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Abstract. We compare the glacial isostatic adjustment (GIA) behaviour of two approaches devel-
oped to model the movement of a glacially induced fault (GIF) as a consequence of stress changes in
the Earth’s crust caused by the GIA process. GIFs were most likely, but not exclusively reactivated
at the end of the last glaciation. Their modelling is complicated as the GIA process involves different
spatial and temporal scales and they have to be combined to describe the fault reactivation process

accurately. Model approaches have been introduced by [Hetzel & Hampg] (Im, termed HA in this
paper) and , termed WU in this paper). These two approaches differ in their ge-

ometry, their boundary conditions and the implementation of stress changes. While the WU model
is based on GIA models and thus includes the whole mantle down to the core-mantle boundary at
a depth of 2891 km, the HA meodelsinetade-model includes only the lithosphere (mostly 100km)
and simulate-simulates the mantle using dashpots. Theyfurther-apphy-It further applies elastic foun-
dations and a lithostatic pressure at the base of the lithosphere, while the WU models-appty-model
applies elastic foundations at all horizontal boundaries in the model with density contrasts. Using a
synthetic ice model as well as the Fennoscandian Ice Sheet, we find large discrepancies in modelled
displacement, velocity and stress between these approaches. The-Assuming a typical viscosity profile
from GIA studies, the HA model has difficulties in explaining relative seatevelsea-level curves in
Fennoscandia such as the one of Angermanland (Sweden), where-differences-ofupto123mtothe

WU model only differs within the error bar of +4-6sathe observations. In addition, the HA model

cannot predict the typical velocity field pattern in Fennoscandia. As we also find prominent differ-
ences in stress, we conclude that the simulation of the mantle using dashpots is not recommended for
modelling the GIA process of continental-scale ice sheets. The earth model should consist of both
lithosphere and mantle, in order to correctly model the displacement and stress changes during GIA.
We emphasize that a thorough modelling of the GIA process is a prerequisite before conclusions on

understanding GIF evolution can be drawn.
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1 Introduction

Geodynamic models are developed to advance our understanding of the many individual as well
as overlapping processes of the Earth. A common phenomenon is that several models co-exist for
the same process and they should be compared or benchmarked in order to verify that each method
works correctly. Benchmark studies thus have been performed for dedicated convection models (e.g.
|mmg_¢_t_aﬂ, m; |m1_e_t_alj, |2JL1§), dynamo models (e.g. |Christensen et alJ, |ZJKH|; Jackson et alJ,
) or models of glacial isostatic adjustment (GIA; |S_pa_¢a_e_(_al], 2011)). The latter describe the

response of the Earth in terms of deformation as well as stress, rotation and geopotential changes due

to changing ice-ocean load distributions on the Earth’s surface. Among other things, the GIA model
benchmark showed that the displacement results from models based on the viscoelastic normal mode
method are comparable to results from spectral-finite element and finite-element (FE) models, when
an earth model is subjected to an ice load. This is of importance as FE models are able to handle faults
and lateral heterogeneities in the Earth’s subsurface as well as nonlinear or composite rheologies in
the mantle.

In this papesrstudy, our focus is on the GIA description in glacially induced fault (GIF) mod-

els. GIFs represent reactivated faults in or nearby formerly glaciated areas such as North Amer-

ica or northern Europe (e.g. kggﬁ_ud LMI [Lag_ﬂlagkl _2&4 |Q_ugj L%AI Mg_rl L&?ﬂl
Oteser), 988 [Dyke etatl, 1991 Ishits etatl, 1992 [Fenton, [1994; [Arvidsson, [1996; Muir-wood,
006 Stvart et at], 000 Muier e Femton 0o Sauer & Monid, 2004 1 agerbicl s sunar
|ZQ_O§; |an.dszs_ej_al‘, IZQ]_A). Even historical earthquakes of the last 1200 years in northern Germany

are related to the last glaciation of northern Europe (Brandes et alJ, 2015). Movement of faults un-
der the ice sheets in Laurentia and Fennoscandia was suppressed during glacial loading ,

), but was reactivated near the end of deglaciation l, ).

