCP45 ice sheet
swaps into a more gradual phase of build-up locally at Forsmark, bordering a hiatus (Figure 3-4).
During this time Sz does not continue to increase as it is a direct response to the weight of the
“regional” ice sheet thickness (regional here varies with elastic thickness of the lithosphere — a
thicker lithosphere yields a larger flexural rigidity and hence promotes longer wavelengths of
deformation. This implies that the area considered regional increases with increasing lithospheric
thickness given comparable elastic properties). As a consequence, Sy grows larger than Sz prior to the
GM in all earth models except the L11. For M14, M118 and L2017 also Sp grows larger than Sz prior
to the GM, thus producing a reverse induced stress field.

The largest peak Sy (24.7 MPa) is again found in the M14 earth model (Figure 6-26, upper panel) but
the smallest is now found in L11 (15.0 MPa). For all models peak Sy occurs at GM indicating that
the models at this time are closer to isostatic equilibrium than was the case under the influence of the
NH40 and the UMISM ice sheets. In the case of L11, the picture is consistent with L11 producing the
smallest Uz of all earth models loaded by RCP45 (Figure 5-2). As argued above, this is most likely
due to the combination of a thickening of the lithosphere under Forsmark eastwards, coupled to a
greater distance from Forsmark to the centre of the ice sheet, compared to the UMISM and NH40
cases. However, comparing Figure 5-2 and Figure 6-26 again highlights the danger in drawing too
firm conclusions about the stress based on the vertical displacement. While the L11 earth model
displays both the smallest Uz and Sy at GM, the VM5a earth model displays the greatest Uz but the
second smallest Sy among the earth models at GM. It should further be noticed that the local ice
thickness at Forsmark in RCP45 is only about 2/3 of the maximum ice thickness of the ice sheet at
GM (Figure 3-4) in contrast to the NH40 and UMISM ice sheets where the local ice thickness at
Forsmark at GM is about 9/10 of the maximum ice thickness of respective ice sheets. This will cause
the Sy evolutions observed in the earth models loaded by the RCP45 ice sheet to deviate from the
evolutions observed under the influence of the NH40 and UMISM ice sheets, as the geometry of the
deformation field changes with respect to Forsmark, which will be located further up the flanks of the
subsidence bowls with RCP45 compared to UMISM and NH40.

tmax under RCP45 follows the same pattern as was observed under the influence of the NH40 and
UMISM ice-sheets. That is, tmax in Forsmark grows largest when the ice-sheet margin approaches the
site to peak at the time when margin is just outside or right at the location. A clear expression for this
can be seen from the elevated tmax already from the beginning and all the way up until the RCP45
ice-sheet reaches Forsmark after some 35 kyr. This is not seen for any of the other models. However,
a quick comparison of the ice-sheet evolutions as seen in Figure 3-3 and Figure 3-4 it is noted that the
RCP45 ice sheet grows fairly massive from onset. This is similar to the NH40 ice-sheet. But, where
the NH40 margin prior to the first advancement in over Forsmark is always more than 500 km away
from Forsmark, the RCP45 margin is only within 50-150 km away from Forsmark prior to its first
migration in over the site. In fact, in all models except L11, tmax at 20 kyr matches or even slightly
supersedes the peak tmax at later times.

Su orientation induced by RCP45 (Figure 6-26, lower panel) in general also display the same trends
as seen before with L11 having a roughly NE-SW direction throughout while for the other models an
approximate NE-SW direction is observed prior to the first advance of the ice-sheet in over Forsmark
and in-between the two periods of ice-coverage at the site. Once the ice-sheet start building up a
significant mass over Forsmark the Sy orientation in all earth models except L11 flips by 90 degree
to an NNW-SSE to NW-SE orientation. During the deglaciation S rotates into an approximate NE-
SW orientation for the M14, L2017, and VM5a earth models followed by a rotation into a WNW-
ESE orientation while in the M118 earth model the Sy orientation progresses directly from NW-SE
into WNW-ESE with passing through a NE-SW orientation.
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For the smaller ice sheets RCP45e and RCP85, normal stress evolutions beneath Forsmark are the
opposite to those observed for the larger ice sheets in that horizontal stresses are negative during the
glacial pulses at Forsmark, even during periods when the ice sheet margin advances in over the site
(Figure 6-27 to Figure 6-30). For earth models M14, M118 and L2017, Sy becomes positive and
hence greater than Sz in the inter-stadial between the two major advances of both the ice sheets as
well as during the post-glacial rebound following final retreat of the ice sheets, although the
magnitudes are small (at most 0.7 MPa), the same applies for the VMS5a loaded by RCP85. Of the
earth models, L2017 displays the greatest negative as well as positive Sy and L11 the smallest. The
peak negative Sy at Forsmark is found in L2017 and amounts to -4.3 MPa under the load of RCP45e
and -1.3 MPa under the load of RCP85. Maximum horizontal tensile stresses, equal to Sy, at
Forsmark reach -10.4 MPa and -3 MPa 2-3 kyr after the GM under RCP45¢ and RCP85 respectively.

