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Abstract. We compare the glacial isostatic adjustment (GIA) behaviduwo approaches devel-
oped to model the movement of a glacially induced fault (@3 consequence of stress changesin
the Earth’s crust caused by the GIA process. GlIFs were niagdyibut not exclusively reactivated
at the end of the last glaciation. Their modelling is conmgutiid as the GIA process involves different
spatial and temporal scales and they have to be combinedtuildle the fault reactivation process
accurately. Model approaches have been introduced by Hetdampel (2005, termed HA in this
paper) and Steffen et al. (2014a, termed WU in this papegs@&lwo approaches differ in their ge-
ometry, their boundary conditions and the implementatiosti@ss changes. While the WU model
is based on GIA models and thus includes the whole mantle dowhme core-mantle boundary at
a depth of 2891 km, the HA models include only the lithospl{erestly 100 km) and simulate the
mantle using dashpots. They further apply elastic foundatand a lithostatic pressure at the base
of the lithosphere, while the WU models apply elastic fouiates at all horizontal boundaries in the
model with density contrasts. Using a synthetic ice modeVels as the Fennoscandian Ice Sheet,
we find large discrepancies in modelled displacement, itgland stress between these approaches.
The HA model has difficulties in explaining relative sea lemarves in Fennoscandia such as the
one of Angermanland (Sweden), where differences of up tori2@the data (with data error of
18.7m) result. The WU model differs by up to 11 m, but fallshiitthe error bar of 11.6 m. In
addition, the HA model cannot predict the typical velocisldipattern in Fennoscandia. As we also
find prominent differences in stress, we conclude that thilsition of the mantle using dashpots
is not recommended for modelling the GIA process. The eadtahshould consist of both litho-
sphere and mantle, in order to correctly model the displarerand stress changes during GIA.
We emphasize that a thorough modelling of the GIA procesprerequisite before conclusions on

understanding GIF evolution can be drawn.
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1 Introduction

Geodynamic models are developed to advance our undenstpofithe many individual as well
as overlapping processes of the Earth. A common phenomertbati several models co-exist for
the same process and they should be compared or benchmautetkr to verify that each method
works correctly. Benchmark studies thus have been perfdpforeledicated convection models (e.g.
Zhong et al., 2008; Tosi et al., 2015), dynamo models (e.gis@msen et al., 2001; Jackson et al.,
2014) or models of glacial isostatic adjustment (GIA; Speal., 2011). The latter describe the
response of the Earth in terms of deformation as well assstreation and geopotential changes due
to changing ice-ocean load distributions on the Earth’&aser Among other things, the GIA model
benchmark showed that the displacement results from mbésél on the viscoelastic normal mode
method are comparable to results from spectral-finite efé@ned finite-element (FE) models, when
an earth model is subjected to anice load. This is of impoeas FE models are able to handle faults
and lateral heterogeneities in the Earth’s subsurface ss/aonlinear or composite rheologies in
the mantle.

In this paper, our focus is on the GIA description in glagiafiduced fault (GIF) models. GIFs
represent reactivated faults in or nearby formerly gladatreas such as North America or north-
ern Europe (e.g. Kujansuu, 1964; Lagerback, 1978; Quirda84; Johnston, 1987; Olesen, 1988;
Dyke et al., 1991; Shilts et al., 1992; Fenton, 1994; Arvixis4996; Muir-Wood, 2000; Stewart et al.,
2000; Munier & Fenton, 2004; Sauber & Molnia, 2004; Lagekb&Sundh, 2008; Brandes et al.,
2012). Even historical earthquakes of the last 1200 yeamnsiithern Germany are related to the last
glaciation of northern Europe (Brandes et al., 2015). Mosetof faults under the ice sheets in Lau-
rentia and Fennoscandia was suppressed during glaciahtp@lbhnston, 1987), but was reactivated
near the end of deglaciation (Wu & Hasegawa, 1996).