GIF modelling has been a challenging task as it involves the large spatial scale (> 1000 km) and
long time scale teetontes-tectonic stress (millions of years), the GlA-induced-GIA-induced stress
(thousands of years) and the short-term earthquake motion (a few seconds to minutes) at a fault
(of some km length). Nonetheless, two approaches for GIF modelling were introduced in recent
years, and both used FE techniques: the first was presented by I]—Iet7el & HamneJ (IZQQé hereafter

denoted as HA) based on rather geo @cal asiaects and the second by [S_t_eﬁen_e_t_a_] 20144d) based

on the GIA modelling approach by hereafter WU), which was part of the benchmark
study of ). Hence, WU has rigorous support from other GIA modelling tech-

niques, while HA has not so far, although it was applied in numerous GIF, but mainly parameter

studies (Iﬂampel_&ﬂe_(;ej, w; |Hamnel et alJ, |24Xﬂ|, |2J£ﬂ; Turpeinen et al], 2009; [Hampel et alJ,
, Iﬂ). Recentl ,lS_t_eﬁem_(_al] 2015) indicated that there are large discrepancies in the vertical

deformation behaviour between the two approaches, whose reasons have not been fully investigated

et. Moreover, a comparison of horizontal deformation and stress has not been done as well as a

test of the HA approach with a more realistic, continental-scale ice model which has often been
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used in GIA investigations. Therefore, our aim in this study is to compare these two approaches

in terms of their description of the GIA process to verify (1) #the HA—-approach—is—suitablefor
GlAinvestigationsand-the GIA response of both approaches by comparison to a set of typical GIA
observations, i. e. relative sea-level data and the velocity field, and (2) if GIF results based on theHA:
approach-both approaches are reliable in view of GIF activation due to GIA. A correct description of
the GIA behaviour is a necessary foundation of GIF models, and is especially important with respect

to seismic hazard assessments due to GIFs as their response is due to GIA.,
Before we begin the comparison, it is beneficial to briefly repeat some background knowledge of

GIA, which occurs due to the lithospheric loading by the ice sheet. The Earth deforms in response to
this loading: beneath the load the lithosphere moves downward and rebounds once the load is gone.
During subsidence the-mantle-flows-mantle rocks flow away under the load and meves-move back
once the ice sheet melts and the lithosphere is rebounding. Due to the viseots-viscoelastic behaviour
of the mantle, the process contains a time-independent elastic component and a time-dependent
viseoetastie-viscous component, which delays the achievement of the state of equilibrium. The depth
of the deformation of the tithesphere-and-mantte-during-the-GIA process is related to the size of the
ice sheet and this-deformation-has-its-peak-vatue-of sensitivity-peaks at a depth z (see -
|S_Le_f£en_ej_alj IZQ]A for a detailed derivation):

L~ ! (1

L7/ + 1=

with L and M being the characteristic lengths of an elliptical ice sheet. A load size of 2000 km and

1500 km, for example, which is the north-south and east-west extension of the Fennoscandian Ice
Sheet (Iﬂughej_e_t_all, w), respectively, results in a peak value of sensitivity at 706 km depth. How-

ever, the depth with a half of the peak value gives a conservative estimate of how deep a load size can

"see" into the mantle. The formula is similar to equation[Tlexcept the factor 1.7 is replaced by 0.818,

which gives a depth of 1467 km. Thus, mantle material at a depth of at least 1500 km is affected due
to the Fennoscandian Ice Sheet. Any FE model that tries to model GIA-induced displacement and

stress for comparison with GIA observations (e. g. relative sea-level, GPS or gravity data) needs to

account for the movement of mantle material at those depths either by using the dedicated boundar

conditions or by extending the model to at least this depth.
The movement of lithosphere and mantle is also accompanied by stress changes. During loading