For tmax, however, the evolution follows the same rules as seen for the larger ice-sheets, that is growth
as the ice-sheet margin approaches Forsmark. For the Sy orientation (Figure 6-27 and Figure 6-30,
lower panels) we note that we can group the earth models into two groups of similar trends, one
containing the L11 and VM5a models and one containing the other models. The two groups still have
large similarities (keep in mind while interpreting the declination plots that there is a 180-degree
ambiguity in the plots). For the smaller RCP85 ice-sheet that never reaches Forsmark we find that the
Su orientation generally is either N-S or E-W with relatively quick 90-degree flips between. Under
the larger load of the RCP45¢ ice-sheet which barely reaches Forsmark we see a larger variation of
the SH orientations with a preference for either an NNE-SSW (M 14, M118, L2017) or an NW-SE
(L11, VMS5a) at early times prior to the first build-up of the ice-sheet followed by rotation into an
orientation gradually changing between E-W to NE-SW and back.

SKB TR-25-03 56



0 40 80 120 1600 40 80 120 160
L L

© 40 ' ' SH . ' 40
1 M14 - 1 M118 i
% 30 —Sh | - 30
= 1 —Sz | 1 :
N 20 Cnax | - 20
(D.. 10 H - - 10
A R s e O
T —10 ] L _10
w T T T T " T T T T T T " T "
40 L 1 L 1 " 1 L L " 1 L 40
a0 ] L2017 - { vMsa a0
20 1 - - 20
10 - m‘— 10
AN
10 o L 10
T T T T T 4 T T T T T !
40 ' : ' 40
30 Lil - 30
20 - 20
10 - /;\ m - 10
< T =
-10 + - -10
; T " T " T T
0 40 80 120 160

Time [kyr]

Figure 6-25. Temporal evolution of maximum horizontal stress (Su, black), minimum horizontal stress (Sn, blue) and
vertical stress (Sz, red) at 500 m depth beneath Forsmark for all earth models, loaded by the RCP45 ice sheet
projection. Vertical dashed lines indicate times for which the ice sheet is seen in Figure 3-4 and Figure 3-5. Ice
coverage at Forsmark is indicated by light blue bar at base of each plot.
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Figure 6-26. Temporal evolution of maximum horizontal stress, Su, upper panel, and Su declination, lower panel, at
500 m depth beneath Forsmark for M14 (red), M118 (blue), L11 (black), L2017 (magenta) and VM5a (green) loaded
by the RCP45 ice sheet projection. Vertical dashed lines indicate times for which the ice sheet is seen in Figure 3-4
and Figure 3-5. (dotted). Ice coverage at Forsmark is indicated by light blue bar at base of each plot.
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Figure 6-27. Temporal evolution of maximum horizontal stress (Su, black), minimum horizontal stress (Sn, blue) and
vertical stress (Sz, red) at 500 m depth beneath Forsmark for all earth models, loaded by the RCP45e ice sheet
projection. Vertical dashed lines indicate times for which the ice sheet is seen in Figure 3-4 and Figure 3-5. Ice
coverage at Forsmark is indicated by light blue bar at base of each plot.
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Figure 6-28. Temporal evolution of maximum horizontal stress, Su, upper panel, and Su declination, lower panel, at

