5. Sensitivity of crustal velocities in Fennoscandia to raicl
and lateral viscosity variations in the mantle

Abstract?

We investigate the sensitivity kernels of the present-d&jocities in
Fennoscandia induced by the retreat of the Late Pleistoicensheets with
a 3D Finite-element model having compressible, viscoelasaterial proper-
ties and a realistic ice load history of the Fennoscandiarsieet. The model
is subdivided into blocks of variable size, which resultaitarge number of
kernels to interpret. Thus, we introduce a simple approacialfculate the ker-
nel of a block by averaging the perturbed predictions of aifexe nodes of
this block to one value for this block.

Our results show that the present-day uplift velocity is tiyosensitive to
upper-mantle layers between 220 and 540 km depth, indepenfithe block
size. Velocities in blocks located inside the former iceetharea are more
sensitive to viscosity variations than velocities in bledkcated outside the
former ice sheet. The largest effects are found for blockatkxd below the
former ice maximum on the surface. The uplift velocity in #isvablocks is
more sensitive to viscosity changes than in larger blocks.

For the present-day horizontal velocity, the sensitivigpeinds on the block
size and the location of this block in relation to the fornoer sheet. In general,
lateral viscosity variations in the transition zone of thentbe have a strong in-
fluence on the tangential motion. A comparison of the resfltsmaller and
larger blocks also indicates higher sensitivities for tbezontal velocities of
larger blocks.

agteffen, Wu and Kaufmann (2006b). Sensitivity of crustdouities in Fennoscan-
dia to radial and lateral viscosity variations in the manHarth Planet. Sci. Lett.,
submitted.

5.1 Introduction

The viscosity of the mantle is a very important parameteh@nstudy of geodynamics and the evolution
of the Earth. Observations of the glacial isostatic adjesth{GIA) process such as palaeo-shorelines
and global positioning system (GPS) measurements can betag®nstrain the material properties of
the Earth, especially the mantle viscosity. As mantle \dgggocan vary in all three dimensions, the
observations are equally sensitive to radial and laterahgbs of this parameter. This means that if one
varies the viscosity in a certain depth or region of the nearglmeasure of the sensitivity of a certain
datum can be provided. \Wu [2006] has presented such an appi@aobservations of relative sea levels
and crustal velocities in North America using an axisyminetaterally heterogeneous, self-gravitating
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spherical viscoelastic earth model. For an earth model witiaterally variable viscosity he showed
that if there is only one perturbed region, its influence igally strongest for the sites lying directly
above. With increasing depth, the width of its influence éases also to neighboring regions, but with
decreasing signal level. In contrast, the closer the refianto the ice load the stronger the signal
level. In general, data from any location are most sensitivascosity variations in regions below the
former ice load, e. g. if there is more than one perturbedoregihe influence from the region near
or below the ice load dominates the influence. He also fourrdetoff between radial and lateral
viscosity variations, which complicates the inversion antie viscosity. Another interesting result is
that regions with viscosity variations lying underneath ite sheet can influence tangential velocities at
sites far away from the former ice sheet. However, thesdtsegre obtained with an axisymmetric and
simple ice model, which allows the tangential velocity todadculated only in direction normal to the
ice sheet margin. Therefore one of the aims of this paperims/astigate the sensitivity kernel without
the assumption of axisymmetry and withealistic ice model.