(accumulation of ice) vertical and horizontal stresses are induced and during unloading (melting of
ice) the vertical and horizontal stresses decrease. As soon as the unloading is finished, the vertical
stresses return to their value before the loading process started. However, as GIA is a viscoelastic

process and stress migrates from the mantle into the lithospheric crust (IML&.H&S.Q&&MJ, M),

the horizontal stresses return much more slowly to the initial values. The change in stress with

time is a major parameterfor-factor in the determination of glacially induced earthquakes as stress

calculations showed that the reactivation of pre-existing faults was induced by the melting of the ice



100

105

110

115

120

125

130

sheet (Im&ﬂaieggw_i h&ﬁ; Johnston et alJ, M). Therefore, the stress distribution within GIF

models has to be modelled correctly to allow an accurate analysis of former and current seismic
hazards induced by glaciation and deglaciation.

Modelling these stress changes is however not straightforward using the FE method. Most FE

software are based-en-developed for engineering purposes and only the simple form of the equation
of motion is solved m

V- SFE =, 2
with SFE as the stress tensor from FE software. To overcome this problem,@ (IM) showed that

the stress obtained from the FE modelling has to be transformed to GIA stresses:

SEA = 8™ + pogou-T, (3)

with SGIA as the GIA stress tensor, pg and go as the density and gravity for the initial background
state, and u, as the vertical component of the displacement vector, to fulfil the simplified GIA equa-

tion for a flat Earth:

V-SGA _ gV, =0 4)

(see @, |24XMI, and [Steffen et al], 2!!144, for a detailed derivation).

In the following, the predicted displacement and stress behaviour from the HA method are com-

pared with those from the WU approach for an earth model without a fault in order to compare the
GIA contributions only. The next section introduces the two approaches and their two-dimensional

(2D) model setups. This is followed by a first test in sections[3land[] where a synthetic ice model and

parameters following the study by Hetzel & Hampg] (IMé) are used. A second test in section 3] will

show the displacement behaviour of a realistic ice load for both approaches in three dimensions (3D),

using the material parameters and horizontal dimensions of results used in
(IM) and|Steffen et alJ 2006), but keeping the boundary conditions and vertical dimensions of the

specific methods.

2 Model description

We describe both approaches focusing on the GIA model only and do not include fault geometries.

Additionally, we will describe the synthetic ice model used in the comparison. The FE modelling is

carried out using the software ABAQUS (IHibb_i.Lt_e_t_alJ, |ZD_lAI).
2.1 WU model

The WU model follows the approach developed by @ (IM). The earth model has a thickness of
2891 km, from the surface of the Earth to the core-mantle boundary (Fig. 1(a)). Four layers are in-

cluded in the model: the crust, the lithosphere of the mantle, the upper mantle, and the lower mantle.



135

140

145

150

155

160

165

Each layer is described by density, Young’s modulus and Poisson’s ratio. Viscosity is applied to the
lithospheric, upper and lower mantle only (for values see Fig. [I). At each boundary with density
contrast, foundations are applied, which account for the restoring buoyancy force that drives GIA
(see @, ). The model should have a width of at least 10 times of the ice-sheet size to avoid
boundary effects, and the sides of the models are fixed in the horizontal direction. Quadrilateral plane

strain elements are used (CPE4).

Figure[Tl

2.2 HA model

The HA model follows the approach presented in IHQtzd_&_H.ampeJ dZDQé). We adopt the same

model parameters as used in dZD.Qd, see Fig. 1(b)). The earth model is 100 km thick,

from the earth surface to the lithosphere-asthenosphere boundary. The upper and lower mantle are

not included in the model. Density, Young’s modulus and Poisson’s ratio are used for the crustal
and lithospheric layer. A viscosity of 1 - 10?3 Pa-s is used for the lithospheric mantle. At the bottom

of the lithosphere, a lithostatic pressure and elastic foundations are applied. In addition, in e. g.