500 m depth beneath Forsmark for M14 (red), M118 (blue), L11 (black), L2017 (magenta) and VM5a (green) loaded
by the RCP45e ice sheet projection. Vertical dashed lines indicate times for which the ice sheet is seen in Figure 3-4

and Figure 3-5 (dotted). Ice coverage at Forsmark is indicated by light blue bar at base of each plot.
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Figure 6-29. Temporal evolution of maximum horizontal stress (Su, black), minimum horizontal stress (Sn, blue) and
vertical stress (Sz, red) at 500 m depth beneath Forsmark for all earth models used herein, loaded by the RCP85 ice
sheet projection. Vertical dashed lines indicate times for which the ice sheet is seen in Figure 3-4 and Figure 3-5. The
ice never reaches Forsmark.
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Figure 6-30. Temporal evolution of maximum horizontal stress, Su, upper panel, and Su declination, lower panel, at
500 m depth beneath Forsmark for M14 (red), M118 (blue), L11 (black), L2017 (magenta) and VM5a (green) loaded
by the RCP85 ice sheet projection. Vertical dashed lines indicate times for which the ice sheet is seen in Figure 3-4
and Figure 3-5 (dotted). The ice never reaches Forsmark.
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6.4 Impact of extended residence of ice at the glacial maximum

Using the ice models with a hiatus of 25 and 50 kyr (UMISM, NH40 and RCP45¢) at the glacial
maximum, we study how the maximum horizontal stress would evolve with prolonged residence
times at the GM. Figure 6-31 displays Sy at 500 m depth beneath Forsmark in earth models M 14,
VMS5a and L11 loaded by the original and perturbed ice sheets. The point in time at which the
hiatuses are introduced is indicated. It is clear already from the original models with no hiatus’ that
the stresses are not at equilibrium at the glacial maximum, as they continue to change. For both
NH40 and UMISM, Sy continues to increase during the hiatus but also for the unperturbed ice sheets
an initial increase can be observed. This is more pronounced for the UMISM, as during the 3.9 kyr
following GM relatively small changes in the overall volume and areal extent occurred but rather a
redistribution causing growth in some places and thinning in other. As a consequence, the crustal
stresses caused by the unperturbed UMISM actually grow larger than the stresses in the models with
an introduced hiatus until a rapid thinning of the ice sheet starts at 14.3 kyr BP.
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Figure 6-31. Maximum horizontal stress (Su) at 500 m depth beneath Forsmark for earth model M14 (ved), L11
(black) and VM5a (green) loaded by the NH40 (upper panel), UMISM (middle panel) and RCP45e (lower panel) ice

sheets with the original GM ice and the GM ice extended by 25 kyr and 50 kyr, from the time indicated by the vertical
dashed line.
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The increase in stress following GM or the introduced hiatus in UMISM decrease with the duration
of the hiatus but is still visible after a hiatus of 50 kyr, indicating that even after this period of time
isostatic equilibrium has not been reached. This can also be seen directly from the evolution of the
stress during the hiatus which has still not fully levelled out after 50 kyr, although for the VM5a the
increase after 25 kyr is fairly small. The magnitude of the increase is clearly affected by the viscosity
of both the upper and lower mantle, with VM5a displaying the faster approach to equilibrium
(despite having the same viscosity in the upper mantle as M14) and the L11 the slowest.

Comparison of the stress evolution in the model loaded by the UMISM reconstruction and the NH40
also indicates that the crustal stresses induced by the NH40 ice sheet are further from isostatic
equilibrium than those induced by the UMISM reconstruction. This is due to the much more rapid ice
growth in NH40 prior to the glacial maximum compared to the UMISM.

Under the load of RCP45e, the development of Sy during the hiatus becomes more complex as was
observed also for Uz at Forsmark during the hiatus. At the start of the hiatus, Su in Forsmark is
negative. While Sy in L11 continues to decrease throughout the hiatus, in VM5a Sy initially increases
slightly after which it decreases again. In M 14, Sy instead increases throughout the hiatus. In
conclusion, neither of the models have reached isostatic equilibrium after the 50 kyr hiatus although
the M 14 model is close. We note here that for L11 this conclusion would have been hard to draw
based on an investigation of Uz alone (Figure 5-5) which appears to have levelled off already
approximately 17 kyr after the hiatus was introduced. This implies that stresses are better suited to
determine whether or not a GIA process is close to, or has reached, isostatic equilibrium.