GIF modelling has been a challenging task as it involvesahgel spatial scale (> 1000 km) and
long time scale tectonics stress (millions of years), tha @Huced stress (thousands of years) and
the short-term earthquake motion (a few seconds to minatesfult (of some km length). Nonethe-
less, two approaches for GIF modelling were introduced @emé years, and both used FE tech-
nigues: the first was presented by Hetzel & Hampel (2005 dfenedenoted as HA) based on rather
geological aspects and the second by Steffen et al. (204&don the GIA modelling approach
by Wu (2004, hereafter WU), which was part of the benchmartysbf Spada et al. (2011). Hence,
WU has rigorous support from other GIA modelling techniquekile HA has not, although it
was applied in numerous GIF, but mainly parameter studiesnptl & Hetzel, 2006; Hampel et al.,
2007, 2009; Turpeinen et al., 2009; Hampel et al., 20104l grefore, our aim in this study is to
compare these two approaches in terms of their descripfitimedGIA process to verify (1) if the
HA approach is suitable for GIA investigations and (2) if Gésults based on the HA approach are
reliable in view of GIF activation due to GIA.



Geosci. Model Dev. Discuss., doi:10.5194/gmd-2016-43, 2016
Manuscript under review for journal Geosci. Model Dev.
Published: 22 March 2016

(© Author(s) 2016. CC-BY 3.0 License.

60

65

70

75

80

85

90

Before we begin the comparison, it is beneficial to brieflyeapsome background knowledge of
GIA, which occurs due to the lithospheric loading by the iceet. The Earth deforms in response to
this loading: beneath the load the lithosphere moves dowahasad rebounds once the load is gone.
During subsidence the mantle flows away under the load aneésioack once the ice sheet melts
and the lithosphere is rebounding. Due to the viscous behawif the mantle, the process contains
a time-independent elastic component and a time-depentaokelastic component, which delays
the achievement of the state of equilibrium. The defornmatibthe lithosphere and mantle during
the GIA process is related to the size of the ice sheet andd#fiemation has its peak value of
sensitivity at a depth (see Cathles, 1975, and Steffen et al., 2015 for a detailedation):

PPN S )

L7/ & + T}z,
with L and M being the characteristic lengths of an elliptical ice shéelad size of 2000 km
and 1500 km, for example, which is the north-south and east-extension of the Fennoscandian
Ice Sheet (Hughes et al., 2016), respectively, results ieak palue of sensitivity at 706 km depth.
However, the depth with a half of the peak value gives a coasige estimate of how deep a load
size can "see" into the mantle. The formula is similar to ¢iqual except the factor 1.7 is replaced
by 0.818, which gives a depth of 1467 km.

The movement of lithosphere and mantle is also accompanisttéss changes. During loading
(accumulation of ice) vertical and horizontal stressesiageced and during unloading (melting
of ice) the vertical and horizontal stresses decrease. &s as the unloading finished, the vertical
stresses return to their value before the loading procestedt However, as GIA is a viscoelastic
process and stress migrates from the mantle into the littevgpcrust (Wu & Hasegawa, 1996),
the horizontal stresses return much more slowly to theainitalues. The change in stress with
time is a major parameter for the determination of glacialjuced earthquakes as stress calcula-
tions showed that the reactivation of pre-existing faulés\wnduced by the melting of the ice sheet
(Wu & Hasegawa, 1996; Johnston et al., 1998). Thereforesttieas distribution within GIF models
has to be modelled correctly to allow an accurate analysfsrofier and current seismic hazards
induced by glaciation and deglaciation.

Modelling these stress changes is however not straighéfarwsing the FE method. Most FE
software are based on engineering purposes and only théesiorm of the equation of motion is
solved (Wu, 2004):

V. SFE — 0, (2)

with SFP as the stress tensor from FE software. To overcome this@mbNu (2004) showed that

the stress obtained from the FE modelling has to be transfdtmGIA stresses:

SCIA = §FF 4 pogou. T, @®)
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with SGTA as the GIA stress tensqr; andgg as the density and gravity for the initial background
state, and., as the vertical component of the displacement vector, fo flaé simplified GIA equa-

tion for a flat Earth:
VS — pogoVu. =0 @)

(see Wu, 2004, and Steffen et al., 2014a, for a detailedatéiv).