Hetzel & Ham 2005) dashpots were used as well, to represent the mantle viscosity, but were
excluded in the 2D model presented in|[Hampel et alJ 2 . Within the synthetic test, dashpots will

not be used. However, we will show in section 3] that the inclusion of dashpots has negligible effects

on the HA results. Additionally, the model is loaded with geostatic stresses to obtain a background
stress state to simulate the advection of pre-stress. Due to the geostatic loading, the entire model
deforms vertically. This deformation is constant in the entire model and can be subtracted from the
displacement results of the ice loading process. The width of the model is 3000 km; hence, larger
than the models in (Iﬁ
directions. Triangular plane strain elements are used (CPE3; |ﬂampel_ej_al], M).

A study by |S.Qh&tman_e_t_al.| dZ_O_O_é) compared the displacement between the WU and HA models,

i.e. "implementing the viscosity of the asthenosphere by dashpots instead of a finite element layer"

. The vertical sides of the model are fixed in horizontal

Hampel et al., 2009). A difference of less than 10% was obtained for the "modeled amount of flex-

ure and rebound" (Hampel et alJ, w). However, [Hampel et alJ (IMd) may have misunderstood

the model setup and results of ), who actually did not compare the WU and

HA approach, but rather modified the WU approach by substituting the lower mantle with dashpots.

This results in several differences. First the dashpots were not used at the bottom of the lithosphere

in/|Schotman et alJ 2008), but instead at the bottom of the 670 km boundary. This is in contrast to the
dashpots used in HA models, which are always applied en-at the bottom of the lithosphere and this
varies depending on the study between 80 and 120 km. Second, the upper mantle was included in the
study by S_chitman_e_t_aﬂ (IM), whieh-but is not used in HA models. Third, [S_chitman_g_aﬂ 2008)
applied foundations at each layer with density contrast following @ ) and thus avoided the
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implementation of lithostatic pressure and geostatic stresses. ISchotman et alJ (IM) conclude that
they cannot use dashpot elements to replace the lower mantle as it leads to unacceptable errors for
several computed parameters such as geoid height perturbation and horizontal velocities. Vertical
deformation at the surface differed by up to 10 %, while in 670km depth the difference is up to
14 %. Note again that this is for substituting the lower mantle only with dashpots and not for the
whole mantle as generally done in the HA models as well as for foundations applied at all layers

with density contrasts.
2.3 Ice model

All models in sections B and [ are loaded with a 200 km wide and 500 m thick ice sheet. Such ice
load affects the Earth’s subsurface to a depth of approximately 173 km (using equation [I] with a
factor of 0.818 instead of 1.7). The amplitude of the ice load increases to its maximum value over
20 ka and decreases to zero in the following 10ka. The time increment is 500 a. The load is modelled
as pressure in the software ABAQUS (Hibbitt et alJ, |AMI). In section[3] a realistic ice model is used..

3 Comparison of the displacement

The vertical displacement is obtained for both model approaches and only the geostatic displacement
in the HA model is subtracted (0.64 m) from the FE modelling results. Fig. 2] shows the vertical dis-
placement at three different locations at the surface of the model: at the centre of the model (0 km), at
the ice margin (100 km) and 400 km away from the margin (500 km). Results at selected time steps

are also listed in Table 1.

Figure

Table[T

The HA model shows a gradual subsiding of the crust beneath the ice sheet during loading to
-78.1m at O km and -62.9 m at 100 km (Fig.2)). This is followed by an instantaneous elastic response
as soon as deloading starts. At 30ka (end of deloading) the vertical displacement is only -2.5m at
Okm and -1.3m at 100 km, and the uplift rate changes from 7.6 m/ka to 0.02 m/ka at the centre. At a
location outside of the ice sheet, the vertical displacement increases 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 smaller beneath the ice sheet (Fig. D),
but larger at the third location (500 km). During loading, the crust subsides to -53.0m at O km and

-40.9m at 100 km. The subsidence is not linear during loading due to the viscoelasticity of the man-
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tle. Maximum displacement is also not directly at maximum glaciation, but within this example 1 ka
later. The deloading process is accompanied by a slow uplift of the crust. The vertical displacement
increases to -19.4m and -15.7m at 0 km and 100 km, respectively, at the end of deglaciation. After
deloading, the uplift is still ongoing and the uplift velocity changes from 5.3 m/ka to 3.6 m/ka. At
500km, the vertical displacement increases during loading to 4.7 m and decreases during and after
deloading back to O m, indicating that this location is within the peripheral bulge. The subsiding of
the crust at this location is not instantaneous, and a delay of 2 ka is observed.