The evolution of Sy seen in Figure 6-31 may seem counter-intuitive when compared to Uz as seen in
Figure 5-5 and requires some further discussion. At the GM in RCP45e, Forsmark is located right at
the margin of the RCP45e ice sheet (Figure 3-5). During a rapid build-up of an ice sheet the mantle
will not have time to react and effectively adds to the instantaneous elastic thickness. With time,
however, the viscous flow in the mantle reduces this effect and the effective flexural rigidity reduces
to that of the elastic lithosphere. At the beginning of loading, the wavelength of deformation will
therefore be longer. In a region around the margins of a growing ice sheet the land will initially
subside but with time, as the wavelength of deformation decreases with the effective flexural rigidity,
land may uplift again. Similarly, the curvature will change, increasing in some regions and
decreasing in others. This temporal behaviour will decrease in magnitude with increasing elastic
thickness of the lithosphere as well as be less pronounced in the case of a slow growth of the ice
sheet. It will further be damped by a migration of the ice-sheet margin and hence will mainly be
notable in the case of a hiatus in the ice sheet configuration preceded by a rapid growth of the ice-
sheet. This is what we observe in the temporal behaviour of Su during the introduced hiatus
following GM in the RCP45¢ model. At GM the surface deformation curvature at Forsmark in the
RCP45¢ model is concave, hence Sy is tensile. If the curvature increases Sy will decrease (become
more tensile). In the case of M 14 and at early times of the hiatus in VM5a, the effective elastic
thickness is fairly large, placing Forsmark in a region where the curvature of the surface deformation
decreases and Sy therefore increases (becomes less tensile). Conversely, further away from the ice
sheet interior the curvature of the surface deformation increases. With time, the effective elastic
thickness of the lithosphere in VM5a decreases, as the high-viscosity lower 40 km of the lithosphere
deforms viscously. The wavelength of deformation then becomes shorter, bringing the region where
the curvature of the surface deformation increases further in, eventually migrating in over Forsmark,
hence turning Su from increasing to decreasing and thus more tensile again. The L11 earth, as
pointed out earlier, does locally have a greater elastic thickness than M 14 but the rapid thinning of
the lithosphere towards the ice-sheet interior results in an effective flexural rigidity which is lower
than in the M 14 model, bringing the region where the curvature of the surface deformation increases
in over Forsmark.
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6.5 Impact of multiple glaciations

To study the impact of multiple glaciations we compare the stresses induced by the RCP45 and the
RCP45x ice sheets, where the latter is ice-free for the first 70 kyr and then ramped up linearly to the
ice configuration at 73 kyr in the original RCP45 model. From 73 kyr the continued ice sheet
evolution in the two models is identical. Figure 6-32 shows the maximum horizontal stress (Su) at 2.5
km depth beneath Forsmark for the RCP45 and RCP45x ice histories for all earth models as well as
their difference.

We see that the simulations with the full RCP45 ice history have a few MPa of remaining Sy at 70 kyr
(in earth models M14, M118 and L2017), producing a difference with the RCP45e simulations. The
difference in Su between the two ice models decreases rapidly as the ice advances in the next glacial
period. Only for earth model M118 is there an appreciable difference, of 8.6 %, in Sy magnitude at
GM. During the de-glaciation phase, the Sy magnitudes are very similar between the RCP45 and
RCP45x results, except for the stronger model M 118, where there is slightly less than 1 MPa
difference at the last time step of the ice model. If the model is allowed to continue to relax, as in
Figure 6-32, the difference is about 230 kPa after an additional 40 kyr.
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Figure 6-32. Maximum horizontal stress (Su) at 2.5 km depth beneath Forsmark for earth models M14 (ved), M118
(blue), L11 (black), L2017 (magenta), andVM>5a (green) (upper panel) loaded by the full RCP45 ice sheet (solid lines)
and the RCP45x ice sheet without ice prior to 73 kyr (dashed lines) and SH difference between RCP45 and RCP45x
for each earth model (lower panel). Vertical dashed lines indicate the glacial maximum, GM, and last time step of the
ice model.
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7 Discussion

The focus of this report is an investigation into how glacially induced stresses in the crust at 500 m
depth beneath Forsmark would vary with different types of future glaciations, from very large scale
Saalian type ice sheets to much smaller ice sheets that do not cover Forsmark. It is important to note
that the particular horizontal stress magnitudes presented in this report should not be taken as
accurate predictions, but rather as indications on how induced horizontal stresses may relate to the
loading stress, and how the stresses induced by different ice models in different earth models relate to
each other. The vertical stress, which only depends on the weight of the ice column, is of course
easily predicted given a specific ice sheet model.