In the following, the predicted displacement and stressabielur from the HA are compared
with those from the WU approach for an earth model withoutwdt fa order to compare the GIA
contributions only. The next section introduces the twarapphes and two-dimensional (2D) model
setups. This is followed by a first test in sections 3 and 4 re/aesynthetic ice model and parameters
following the study by Hetzel & Hampel (2005) are used. A settest in section 5 will show the
displacement behaviour of a realistic ice load for both apphes in three dimensions (3D), using
the material parameters and horizontal dimensions of tesskd in Steffen & Kaufmann (2005)
and Steffen et al. (2006), but keeping the boundary contditimd vertical dimensions of the specific

methods.

2 Model description

We describe both approaches focusing on the GIA model ordydamot include fault geometries.
Additionally, we will describe the synthetic ice model usedhe comparison. The FE modelling is
carried out using the software ABAQUS (Hibbitt et al., 2014)

2.1 WU model

The WU model follows the approach developed by Wu (2004). &r¢h model has a thickness of
2891 km, from the surface of the Earth to the core-mantle dann(Fig. 1(a)). Four layers are in-
cluded in the model: the crust, the lithosphere of the matiteeupper mantle, and the lower mantle.
Each layer is described by density, Young's modulus andsBais ratio. Viscosity is applied to the
lithospheric, upper and lower mantle only (for values seg E). At each boundary with density
contrast, foundations are applied, which account for tiséoreng buoyancy force that drives GIA
(see Wu, 2004). The model should have a width of at least 18stiof the ice-sheet size to avoid
boundary effects, and the sides of the models are fixed inadhiedntal direction. Quadrilateral plane

strain elements are used (CPE4).

Figure 1
2.2 HA model

The HA model follows the approach presented in Hetzel & Hanip@05). We adopt the same
model parameters as used in Hampel et al. (2009, see Fig. T{i® earth model is 100 km thick,
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from the earth surface to the lithosphere-asthenosphenedaoy. The upper and lower mantle are
not included in the model. Density, Young’s modulus and §wis ratio are used for the crustal
and lithospheric layer. A viscosity df- 1023 Pas is used for the lithospheric mantle. At the bottom
of the lithosphere, a lithostatic pressure and elastic dations are applied. In addition, in e.g.
Hetzel & Hampel (2005) dashpots were used as well, to reptebe mantle viscosity, but were
excluded in the 2D model presented in Hampel et al. (2009hiwihe synthetic test, dashpots will
not be used. However, we will show in section 5 that the inolusf dashpots has negligible effects
on the HA results. Additionally, the model is loaded with getic stresses to obtain a background
stress state to simulate the advection of pre-stress. Dtleetgeostatic loading, the entire model
deforms vertically. This deformation is constant in therentnodel and can be subtracted from the
displacement results of the ice loading process. The wititheomodel is 3000 km; hence, larger
than the models in Hampel et al. (2009). The vertical sidethefmodel are fixed in horizontal
directions. Triangular plane strain elements are used 8CHEmMpel et al., 2010a).

A study by Schotman et al. (2008) compared the displacenemnigen the WU and HA models,
i.e. "implementing the viscosity of the asthenosphere shgats instead of a finite element layer"
(Hampel et al., 2009). A difference of less than 10% was olktafor the "modeled amount of flex-
ure and rebound" (Hampel et al., 2009). However, Hampel ¢2809) may have misunderstood
the model setup and results of Schotman et al. (2008), whablydid not compare the WU and
HA approach, but rather modified the WU approach by substguhe lower mantle with dashpots.
This results in several differences. First the dashpotgwet used at the bottom of the lithosphere
in Schotman et al. (2008), but instead at the bottom of thek6¥®oundary. This is in contrast to
the dashpots used in HA models, which are always appliedehdttom of the lithosphere and this
varies depending on the study between 80 and 120 km. Sedwndpper mantle was included in
the study by Schotman et al. (2008), which is not used in HAefod hird, Schotman et al. (2008)
applied foundations at each layer with density contraspfohg Wu (2004) and thus avoided the
implementation of lithostatic pressure and geostaticssge. Schotman et al. (2008) conclude that
they cannot use dashpot elements to replace the lower namniidéeads to unacceptable errors for
several computed parameters such as geoid height perturtzatd horizontal velocities. Vertical
deformation at the surface differed by up to 10 %, while in BT0depth the difference is up to
14 %. Note again that this is for substituting the lower meuothly with dashpots and not for the
whole mantle as generally done in the HA models as well asdondations applied at all layers

with density contrasts.
2.3 Ilcemodel

All models in sections 3 and 4 are loaded with a 200 km wide @@ thick ice sheet. Such ice
load affects the Earth’s subsurface to a depth of approxinai73km (using equation 1 with a

factor of 0.818 instead of 1.7). The amplitude of the ice loanleases to its maximum value over
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20 ka and decreases to zero in the following 10 ka. The timement is 500 a. The load is modelled
as pressure in the software ABAQUS (Hibbitt et al., 2014).