These so called sensitivity or Frech”et kernels can be \@fulifor finding the optimal location of sites
that are most sensitive to the viscosity variation in a @entegion. Since Peltier [1976], a number of
works used sensitivity kernels [e.lg. Mitrovica and Peld€91,) 1993, 1995%; Peltier and Jiahg, 1996a,b;
Peltier,1 1998| Milne et all, 2004; WL, 2006]. For exampletrbiica and Peltierl [1991] investigated
the radial dependence of the kernels. Milne étlal. [2004judated sensitivity kernels of the radial and
tangential velocities for 8 BIFROST GPS stations to deteerthe resolving power of the BIFROST
data set. Except for one station (Hassleholm) they founddérate, but a nonnegligible sensitivity to
variations in lower-mantle viscosity (at least in the shalbst portions of this region)”. The sensitivity
of the horizontal velocities is largest in the uppermost tieafsub-lithosphere to 450 km), but nonzero
near the base of the mantle at some sites. Furthermore, niséiggy of the uplift velocity receives
large contributions by upper-mantle viscosity changesthmiupper lower-mantle also influences these
contributions. In contrast, Steffen el al. [2006a] showéith & flat three-dimensional (3D) earth model
that the uplift velocity is not strongly influenced by the lemmantle and the horizontal velocities receive
large contributions from 3D viscosity variations in thensdion zone of the upper mantle between 450
and 660 km depth. This difference in the results of both mapeght be explained by the possibility that
the sensitivity seen by the global model.of Milne et al. [ZDB4actually from GIA contribution from
the Laurentide ice sheet [Wu, 2006]. However, the diffeesimcsensitivity for horizontal velocities still
needs to be explained. Thus, another aim of this paper isatdycthe different results df Milne et al.
[2004] and Steffen et all. [20064a].

It has been shown earlier that for GIA predictions in the Sazavian region the flat-earth approach is
adequate [e.g. Wolf, 1984; Amelung and Wolf, 1994; Wu andchdtiin | 1998]. It was successfully used
in the last decade [e. 0. Wu et al.. 1998: Kaufmann and Wu. &l®€&aufmann et al.. 2000; Kaufmann
and Wu, 2002; Kaufmann etlal., 2005; M/u, 2005; SteffenlefBD63a], and complements newer results
based on 3D spherical earth models [e._gl Wu, 2002; Wu and eniVdl,|2003; Zhong et al., 2003;
Wu et al.,| 2005 Latvchev et ial., 2005b; Wang and Wu, 2006z3nada et all, 2006]. A main result
of these papers is that a realistic 3D variation in mantleasgy produces significantly different model
predictions than a simpler 1D mantle-viscosity model. Iditon, the investigations by Steffen et al.
[20064] showed that the lower mantle itself as well as a pts€ED viscosity structure of the lower
mantle beneath Fennoscandia have no significant influentieeorelocities and sea-level observations
in that region.

To summarise, this paper will deal with the following: wetdison data in Fennoscandia since a large set
of different observations, both in space and time, are abvil But, in contrast to the work of Wu [2006]
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related to the Laurentide ice sheet, who used an axially sstnierearth model with a simple symmetric
ice model, (i) we apply @ealisticice load history of the Fennoscandian ice sheet - namely 8ieRce
model from Kurt Lambeck - on the model surface and (ii) we emplflat 3D FE model with compres-
sible, viscoelastic material properties. We have chossnntiodel approach as it is simple, efficient in
computation time and memory requirements, and, in compatis spherical investigations, the smaller
distribution of regions with viscosity variations mightopide more precise information concerning the
sensitivity of the Earth’s 3D structure. This allows us t@lexe the sensitivity of different data from
different parts of Fennoscandia with a realistic ice histor

Our main emphasis is to show how sensitive BIFROST statiom$oespecial mantle layers and regions
and to suggest ideal locations for new GPS stations withdniglnsitivity.

5.2 FE-Modelling

5.2.1 Earth models

The GIA process in Fennoscandia is modelled using the fatésent (FE) method. A changing ice
load is applied to the surface in a central region of 30008000 km of a flat, viscoelastic earth
model which is described In _Steffen et al. [2006a]. The tomial element size is 100 km, which results
in 900 element surfaces and 961 nodes. It is a layered, Botroompressible, Maxwell-viscoelastic
half-space with a constant gravitational attractiomyef 9.82 m s2. We solve the Boussinesq problem
for a layered, viscoelastic half-space using the commidiigite-element packag@BAQUS, which has
been modified to include pre-stress in order to allow the rie¢al free surface to return to its initial
equilibrium via viscous flow [see Wu, 2004, for a summary].e Malidity of the finite-element model
to predict glacial isostatic adjustment has been showniquely [Wu and Johnston, 1998]. To allow
the mantle material to flow due to application of a surfacel loatside the area of interest, we follow
the approach described lin_Steffen et al. [2006a] and enkagenodel in horizontal direction with a
peripheral frame of 60,000 km width.