The horizontal stresses obtained in the simulations depend on a number of factors, one of which is
the methodology used for the GIA calculations. Our finite element methodology has the advantage
that the earth and ice models can vary in three dimensions and that stresses can be easily extracted
from the models. However, as pointed out already in L2009, the methodology uses a flat earth
approximation and does not implement the effects of internal buoyancy and self-gravitation. The flat-
earth approximation and exclusion of self-gravitation compensate each other (Amelung and Wolf
1994, Schotman et al. 2008) to a significant degree. We do include material compressibility, which
alleviates some of the problems of the incompressibility assumed in the Wu (1992, 2004)
methodology that we use, but internal buoyancy is not accounted for, which has some effect on the
simulated displacements and stresses. Tests indicate that this may not be a significant issue (H.
Steffen, private communication). We also do not include sea-level variations in our modelling but
this is of lesser concern for locations under the ice sheet, and shore-line displacement is not the topic
of interest. The new developments in methodology discussed in Section 2.2 can potentially provide
more physically complete simulations in the future.

As the precise configuration and volume of the Weichselian ice sheet is not known, studies of GIA
during and after the glaciation usually solve for both the ice reconstruction and the earth model. This
couples a specific ice reconstruction to a specific earth model (e.g. Argus et al. 2014, Lambeck et al.
2017). In this study we use ice models that have been developed with rather general, and sometimes
simplified, earth models. Specifically, none of the earth models used here were developed
simultaneously with one of the ice models used here, although the M14, M118 and L11 earth models
were selected based on their fit to the UMISM ice model (Schmidt et al. 2014). We do not see this as
a problem for the current study as it is focused on an investigation of how different ice sheet
evolutions affect the stress evolution in the earth, and we use five different earth models to capture a
significant part of the variability associated with the uncertainty in the exact rheology and elastic
composition of the Earth. We have seen here that earth models with varying lithospheric thickness or
very strong mantle behave different to the three more “average” earth models, this should however
not exclude these models as potentially closer to the correct description of the Earth. This is also why
we will not assign any of the earth models as more appropriate than the other.

The earth models affect the stress evolution in the crust in two different ways. The elastic structure of
the earth has a large impact on the magnitude of the induced horizontal stresses. We use data based
on seismic velocities in the PREM model (Dziewonski and Anderson 1981) as our basis for the
elastic structure, i.e. Young’s modulus and Poisson’s ratio. Using averages of these parameters over
large depth sections can potentially produce unrealistically large stresses near the Earth’s surface. As
shown in Table 4-2, we use a Young’s modulus of 64 GPa for the upper 15 km of the models. This is
similar to what has been measured on rock samples from Forsmark (SKB 2005) but may be too high
for the average stiffness of the rock mass at 500 m depth in Forsmark, considering the fractured
nature of the uppermost crust. The second major influence on the stresses comes from the mantle
viscosities, and the viscosity structure. Viscosity both affects the temporal evolution and the
magnitude of the horizontal stresses, as we have seen here for the high viscosity lower mantle model
M118. While the evolution and magnitude of crustal stresses and surface displacements are
dependent not only on the mobility of the upper mantle but also on the (uppermost) lower mantle, the
sensitivity to the lower mantle mobility diminishes with time. Currently available observational data
and associated uncertainties can therefore only very crudely constrain the viscosity of the lower
mantle beneath Fennoscandia, so estimates of lower mantle viscosity under Fennoscandia are rather
variable (e.g. Schmidt et al. 2014).
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The scenario used here to study the effect of previous glaciations on the displacements and stresses
during subsequent glaciations involves two similar sized pulses of ice. In this scenario, Forsmark is
covered by ice well before and during GM in both pulses and we find that the uplift due to the earlier
glaciation is more or less counteracted by the subsidence under the later glaciation at and following
the GM of the latter. However, one could also have considered scenarios where the size of glaciations
differed significantly and/or Forsmark never being ice-covered during the glaciation (which would
require a comparatively small sized glaciation). In the case where a smaller glaciation is followed by
a significantly larger the conclusions drawn here should not change. However, in the case where a
larger glaciation (e.g. an UMISM sized) is followed by a smaller one (e.g. a RCP85 sized) the effect
of a previous glaciation could be larger than observed here and potentially also modify whether or not
a fore-bulge would exist in the Forsmark area during the smaller glaciation or not. The potential
effect of a previous glaciation will however decrease with an increased duration of the interglacial
(while increase with the viscosity of the mantle). It is not unlikely that a smaller glaciation would
also be associated with a longer interglacial, hence reducing the effect of previous glaciations. Any
definite scenario would, however, need to be studied individually.
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8 Conclusions