3 Comparison of the displacement

The vertical displacement is obtained for both model apgrea and only the geostatic displacement
in the HA model is subtracted (0.64 m) from the FE modellirguits. Fig. 2 shows the vertical dis-
placement at three different locations at the surface afitbéel: at the centre of the model (0 km), at
the ice margin (100 km) and 400 km away from the margin (500 IRe}ults at selected time steps
are also listed in Table 1.

Figure 2

Table 1

The HA model shows a gradual subsiding of the crust beneatlicthsheet during loading to
-78.1matOkm and -62.9m at 100 km (Fig. 2). This is followedhynstantaneous elastic response
as soon as deloading starts. At 30 ka (end of deloading) thieakdisplacement is only -2.5m at
0Okm and -1.3m at 100 km, and the uplift rate changes from 7k&ma/0.02 m/ka at the centre. At a
location outside of the ice sheet, the vertical displacermEneases up to 2.1 m and decreases with
the start of deloading to the end of deloading to 0.4 m.

The vertical displacement obtained from model WU is smdileneath the ice sheet (Fig. 2),
but larger at the third location (500 km). During loadingg ttrust subsides to -53.0m at Okm and
-40.9m at 100 km. The subsidence is not linear during loadirgto the viscoelasticity of the man-
tle. Maximum displacement is also not directly at maximuarcgdtion, but within this example 1 ka
later. The deloading process is accompanied by a slow wplifte crust. The vertical displacement
increases to -19.4m and -15.7 m at 0 km and 100 km, respsctatehe end of deglaciation. After
deloading, the uplift is still ongoing and the uplift velgcchanges from 5.3 m/ka to 3.6 m/ka. At
500 km, the vertical displacement increases during loattifg7 m and decreases during and after
deloading back to O m, indicating that this location is witktie peripheral bulge. The subsiding of
the crust at this location is not instantaneous, and a délakais observed.

The vertical displacement shows large differences (25.7 maximum glaciation) between the
models HA and WU. Whereas the WU model shows a viscoelasorese of the earth model to the
loading and unloading of the ice model, the HA model showsatrexclusively an elastic response.
We refer this difference to the different model dimensiomslépth and thus the missing mantle
layers. An ice load of 200 km width, has its peak value in gevitsi at a depth of 83 km, half of the
peak value is reached at a depth of 173km and a quarter stiz&km. The model depth of only
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100 km depth can therefore not be recommended when dispéat@imanges due to the viscoelastic
nature of the GIA process are calculated. This naturalBralthe stress distribution and its change

(stress migration), which we will investigate next.

4 Comparison of the stress

The horizontal stresses of the HA and WU models are showngn i Stresses from the WU
model were transformed according to the equations destabeve. However, the stresses from
HA models are not changed as the unmodified stres&%)(are used by Hetzel & Hampel (2005)
within the fault modelling steps. In contrast, Steffen e(2014a) use the modified stress8§{*)

for their fault modelling. The vertical stresses of both @@thes are almost identical (see Table 1)

as this stress is induced by the load only.
4.1 Horizontal stress

The horizontal stress is a function of the size of the ice rhdbe earth model parameters, and the
viscous behaviour of the mantle due to the stress migrat@mn fantle to lithosphere. For a compar-
ison of the horizontal stress results, the change with dieptiwo different time points is shown for
both models (Fig. 3). The first time point is at maximum gléoia(20 ka, Fig. 3(a), (b)). The general
distribution of the horizontal stress at glacial maximunsimmilar between WU and HA; however,
the stress magnitude differs between both methods. WhilendAels reach an amplitude of almost
-10.3MPa below the ice sheet within the crust, models by Wairsbnly values of -8.4 MPa. At
the bottom of the lithosphere (at 100 km), larger stress ntadgs are also obtained for HA models
(13.8 MPa) compared to WU (10.8 MPa). The second time poad ursthe comparison shows larger
differences within the stress magnitudes and the genesailiition (Fig. 3(c), (d)). This time point
corresponds with the end of deglaciation, and thereforeaisfithe time, when most known GIFs
got reactivated. While models by HA show only a stress mageiof -0.2 MPa below the ice sheet
at a depth of 5km (Table 1), WU models reach -2.1 MPa. A diffeesof 1.9 MPa is able to change
the potential of a GIF from active to inactive or vice versavadl as the magnitude of the earthquake.