The vertical displacement shows large differences (25.7m at maximum glaciation) between the
models HA and WU. Whereas the WU model shows a viscoelastic response of the earth model to the
loading and unloading of the ice model, the HA model shows almost exclusively an elastic response.
We refer this difference to the different model dimensions in depth and thus the missing mantle
layers. An ice load of 200 km width, has its peak value in sensitivity at a depth of 83 km, half of the
peak value is reached at a depth of 173 km and a quarter still at 223 km. The model depth of only
100 km depth can therefore not be recommended when displacement changes due to the viscoelastic
nature of the GIA process are calculated. This naturally alters the 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 shown in Fig. Bl Stresses from the WU

model were transformed according to the equations described above. However, the stresses from

HA models are not changed as the unmodified stresses (S¥¥) are used by IHQ(ZﬁJ_&_Hamp_eJ (IZDQé)

within the fault modelling steps. In contrast, |Steffen et alJ 12{2144) use the modified stresses (SGIA)

for their fault modelling. The vertical stresses of both approaches are almost identical (see Table [T))

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 model, the earth model parameters, and the
viscous behaviour of the mantle due to the stress migration from mantle to lithosphere. For a compar-
ison of the horizontal stress results, the change with depth for two different time points is shown for
both models (Fig. ). The first time point is at maximum glaciation (20 ka, Fig.3(a), (b)). The general
distribution of the horizontal stress at glacial maximum is similar between WU and HA; however,
the stress magnitude differs between both methods. While HA models reach an amplitude of almost
-10.3 MPa below the ice sheet within the crust, models by WU show only values of -8.4 MPa. At
the bottom of the lithosphere (at 100 km), larger stress magnitudes are also obtained for HA models
(13.8 MPa) compared to WU (10.8 MPa). The second time point used in the comparison shows larger
differences within the stress magnitudes and the general distribution (Fig.[Blc), (d)). This time point
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corresponds with the end of deglaciation, and therefore reflects the time, when most known GIFs
got reactivated. While models by HA show only a stress magnitude of -0.2 MPa below the ice sheet
at a depth of 5km (Table[I)), WU models reach -2.1 MPa. A difference of 1.9 MPa is able to change

the potential of a GIF from active to inactive or vice versa as well as the magnitude of the earthquake.

Figure[3]
4.2 Differential stress

The differential stress is of high importance in stress field analyses. Models by HA show an in-
stantaneous increase in 5 km depth in the stress magnitude during glaciation and an instantaneous
decrease during deglaciation (Fig. ). At the end of deglaciation, the rate of the stress magnitude
changes significantly. The behaviour of the stress magnitude curve is similar to the curve of the ver-
tical displacement by HA, dominated by the elastic behaviour of the model. In contrast, the models
by WU show a viscoelastic behaviour, similar to the vertical displacement of WU (Fig.H)). At the end
of deglaciation, the differential stresses are larger at all locations, which would favour a reactivation

of a GIF at those time points.

Figure 4]

5 Comparison for a realistic ice sheet

The results obtained above indicate that the modelling approach from [Hetzel & Hampg] (Imé) is

not able to eaptare-the-describe the typical GIA response of displacement and horizontal stresses ac-

curately using a synthetic ice sheet. A comparison of their modelling approach to observed datasets

(e.g. relative seatevelsea-level, GPS or gravity data) has not been demonstrated so far. As such com-

parison is an important tool to properly validate the modelling approach, the results of a model based
on the modelling approach bym} ) and ) are compared to relative sea
tevelsea-level (RSL) data as well as observed Global Navigation Satellite System (GNSS) velocities
using a 3D flat-earth model with realistic ice history.