Generally, our earth models consist of a layered elastiodjphere over a layered viscoelastic mantle
[see. Steffen et all, 2006a, for more information]. All madkelve a uniform 70-km-thick lithosphere.
The upper as well as the lower mantle are divided in to 4 layespectively. Densitp, shear modulug
and bulk modulus are volume-averaged values derived from PREM [Dziewons#fiAndersan, 1981],
and they are considered to be constant within an elementlDivscosity profile used for the sensitivity
analysis is the viscosity profile V1 from_Steffen el al. [28)6characterised by only two different vis-
cosity values, an upper-mantle viscosity 0k4L0?° Pa s and a lower-mantle viscosity 0521072 Pa s.
This parameterisation has been derived from fitting GIA olaens of the Scandinavian region and has
been confirmed by several independent studies|le.q. Lamiieadk| 1998a; Wieczerkowski etlel., 1999;
Milne et al. 12001} Kaufmann and Wu, 2002; Milne et al., 2(®&ffen and Kaufmann, 2005].

One of the challenges we face in studying the sensitivihédefor a 3D problem is the very large
number of model calculations - each with viscosity perttidmin a certain block in the 3D earth model.
To overcome this challenge, we adopted the following sisatd-irst, we consider a small number of
blocks, then we progress with more but smaller blocks. Fohease, the models are termed UR]j,
where UM with i € [1,4] refers to one of the upper-mantle layers andiBthe block number. Every
model represents a laterally homogeneous model exceptlode &f one layer having a half an order
of magnitude higher viscosity 0of26 x 10?! Pa s [as suggested by Wu, 2006]. This approach is used
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due to the results of Steffen et al. [2006a] only for the uppantle of the model. They found that the
observed GIA process in Fennoscandia (i) is not very sgasiti the viscosity structure in the lower
mantle and (ii) to the lower mantle itself. We employ threffedént models with varying resolution:

1. Coarse model:
At first, the central frame is subdivided into 4 central blead 1000 kmx 1000 km, respec-
tively, and a frame of 500 km width (Fif._%.1a). The viscositychanged in only one of the
blocks and in only one of the four upper-mantle layers. Hemeehave 16 different models (4 la-
yers x 4 blocks). This division allows us to investigate in a simpkey the sensitivity kernel of the
central Fennoscandian region below the ice sheet and timohtal size of 1000 km is comparable
to the smallest grid of 7’5~ 835 km) of Wi [2006]. In addition, the quite perfect arrangenof
the 4 blocks around the uplift centre in the Gulf of Bothnigesathe discussion of the horizontal
velocities. Every block consists of 100 elements and hambdgs on the surface.

2. Intermediate model:
Next, we subdivide the whole central area into 9 blocks ofOlLR& x 1000 km, respectively
(Fig.[BDb). This division with models of the same block salews a discussion of the sensitivity
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Figure 5.1: Finite-element block structure over Fennod@anThe ice sheet thickness (in m) at 22,000 years BP
is drawn with contours. Dots mark the 8 selected BIFROSTtlona of Figs[5.B F510. From north to south:
Kevo (1), Sodankyla (2), Skelletea (3), Sundsvall (4), Mdaot (5), Norrkoping (6), Jonkoping (7) and Hassle-
holm (8).
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kernels of the whole Fennoscandian region. FurthermooekiB5 is located in the central uplift

region, which allows a discussion of the velocities’ direatin comparison to the position of the
former ice load. Changing the viscosity in only one of theckbband only one of the layers, we
have 36 different models for our investigation. Again, gvelock consists of 100 elements and
has 121 nodes on the surface.

3. Fine model:
Finally, the whole area is subdivided into 25 blocks of 600kr600 km, respectively (Fig.5.1c),
resulting in 100 different models. Every block consists 6feé3ements and has 49 nodes on the

surface. This much finer resolution allows us to discussltesside the ice-sheet shape and the
regions beyond in more detail.