Figure 3
4.2 Differential stress

The differential stress is of high importance in stress fatdlyses. Models by HA show an in-
stantaneous increase in 5 km depth in the stress magnituthgdylaciation and an instantaneous
decrease during deglaciation (Fig. 4). At the end of degtami, the rate of the stress magnitude
changes significantly. The behaviour of the stress magaitudve is similar to the curve of the ver-
tical displacement by HA, dominated by the elastic behavidthe model. In contrast, the models
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by WU show a viscoelastic behaviour, similar to the vertaiaplacement of WU (Fig. 4). At the end
of deglaciation, the differential stresses are largerldbahtions, which would favour a reactivation
of a GIF at those time points.

Figure 4

5 Comparison for arealistic ice sheet

The results obtained above indicate that the modellingagubr from Hetzel & Hampel (2005) is
not able to capture the displacement and horizontal ssessrirately using a synthetic ice sheet. A
comparison of their modelling approach to observed daddedy. relative sea level, GPS or gravity)
has not been demonstrated so far. As such comparison is amtamptool to properly validate the
modelling approach, the results of a model based on the tmgl@lpproach by Wu (2004) and
Hetzel & Hampel (2005) are compared to relative sea levelL|Rfata as well as observed Global
Navigation Satellite System (GNSS) velocities using a 3Ddkrth model with realistic ice history.

The WU model has again a thickness of 2891 km using four lafgetst, lithospheric mantle,
upper mantle, lower mantle) and a model width of 130,000 kmsisd to avoid boundary effects
(Steffen et al., 2006). The HA model has a thickness of 120Which is a typical lithospheric
thickness estimated from observations for FennoscantBé¢s & Kaufmann, 2005; Steffen & Wu,
2011) and used in the WU model as well. The width of the HA masi¢he same as for the WU
model. Both models are meshed using brick elements (C3D8)tedted two different subsets of
the model, one without dashpots at the base of the model fthsis of the lithosphere) and one
with dashpots, to show the effect of dashpots used in HA nsodéle dashpot-property value is set
equal to the upper-mantle viscosity used in the WU model anthlike that used in HA models
where the viscosities are too low to be representative oivtiele mantle (Steffen et al., 2015). The
Fennoscandian ice sheet model RSES by Lambeck et al. (19a8¢d.

Two RSL curves are chosen based on their location. The firstf $SL data is from Angerman-
land, which is close to the centre of rebound. The second R®teds in the Netherlands, hence,
outside of the Fennoscandian Ice Sheet in the periphergklardea. The results show large dis-
crepancies between the two modelling approaches. For theabtel the discrepancies between the
predictions and the observations reach 123 m and 22 m forma@and (Sweden) and Leeuwarden
(Netherlands), respectively (Fig. 5). In contrast, thailtssfollowing Wu (2004) match the obser-
vations better and the discrepancies are much smaller: ¥idrs.2 m for Angermanland (Sweden)
and Leeuwarden (Netherlands), respectively (Fig. 5).

Figure 5
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In addition, we see that the HA models with and without daghgbow no difference. Hence,
there is no effect of the dashpots and thus of the viscoeigsdf the underlying mantle. We attribute
this behaviour to the large foundation applied at the bagbelithosphere, which Hampel et al.
(2009) calculate taking into account the whole density efalsthenosphere instead of the density
contrast.