The WU model has again a thickness of 2891 km using four layers (crust, lithospheric mantle,

upper mantle, lower mantle) and a model width of 130,000km is used to avoid boundary effects

(Steffen et aJ M) The HA model has a thickness of 120km, which is a typical lithospheric
thickness estimated from observations for Fennoscandia (Steffen & Kaufmand Iﬁ

) and used in the WU model as well. The width of the HA model is the same as for the WU
model. Both models are meshed using brick elements (C3D8). We tested two different subsets of
the model, one without dashpots at the base of the model (thus base of the lithosphere) and one

with dashpots, to show the effect of dashpots used in HA models. The dashpot-property value is set
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equal to the upper-mantle viscosity used in the WU model (4 - 10%° Pa-s) and is unlike that used in
HA models where the viscosities are too low to be representative of the whole mantle R
). A lower mantle viscosity of 1 - 10?2 Pa-s is used in the WU model (Fig.[T). The Fennoscan-

dian ice sheet model RSES by [Lambeck et alJ (Ilgﬁ) is used.

Two RSL curves are chosen based on their location. The first set of RSL data is from Angerman-

land, which is close to the centre of rebound. The second RSL curve is in the Netherlands, hence,
outside of the Fennoscandian Ice Sheet in the peripheral bulge area. The results show large dis-
crepancies between the two modelling approaches. For the HA model the discrepancies between the
predictions and the observations reach 123 m and 22 m for Angermanland (Sweden) and Leeuwarden
(Netherlands), respectively (Fig.[B). In contrast, the results following ) match the obser-
vations better and the discrepancies are much smaller: 11 m and 5.2 m for Angermanland (Sweden)

and Leeuwarden (Netherlands), respectively (Fig.[3).
Figure

In addition, we see that the HA models with and without dashpots show no difference. Hence,
there is no effect of the dashpots and thus of the viscoelasticity of the underlying mantle. We attribute
this behaviour to the large foundation applied at the base of the lithosphere, which
1M calculate taking into account the whole density of the asthenosphere instead of the density
contrast.

The observed uplift velocity of Fennoscandia reaches its maximum of 10 mm/a in the Gulf of
Bothnia (Fig. [Bla)), which is also predicted by the WU model with this earth model configuration
known from former GIA studies (Fig.[flb)). In addition, the modelled horizontal velocity field shows
in general a similar pattern as the GNSS observations. A perfect match is not possible with flat-
earth FE models due to the horizontal boundary conditions and partly due to the lack of sphericity
({S_thnlan_e_t_al], |21)1)44). In contrast, the velocity fields obtained from the models following the ap-

proaches by |ﬂampel_e_t_al] (IMé) and [Hetzel & Hampg] (Iﬂlﬁ) are about zero in the entire region

(Fig.[@lc), (d)), and thus cannot capture the typical uplift signal. This is due to the very high viscos-

ity (1 - 10?3 Pa-s) in their lithospheric mantle so that its Maxwell relaxation time is of the order of
100ka, thus it behaves almost exclusively elastically during the glacial cycle. Even if the dashpots
are present, they cannot fully represent the viscoelastic relaxation of the mantle and the upward mi-

gration of stress, which is a result of the high foundation applied at the base of the model.

Figure

To verify this observation, other viscosities were applied at the dashpots in the HA model and
in the upper mantle of the WU model. An upper mantle viscosity of 4 - 10'® Pa-s is used in a first
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test, This low value implies a shorter Maxwell relaxation time, which leads to a rapid rebound of
the lithosphere. The lithosphere shows an almost instantaneous reaction to changes in the ice load.
This is visible for the WU and HA models in Fig.[7t however, nothing has changed for the HA model
when compared to results using a viscosity of 4 - 10%” Pa:s for the dashpots. In a second test, a higher,
viscosity of 4 - 10?2 Pa:s is used for the dashpots in the HA model as well as upper mantle viscosity.
in the WU model. If the material has a high viscosity, the Maxwell relaxation time is also increased.
This implies that the mantle is too stiff and prevents sinking of the lithosphere into the mantle, Only
for longer time than the Maxwell relaxation time the mantle will behave viscoelastically and deform.