5.2.2 Iceload

The ice model for the Late Pleistocene glacial history indperis taken from the FBKS8 ice model of
Lambeck et &l.[[1998a], and applied within the model areae ith model FBKS8 simulates the extent
and melting history of the Fennoscandian and Barents Se8Heets from the last glacial maximum

(LGM) towards the present day. The extent of these ice steetour different epochs is shown in
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Figure 5.2: Map of ice model FBKS8 over Fennoscandia for hffierent time epochs. Contours are drawn every
500 m.
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Fig.[5:2. The ice sheets are included in a high spatial angdeshresolution model that is consistent
with the majority of the field evidence for ice-margin retraad with the GIA data. The ice volume at
the LGM approximately 22,000 years BP corresponds to 17 nustiaéic sea-level change. All recon-
structions subsequent to the LGM are based on glaciologimdlgeomorphological evidence and thus
reflect the approximate extent of the Late Pleistocene ieetshthroughout the last glacial cycle. The
time dependence of the load is applied as follows: A maximaad) corresponding to the LGM (at
22,000 years BP), is applied from 212,000 to 122,000 yearg B&h the load is instantly removed, and
the model is ice free during the penultimate interglaciall 12,000 years BP. Then the load increases
linearly, until it reaches its maximum extent at 22,000 geP, followed by a detailed deglaciation his-
tory until the present. This parameterisation has been showe sufficient to correctly predict changes
in surface displacements [Kaufmann et al., 2000; Kaufmanh\&u, 2002| Steffen et al., 2006a]. The
ocean-load is not included, as the effects are at least ater of magnitude smaller than the ice-load
signal [Steffen et all, 2006a].

5.3 Results

In this section we discuss and compare the modelling restiltse different earth models, particularly
the influence of certain regions to the BIFROST velocity préohs. The model predictions of present-
day motions (uplift and horizontal movement) for the Scaadian region are used to calculate the
sensitivity kernels of a certain region. Furthermore, waedss how selected stations of the BIFROST
project [Johansson etlél., 2002] are affected.

The calculation of the sensitivity kernels follows the aggarh given in Wul[2006], which is based on an
expression given hy Peltier [1998]. They are defined by:

op,

- 6mj(ri)AVj(ri)' (5.1)

Kij (r) = Kij(ri)
Kij(r;) is the sensitivity kernel witt the location of the observation, afdhe number of the perturbed
region (block number in Fig.8.1Y; is the depth of the perturbed region, and thigr;) corresponds
to a certain model UM Bj. In section§ 5.3]11 6 5.3.3 of this paper, the location ofdbgervation point
| is assumed to be directly above the location of the pertushecbsity region. In section’5.3.4, we
consider the effect of the block with viscosity change orstalivelocities measured in nearby blocks.
The differential predictio®p, (in our case a horizontal velocity or uplift velocity) is dedd as

dp = pP — pio, (5.2)

with 3pi° the prediction of a certain perturbed 3D model &pdP the prediction of the 1D model V1
from|Steffen et £1..[2006a] (Fi§.3.3)\V; is the fractional volume of the blockin depthi:

Vij

=\
Vmodel

AV (ri) (5.3)
with Vjj the block volume anlfi,oqeithe volume of the entire central area. The viscosity peatimh om;

of block j in depthi in our modelling is equal to 0.5, the difference of half anesrdf magnitude between
the viscosities. The kernels are calculated for every sarfaid point of the FE model and thus, we are
able to make a sensitivity analysis for each location in tloel@harea to the different blocks. However,
this would produce a huge number of figures to show and irdermpeking the paper unreadable (Just
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Figure 5.3: Predictions of horizontal (arrows) and vettinavement (contours) for the 1D model V1 from Steffen
et al. [2006a].

take the 3 present-day velocity components at the 961 surfades with each of the nodes sensitive to
a viscosity change in 4 depth rangesf the 25 blocks of the fine model. This would result in 72075
curves when drawn over the depth!). Hence, we introducevitig approach: We calculate the kernel
of a block UM _Bj, by averaging the perturbed predictions of all surface sad¢his block to one value
for block UMi_Bj. This means for the coarse and intermediate model averdiggngalues of 121 nodes
to one value, and for the fine model averaging the values ofod@sto one value. With this approach
an overview is given on how a viscosity change in a certainlblofluences on average the velocities at
each surface point of the block area (FIgs] 5.4[and 5.5). Thetef a block UM_Bj; at the locations