The observed uplift velocity of Fennoscandia reaches itgimam of 10 mm/a in the Gulf of
Bothnia (Fig. 6(a)), which is also predicted by the WU modég( 6(b)). In addition, the modelled
horizontal velocity field shows in general a similar pattesithe GNSS observations. A perfect
match is not possible with flat-earth FE models due to thezbatal boundary conditions and partly
due to the lack of sphericity (Schotman et al., 2008). In @sif the velocity fields obtained from
the models following the approaches by Hampel et al. (2008} #etzel & Hampel (2005) are about
zero in the entire region (Fig. 6(c), (d)), and thus cannptwae the typical uplift signal. This is due
to the very high viscosityl(- 10?® Pas) in their lithospheric mantle so that its Maxwell time is of
the order of 100 ka, thus it behaves almost exclusively ieklst during the glacial cycle. Even if
the dashpots are present, they cannot fully representsieelastic relaxation of the mantle and the

upward migration of stress, which is a result of the high fdation applied at the base of the model.

Figure 6

6 Conclusions

The GIA process plays an important role in the reactivatiopre-existing faults (GIFs). Hence, the
modelling of GIFs must be based on the correct descriptich@fSIA process in the models. Two
different GIF modelling approaches, one based on Steffah é2014a) and Wu (2004), and the
other based on Hetzel & Hampel (2005), were compared for thegplacement and stress behaviour
due to GIA during a loading process neglecting the effect &fudt. In our first test, a synthetic
ice sheet was applied. Differences in the vertical disptea@ of up to 25.7m (49 %) and in the
differential stress magnitudes of up to 1.9 MPa (90 %) weteiobd between the approaches. The
general behaviour of the models presented in the displatetneve shows also large discrepancies,
as the model following Hetzel & Hampel (2005) indicates adtrexclusively an elastic response to
the ice load, whereas the model following Wu (2004) revealsiscoelastic response. It should be
noted that some slight viscoelastic behaviour in the deftion and stress changes from HA models
is solely due to the viscoelastic lithosphere and not theti@aRrevious studies with HA models
(Turpeinen et al., 2009; Hampel et al., 2009) showed visstiel displacements using low viscosity

values of4 - 10'® Pas for the lithosphere ant- 10'° Pas for the lower crust, which give Maxwell
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times of the order of ten years. Thus they relax too fast andetrly to be of importance to the
triggering of GIF movement by the GIA process.

Applying a realistic ice sheet and using the same verticakdisions of each modelling approach
presents a good fit to RSL and GPS observations for the mageMiti (2004), but leaves large dif-
ferences in the model of Hetzel & Hampel (2005). The uplifoegies predicted by their approach
exhibit no significant uplift today in entire northern Eusogue to the last glaciation. As the method
after Wu (2004) was recently benchmarked to GIA models utiegcommonly used viscoelastic
normal-mode method (Schotman et al., 2008; Spada et all) 201 performing excellently there,
we suggest that this approach is preferable when simul@lifg. Parameter tests for GIF with this
method can be found in Steffen et al. (2014b, c).

Unfortunately, the approach by Hetzel & Hampel (2005) carberecommended due to their
poor performance in GIA investigations, which are a majerequisite for GIF analysis. Moreover,
our comparison to GIA observations questions all resultsaofier studies applying this approach.
The approach by Hetzel & Hampel (2005) may be feasible if tzell(e. g. ice or water) is small
enough to reach maximum sensitivity in the lithosphereff@test al. (2015) showed that this is
possible for load dimensions of <100 km diameter; howeestadies to date applying the HA
approach used partly much larger loads.

Code availability

The input files of the HA and WU model using a synthetic ice slage included in the supple-
mentary material (HA.inp and WU.inp). The set-up of the HAdebis obtained from Hampel et al.
(2009, 2010a). The input files of the 3D models using a réaist sheet are available upon request,
however, the structure of the input files is the same as foH#hénp and WU.inp.
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Captions to Figures:

Figurel:
Schematic sketch of the model structures following the @agin by Wu (2004, (a)) and by Hetzel & Hampel
435 (2005, (b)) used for the comparison of displacement andstrsing a synthetic ice sheet. The width
of the model is only changed when using the realistic ice tsivétd 130,000 km for both model
types. In addition, the lithospheric thickness is increldfsem 100 km to 120 km, when using a real-
istic ice sheet model. (b) is adapted from Hetzel & Hamped&0