Summarizing stress maps and the stress evolution at Forsmark, we find that:

o the spatial distribution and temporal evolution of the glacially induced stress field is to first order
dependent on the size and evolution of the ice sheet. Variations in how the Earth is modelled
mainly affects the resulting stress magnitudes and to some degree also the areal distribution and
temporal evolution.

o the ice load induces vertical stresses, Sz, in the Earth which are directly proportional to the local
thickness of the ice sheet. The magnitude of the induced horizontal stresses depends on the
flexure of the lithosphere, which in turn depends both on the regional thickness of the ice sheet
and on temporal evolution of the ice volume. Long residence times imply more time for viscous
flow and thus shorter wavelength flexure, whether or not this leads to larger or smaller horizontal
stresses depends on the proximity to the ice sheet margin. We see in the stress maps and the
temporal evolution plots that while the ice sheet is present, the maximum horizontal stress Sy is
generally lower than Sz. In some models, however, Sy can reach a magnitude larger than Sz at the
GM, but we find that it does not significantly exceed Sz in any of the earth models used here.

o tensional horizontal stresses develop around the edge of a stationary ice sheet, but also at a certain
point as an ice sheet advance toward it. The magnitude of the tensional stress depends on the size,
distance to and residence time of the ice sheet. We note for example that the large NH40 induces
less tensional stress at Forsmark on advance than does the much smaller RCP45¢ ice sheet.

o ahead of the advancing ice sheet, and during ice growth at a point, the induced stress field is
normal. Depending on ice evolution and earth model, the induced stress field develops to strike-
slip and even reverse, if the ice is stationary during some time. During deglaciation, the stress
state often develops into reverse, for locations that have been significantly ice covered.

o high mantle viscosity decreases the induced horizontal stress magnitudes and increases the
response (relaxation) time of the system. Although the upper mantle viscosity exerts most of the
effect on the Earth response, for larger ice sheets the viscosity of the (uppermost) lower mantle
also plays a role in controlling the induced stresses.

o the highest compressive horizontal stresses induced in our suit of ice and earth models are
produced by the NH40 Saalian type ice model and the M14 earth model, where Sy reaches
30.4 MPa at 500 m depth in Forsmark. The highest tensional stress occurs with the RCP45 ice
model and the L2017 earth model, where Sy reaches -11.4 MPa.

o the GIA models are generally not in isostatic equilibrium at the GM. Prolonging the glacial
maximum produces increased horizontal stress at sites well inside the ice-sheet margin,
potentially to magnitudes greater than Sz while at sites close to the margin horizontal stress may
both increase and decrease. The evolution is to first order controlled by the effective elastic
thickness of the lithosphere.

e aprior glaciation has some effect on the early development of stress during the next glaciation
(depending on the time between glaciations), but the effect decreases during ice growth and is
generally very small at the next glacial maximum.

e tma in Forsmark generally increases when the ice-sheet margin approaches the site, and peaks just
before or at the time the margin is at Forsmark. If, however, the increase in the ice-thickness at
Forsmark is sufficiently fast and the Earth sufficiently stiff, tmax may continue to increase above
the value attained at the time the ice-margin were located in Forsmark.

e The orientation of Sy in the L11 earth model under the load of the larger ice-sheets is surprisingly
stable varying mainly between NNE-SSW to NE-SW orientation. For the other earth models
under the same load the Sy orientation is typically the same as for L11 prior to the build-up of
significant ice-load at Forsmark (> 500 m of ice) at which point the Sy orientation preferentially
rotates into a NW-SE orientation. Under the load of the smaller ice-sheets Su orientations tend to
be either N-S or E-W, but deviations to this can be seen for both the smaller and larger ice-sheets
studied herein.
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