of another block UNI_Bj» is calculated by averaging all perturbed predictions okafface nodes of
block UMi_Bj, to one value. Here, only selected examples are discussédt asimber of curves is
still large (Figs[5b anfi3.7). Finally, the results for 8E-ROST stations discussed lin Milne et al.
[2004] are presented (Fids. .8 dnd 5.9). All these figures/ghe sensitivity kernels of the present-day
velocities (in WE and NS—direction, and the uplift) over thepth as normalised Earth radius. They are
interpreted as the sensitivity of one block or one BIFROSi@m to viscosity changes (i) in one of the
4 upper-mantle layers below that block area or station,ijpin(one of the 4 upper-mantle layers next to
that block area or station.

5.3.1 Coarse model (1000 knx 1000 km block models, central area)

Fig.[54 shows the sensitivity kernels of the velocities 4adifferent 1000 kmx 1000 km blocks of
the coarse model. The present-day uplift velocity is mossisige to the second and third layer, with a
kernel amplitude of around 0.6 mm/yr in block B2. Except fat, Bhe first layer is also more sensitive
than the fourth one. Furthermore, viscosity changes inksl@&1-B3 result in an additional uplift, while
block B4 induces an additional subsidence component, wbempared to the 1D viscosity model.

For the present-day horizontal velocity in WE—directiore generally find a smaller kernel amplitude
of around 0.1 mm/yr, and an increase in sensitivity to de@gets of the upper mantle and/or only
small variations in the first 3 layers. The blocks B1 and B3twéshe model centre show an additional
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Figure 5.4: Sensitivity kernels of the present-day velesiplotted as a function of the normalised Earth radius for
the coarse model.

movement to east, while the additional movement in blockai?B4 east of the model centre is directed
to west, except for the first upper-mantle layer in B4. Sifeehorizontal movement due to the uplift
is generally directed outward, these differences in thizbotal velocity between the 1D model and the
perturbed 3D model indicates that a higher viscosity in ysbed region results in a decrease of the
horizontal radially outward motion. For B1-B3, the seniyi of the lowest part of the upper mantle is
around twice that of the other parts. These blocks lie withiaformer ice sheet. In contrast to this,
the sensitivity for B4, where most parts are located outtideformer ice sheet, is small and directed
eastward in the first layer. Also, the sensitivity changga but increases in magnitude at the deeper part
of the upper mantle. For B1, which is located in the northesgspart of the former ice sheet and in the
region with the highest amount of ice, the largest sensjtivith around 0.13 mm/yr is obtained.

The sensitivity of the present-day velocity in NS—direatiwith a kernel amplitude of around 0.1 mm/yr,
shows again the highest sensitivity at the bottom of the uppantle, except for the first upper-mantle
layer beneath B3. Here, compared to the sensitivity in thetfidayer the sensitivity is relatively higher.

Besides this, an additional northward directed motion istbfor blocks B3 and B4, which are located
in the south of the model, and the additional southward mdto the two blocks B1 and B2, that are
located in the northern part. This confirms again the deerefshe horizontal velocities due to the
higher viscosity of the perturbed region. In summary, corspa of the tangential motion of our four

models with the results of the 1D model shows that a latesglogity variation in the transition zone has
a strong influence on the tangential motion.

The results of this section have many similarities with tegtriwo sections. Thus, we first state and
summarise the common findings in the next sections and tisenss differences.
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5.3.2 Intermediate model (1000 kmx 1000 km block models, whole area)

In Fig. [535 the sensitivity of the present-day uplift vetyccan be seen for the nine blocks with a
maximum kernel amplitude of around 0.6 mm/yr at most. Gdlyerthe kernels are positive within
the ice margin and negative outside. As expected, the laeffests are found for B5, the block above
which the former ice maximum was located. The uplift velp@tmost sensitive to the second and third
upper-mantle layer. The effect from the fourth layer reaat@y around 60% of the second layer and is
smaller than the one of the sub-lithospheric layer. Theiteihs of variations in other blocks is smaller
with the smallest sensitivities for B4 and B6.