This results in a small deformation during loading and hence, a small amount of land uplift durin
and after deglaciation. While the WU model shows exactly this behaviour in Fig. (8] the HA model

shows no variation in Figs. [S]and[/]due to viscosity variations for the dashpot. This implies that an

viscosity could be used for the dashpot, as the foundation value is set too high, and the dashpots
cannot be used to model the GIA process.

Figure[]

Figure [l

6 Conclusions

The GIA process plays an important role in the reactivation of pre-existing faults (GIFs). Hence, the
modelling of GIFs must be based on the correct description of the GIA process in the models. Two

different GIF modelling approaches, one based on |Steffen et alJ 12{2144# and @ ), and the

other based on ), were compared for their displacement and stress behaviour

due to GIA during a loading process neglecting the effect of a fault. In our first test, a synthetic ice
sheet was applied. Differences in the vertical displacement of up to 25.7m (49 %) and in the differ-
ential stress magnitudes of up to 1.9 MPa (90 %) were obtained between the approaches. The general
behaviour of the models presented in the displacement curve shows also large discrepancies, as the

model followinglﬂe_tzd_&_ﬁamp_ej JZDDA) indicates almost exclusively an elastic response to the ice
load, whereas the model following@ ) reveals its viscoelastic response generally known from

former GIA studies. It should be noted that some slight viscoelastic behaviour in the deformation

and stress changes from HA models is solely due to the viscoelastic lithosphere and not the mantle.

Previous studies with HA models dIuLpein.e.n_ej_alJ, |291)d; IHamp_eJ_ej_alJ, |2911d) showed viscoelastic

displacements using low viscosity values of 4 - 108 Pa-s for the lithosphere and 1 - 10'° Pa-s for the

lower crust, which give Maxwell relaxation times of the order of ten years. Thus they relax too fast

and too early to be of importance to the triggering of GIF movement by the GIA process.

10
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Applying a realistic ice sheet and using the same vertical dimensions of each modelling approach

presents a good fit to RSL and GPS observations for the model after ), but leaves large dif-

ferences in the model of IH.e_[Zf:J_&_HampeJ JZD_OA). The uplift velocities predicted by their approach

exhibit no significant uplift today in entire northern Europe due to the last glaciation. As the method

after@ ) was recently benchmarked to GIA models using the commonly used viscoelastic

normal-mode method X ; R IZQ]_]J) and performing excellently there,
we suggest that this approach is preferable when simulating GIFs=, i. e. if continental-scale ice sheets
are taken into account. Parameter tests for GIF with this method can be found inLS_tfﬁen_ej_al] (IM,

). However, both approaches are also limited with respect to other parameters, as temperature

dependence, change in elastic thickness of the lithosphere during loading, convection in the mantle

as well as realistic density structures are not included, which might effect the displacement and stress

changes induced by GIA. Nevertheless, the importance of the mantle is shown here, which is a major

parameter in GIA models.
Unfortunately, the approach by IHQ(Z@J_&_Hamp_eJ JZD_OA) cannot be recommended due-to-their
poerperformance-for GIF studies due to the results in GIA investigations obtained within this study,
which are a major prerequisite for GIF analysis. Mereever,—our-comparison—to-GlA—observations
SHORS seHs i tes i b —The approach bym

) may only be feasible if the load (e.g. ice or water) is small enough to reach maximum
sensitivity in the lithosphere.|Steffen et alJ 2015) showed that this is possible for load dimensions of
<100 km diameter; however, all studies to date applying the HA approach used partly much larger

loads, and hence these results have to be treated with care..