440 Figure2:
Vertical displacement at the surface for the model HA (red) toe model WU (blue). Three differ-
ent locations are shown: beneath the centre of the ice sbiket,(solid line), at the boundary of the
ice sheet (100 km, dashed line), and 400 km away from the ieetdforder (500 km, dotted line).
The increase and decrease of the load is shown in the uppexfplae figure as purple curve.
445
Figure3:
Horizontal stresses for two time points for model HA (left/danodel WU (right). Upper row ((a)
and (b)) is for glacial maximum (20 ka) and lower row ((c) ad}) {s for end of deglaciation (30 ka).
The size of the ice sheet is shown as purple bar on top of eadelmo
450
Figure4:
Differential stress at 5 km depth of the model HA (red) and elddU (blue). Locations as in Fig. 2.

Figure5:

455 Observed and modelled relative sea-level (RSL) curvesdptéeuwarden (Netherlands) and (b)
Angermanland (Sweden). Solid lines are modelled predistissing the RSES Fennoscandian Ice
Sheet model (Lambeck et al., 1998) for models following thpraach by Wu (2004, blue) with a
depth of 2891 km, by Hampel et al. (2009, red) with a depth @Kl and without dashpots at the
base of the model, and by Hetzel & Hampel (2005, green) withpdtdof 120 km and using dashpots

460 at the base of the model to simulate the viscosity of the upgerttle. The observations from RSL

data are shown in black, including the error in time and heigh

Figure6:
Observed and modelled velocities in northern Europe. (@p&INavigation Satellite System (GNSS)
465 observations from Kierulf et al. (2014). (b) - (d) Modelleglocities using the RSES Fennoscandian
Ice Sheet model (Lambeck et al., 1998) for models followheapproach (b) by Wu (2004) with a
depth of 2891 km, (c) by Hampel et al. (2009) with a depth of i&0and without dashpots at the
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base of the model, and (d) by Hetzel & Hampel (2005) with aldeptL20 km and using dashpots

at the base of the model to simulate the viscosity of the upzattle.
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(a) Observation (Kierulf et al. 2014) (b) Wu (2004) approach
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Table 1. Selected results of the models with synthetic ice load.is@rtisplacement at the surface
and horizontal, vertical and differential stresses at 5 lapth at three locations and four different
time points (10ka - 50 % of glaciation, 20ka - maximum gldoiat 30 ka - end of deglaciation,

40 ka - 10 ka after the end of deglaciation).

Model HA Model WU
Okm | 100km | 500km | Okm | 100km | 500 km
Vertical displacement at 10 ka [m] -38.6 | -31.2 1.0 -21.8 | -16.6 1.6
Vertical displacement at 20ka [m] -78.1 | -62.9 2.1 -52.4 | -40.4 4.2
Vertical displacement at 30 ka [m] -2.5 -1.3 0.4 -19.4 | -15.7 1.7
Vertical displacement at 40ka [m] -2.4 -1.2 0.3 -4.4 -3.3 -0.7
Horizontal stress at 10ka [MPa] | -4.0 -2.0 0.5 -3.2 -1.5 0.4
Horizontal stress at 20 ka [MPa] | -8.0 -4.0 11 -7.5 -3.7 0.9
Horizontal stress at 30 ka [MPa] | -0.2 0.0 -0.1 -2.1 -1.3 0.3
Horizontal stress at 40 ka [MPa] | -0.2 0.0 -0.1 -0.4 -0.2 -0.1
Vertical stress at 10 ka [MPa] -2.2 -1.1 0.0 -2.2 -1.1 0.0
Vertical stress at 20 ka [MPa] -4.4 -2.1 0.0 -4.4 -2.2 0.0
Vertical stress at 30 ka [MPa] 0.0 0.0 0.0 0.0 0.0 0.0
Vertical stress at 40 ka [MPa] 0.0 0.0 0.0 0.0 0.0 0.0
Differential stress at 10 ka [MPa]| 1.8 15 0.5 1.0 11 0.4
Differential stress at 20 ka [MPa]| 3.7 2.9 11 3.1 2.6 0.9
Differential stress at 30 ka [MPa]| 0.2 0.1 0.1 21 13 0.3
Differential stress at 40 ka [MPa]| 0.2 0.1 0.1 0.4 0.2 0.1
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