The sensitivity kernels of the present-day horizontal eiyoin WE-direction shows kernel amplitudes
of around 0.2 mm/yr. The first diagram row encompasses thieror model parts. As for the coarse
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model (sectiol 5.3l1), we also find that the higher viscosiguces the outward directed horizontal
motion from the centre of rebound. For B1 the kernel has pehd same sensitivity in the transition
zone (third and fourth layer), while for the first layer it isgligible. For B2 we observe an eastward
trend, which indicates a decrease of the uplift-inducedtwesl movement due to the higher viscosity
in the perturbed region. The ice sheet was located on top airi8Ralso B3, east of B2. The surface
was depressed mainly in those two regions of the northens,pahich after the disappearance of the
ice mass now induces westward directed velocities on B2 aativard directed velocities on B3. The
second diagram row summarises the results of central mamE$B4 to B6. For B4 and B6 comparable
results to B1 and B3 can be established, except that B4 hgey leernels than B1 due to the thicker ice
load on top of B4's surface. The most impressive behaviotmuad for B5. Here, the WE-velocity is
most sensitive to the first upper-mantle layer. This is a eguence of the ice load, which was largest
on B5’s surface among all other blocks (see Eigl 5.1) anddaetstly in the uppermost mantle parts and
hence, for the WE-velocity in the first layer. The last diagnaw highlights the sensitivity for B7 to
B9. As there is only a small surface load we find only small gigites. For B7 and B8 the sensitivity
in the fourth layer is still the largest. For B9 the first lay®the most sensitive, which is the block with
the smallest surface load of all 9 blocks.

Fig. 58 also summarises the sensitivity of the presenthdmizontal velocity in NS—direction for the
nine blocks. For the northern blocks of the model, we can oorifie highest sensitivity of the fourth
layer to NS—velocity and the southward movement due to theogity contrast between the underlying
block and the rest of the blocks in a specific layer. The sedisgram row focuses on the central model
area. Interestingly, B4 is nearly insensitive to the NSeey, as here horizontal velocities are mainly
in the western direction. For B5 a high sensitivity can benfibin all layers, with maxima in the first
and fourth layer. This is, as already mentioned in the disonsof the WE—velocity, a consequence of
the large ice load on the surface of this block. B6 is againtreessitive to the lowest part of the upper
mantle, indicating a northward motion, which is due to treelmad on B3 to the north. The sensitivity
of B7 and B8 is highest in the fourth layer, but for B7 smalleart for B8. In contrast to this, B9 shows
the highest sensitivity in the first layer. The movement tamdor the last three blocks is due to the
viscosity contrast.

5.3.3 Fine model (600 kmx 600 km block models)

We do not show here the results of the fine model, as they arpamaile to the former results. A rough
comparison of the results of smaller and bigger blocks atéie higher sensitivities for the horizontal
velocities of bigger blocks. In contrast, the uplift vekyodf smaller blocks has a higher sensitivity than
that of the bigger blocks. Thus, we clearly see a dependehites gensitivity kernels on the size of a
block. This means if we scale down the block size, the seitgito uplift velocity would increase and
the horizontal velocity would decrease. In addition, batidlgyshow that blocks within the former ice
sheet are more sensitive than blocks beyond. The biggests/ate obtained for blocks in the former ice
sheet centre with the maximum ice height.

5.3.4 Sensitivity of blocks in selected distances
The results shown in the previous sections focus on thetadtysof a disturbed block on the averaged

crustal motion directly above the block itself. In this $ectwe investigate the influence of viscosity
changes in a selected block to the locations on surroundimckés However, we only focus on the
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present-day horizontal velocities, because the effecheruplift velocity of a neighbouring block of a
perturbed block is negligible. Hence, we do not show any &dar this case.

Fig.[5.6 summarises the sensitivity kernels of three blafkke coarse model (Fig._3.1a) to the neigh-
bouring blocks for the present-day horizontal velociti®¥e observe again the biggest sensitivities in
the first and the fourth upper-mantle layer, but a discusefahe effects is quite complicated. Gene-
rally, the horizontal velocities in each block are mainlfiuenced by viscosity changes in blocks 2 and
3, which have the thickest ice. For example, [Eigl 5.6d anddwshat both velocities at B4 are most
sensitive to viscosity changes in the third and fourth layfeB3, and also to the first and second layer
of B2. The velocities at B3 are mainly influenced by B2, whigdocities at B2 are most sensitive to B3
in NS—direction and to B1 in WE—direction. At B1 the NS—vétpshows the biggest sensitivity to B3.