Code availability

The input files of the HA and WU model using a synthetic ice sheet are included in the supple-
mentary material (HA.inp and WU.inp). The set-up of the HA model is obtained fromm
(2009, ). The input files of the 3D models using a realistic ice sheet are available upon request,

however, the structure of the input files is the same as for the HA.inp and WU.inp.
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Captions to Figures:

Figure [T
480 Schematic sketch of the model structures following the approach by@ 1@ (a))and by
1@ (b)) used for the comparison of displacement and stress using a synthetic ice sheet. The width
of the model is only changed when using the realistic ice sheet with 130,000 km for both model

types. In addition, the lithospheric thickness is increased from 100 km to 120 km, when using a real-

istic ice sheet model. (b) is adapted from |[Hetzel & Hampg] (IM).

Figure
Vertical displacement at the surface for the model HA (red) and the model WU (blue). Three differ-

485

ent locations are shown: beneath the centre of the ice sheet (0 km, solid line), at the boundary of the
ice sheet (100 km, dashed line), and 400 km away from the ice sheet border (500 km, dotted line).

490 The increase and decrease of the load is shown in the upper part of the figure as purple curve.

Figure[3t
Horizontal stresses for two time points for model HA (left) and model WU (right). Upper row ((a)
and (b)) is for glacial maximum (20 ka) and lower row ((c) and (d)) is for end of deglaciation (30 ka).

495 The size of the ice sheet is shown as purple bar on top of each model.

Figure &
Differential stress at 5 km depth of the model HA (red) and model WU (blue). Locations as in Fig.

500 Figure 5t
Observed and modelled relative sea-level (RSL) curves for (a) Leeuwarden (Netherlands) and (b)
Angermanland (Sweden). Solid lines are modelled predictions using the RSES Fennoscandian Ice
Sheet model (ILame_ck_ej_aL], M) for models following the approach by @ , blue) with a
depth of 2891 km, by |Hamr)e1 et alJ (Imd, red) with a depth of 120 km and without dashpots at the

505 base of the model, and byIHe_[zf;J_&_HampeJ (IZQQi green) with a depth of 120 km and using dashpots

at the base of the model to simulate the viscosity of the upper mantle. An upper mantle viscosity of

4 - 10?° Pa-s is sued. The observations from RSL data are shown in black, including the error in time

and height.

510 Figure
Observed and modelled velocities in northern Europe. (a) Global Navigation Satellite System (GNSS)
observations from Kierulf et al. (2014). (b) - (d) Modelled velocities using the RSES Fennoscandian

Ice Sheet model (ILamb_e_ek_e_t_alJ |_L92é) for models following the approach (b) by M M) with a

15



depth of 2891 km, (c) by |Hamnel et alJ (IMQ) with a depth of 120 km and without dashpots at the
515 base of the model, and (d) by IH_e_[zf;J_&_HampeJ (IZDQé) with a depth of 120km and using dashpots

at the base of the model to simulate the viscosity of the upper mantle.

Figure[Z}

Same as Fig.[5l but an upper mantle viscosity of 4 - 1018 Pa-s is used.

520

Figure[8t
Same as Fig.[5l but an upper mantle viscosity of 4 - 10?2 Pa-s is used.
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Figure 8.
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Table 1. Selected results of the models with synthetic ice load. Vertical displacement at the surface
and horizontal, vertical and differential stresses at 5 km depth at three locations and four different
time points (10ka - 50 % of glaciation, 20ka - maximum glaciation, 30ka - end of deglaciation,

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

Model HA Model WU
Okm | 100km | 500km | Okm | 100km | 500 km
Vertical displacement at 10ka [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 40 ka [m] 2.4 -1.2 0.3 -4.4 -3.3 -0.7
Horizontal stress at 10 ka [MPa] -4.0 2.0 0.5 -3.2 -1.5 0.4
Horizontal stress at 20 ka [MPa] -8.0 -4.0 1.1 -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 1.5 0.5 1.0 1.1 0.4
Differential stress at 20 ka [MPa] 3.7 29 1.1 3.1 2.6 0.9
Differential stress at 30 ka [MPa] 0.2 0.1 0.1 2.1 1.3 0.3
Differential stress at 40 ka [MPa] 0.2 0.1 0.1 0.4 0.2 0.1
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