For the WE—velocity contributions by all other blocks arsetved.

Fig.[5.1 shows the sensitivity kernels for the intermedmatilel, in one case for block B5 to the 8 other
blocks (Fig.[5JFa, b, e and f), and in the other case each s&tBeblocks to B5 for the present-day
horizontal velocities (Fid_Bl7c, d, g and h). Hg.]5.7a ankidhlights a strong influence of viscosity
changes in the first layers of B5 on the present-day WE vglatithe other surrounding blocks, which
tends to decrease with deeper upper-mantle layers. The sahaviour is observed for block B5 on
blocks B1 to B9 for the NS—velocity (Fif.5%.7e and f). The iefige of block B5 on B3 and B4 is small
on the NS—velocity, while the influence on the NS—velocitBatshows maxima in the first and fourth
layer. The influence of viscosity changes in the 8 other Wamk WE—velocity at B5 (Fid.5.7c and d) is
twofold: on the one hand, the sensitivity due to changes irB2land B7 to B9 is low and / or decreases
towards the deeper parts of the lower upper mantle, on ther didind, changes in each upper-mantle
layer of B3, B4 and B6 show a nearly constant influence on Wigeitg at B5. Interestingly, these are
three blocks with a thick ice cover. Furthermore, B4 and BGsituated west and east of B5, respectively,
in the same direction as the discussed velocity componegt[EHg and h reveals comparable effects.
Here, B2, B8 and B3 show a constant influence, while the sgihsfior NS-velocity generally decreases
with deeper depth as in WE-velocity. Again, B2 and B8 are tiedadn the direction of the resulting
velocity component, north and south of B5.

The comparison, in view of the grid size, indicates similahdwviour between the intermediate model
and the fine model. Two main results arise: (i) the influenca pérturbed block on the uplift velocity
of a neighbouring block is negligible (not shown), and (iig tinfluence of one block on the horizontal
velocity on another block is strongest if the direction @ borizontal velocity is along the same direction
between the two blocks. In the case of a block located right teethe perturbed block, the other
component is much less affected. Additionally, the amgétof the sensitivity kernel decreases as the
distance between the two blocks increases.

5.3.5 Effects on BIFROST stations

Figs.[E8 and’5]9 show the sensitivity kernels of the predaptvelocities for 8 selected BIFROST
stations due to viscosity changes directly below the blddiese 8 stations are the same as those taken
by Milne et al. [2004], oriented along a North-South-profildhe locations can be found in FIg.b.1.

Coarse model:

Fig.[5.8 focuses on the results for the coarse model. Thatiségsin the uplift velocity generally
increases for the central BIFROST locations, with the ldweasitivity found for the stations Hassleholm
and Kevo in the far south and north. Looking at the sengjtitatthe upper-mantle layers, the maximum
is resolved for the second and third layer. At Sundsvall|l8lea and Sodankyla the sensitivity in the
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Figure 5.6: a - d) Sensitivity kernels for the coarse modehoée out of four blocks on the fourth one for the
present-day horizontal velocity in WE—direction plottedaafunction of the normalised Earth radius. e - h) Same
as a and b, but for the present-day horizontal velocity in dNi®etion.

third layer is slightly larger than in the second layer. Thstflayer is, except for the three central
stations Martsbo, Sundsvall and Skelletea, more sengfiave the fourth layer. The sensitivity of the
horizontal velocities is different, when compared to theutes averaged for one block (Figs.154-5.7),
as the general tendency to increase in the deeper uppernimatily partially observed (WE-horizontal
velocity at Hassleholm, Jonkoping, Sodankyla and Kevotead, the second and third upper-mantle
layer often dominate the sensitivity. In exception, the N&izontal velocity at Hassleholm, Jonkoping
and Norrkoping is characterised being most sensitive tditeeand fourth layer with slightly higher
values in the fourth layer. At Martsbo, this component shawgarly constant sensitivity to all layers.
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Figure 5.7: a and b) Sensitivity kernels of the central biBBlof the intermediate model on the eight other blocks

for the present-day horizontal velocity in WE—directiontéd as a function of the normalised Earth radius. ¢ and
d) Sensitivity kernels of the eight outer blocks of the intediate model on block B5 for the present-day horizontal

velocity in WE—direction plotted as a function of the norisedl Earth radius. e and f) Same as a and b, but for
the present-day horizontal velocity in NS—direction. g &héame as ¢ and d, but for the present-day horizontal
velocity in NS—direction.

Intermediate model:

Fig.[59 is the same as Fig._b.8, but for the intermediate mo#e for the coarse model, the uplift
velocity (i) is most sensitive in the second and third lay®d &i) reaches its largest values at the central
BIFROST stations. At Sundsvall and Skelletea the thirdd#&ythe most sensitive. Furthermore, at these
two stations the fourth layer is more sensitive than the lfiggr. Interestingly, those stations are located
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Figure 5.8: Sensitivity kernels of the present-day velesibf 8 BIFROST stations for the coarse model plotted as
a function of the normalised Earth radius.

in the centre of the former ice sheet and are also the onessWhidme et al. [2004] found the largest

sensitivities. The station of Jonkoping seems to be infeadb variations in the fourth upper-mantle

layer. The horizontal velocities are influenced differgntFor example, at Hassleholm the sensitivity
is low, but with a maximum in the fourth layer. At Sodankylae tWE-velocity is most sensitive from

the second to the fourth layer, but negligible in the firselaywhile the sensitivity of the NS—velocity

remains quite constant in all layers. At Jonkoping, Norikgmnd Martsbo a decrease in sensitivity to
deeper parts is observed, while at Kevo an increasing treswits.
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Figure 5.9: Sensitivity kernels of the present-day velesibf 8 BIFROST stations for the intermediate model
plotted as a function of the normalised Earth radius.

In agreement with the resultslof Milne el al. [2004] and iretegent of the block size, the uplift velocity
obtained with the different block grids also shows the latgensitivity values at the stations of Sundsvall
and Skelletea, followed by Martsbo and Sodankyla, then képing, Jonkoping and Kevo, and finally
the smallest values are found at Hassleholm. In contrastifference between the third and fourth layer
is greater than between a (simply resolved by averagingetsigective layers) third and fourth layer of
Milne et al. [2004]. For the horizontal velocities a diffatdbehaviour is established, which we think is
mainly due to the model geometry and thus due to the “simpistal heterogeneity of our 3D model.
Our results do not show the decrease in sensitivity of hataovelocities to deeper upper-mantle parts
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(except for the NS—velocity at Skelletea and Sodankyla)sewed by Milne et all [2004]. They are
more affected by the location of a station on a block in retato the location of the block in the model,
the distance of the station to the block border and the icetsp@ometry, which finally confirms the
results ot WUI[2006]. This effect can be seen with a closek ltahe results. If we take for example the
station of Hassleholm, it is located on the 4 block model sdhntre of B3. The uplift velocity is small
compared to other stations due to the smaller ice load. Tieetdin of the horizontal velocities in each
layer differs due to the location in the centre. This becowgiearer when looking at Hassleholm and
its location on the 9 block model. Here, Hassleholm is sitdan the northwestern corner of B8. The
uplift velocity is, as expected, still small, but the horital velocities clearly show a movement to west
for the WE—component and north for the NS—component. Theaklyses can be done for each of the
8 BIFROST stations and their position on the different blaabdels. The results confirm the behaviour
discussed above.

Fine model:

Fig.[5I0 shows the sensitivity kernels for the BIFROSTistet of Norrkoping, Sundsvall and Kevo and
the perturbed blocks B13 to B53 of the fine model (see[Eid.)5.Thus, this figure summarises on a
block profile from north to south the influence of a viscositvrge on the present-day velocities of the
three stations. The station of Norrkoping is located in thehwestern part of block B43. Hence, the
largest effects on this site in Fig. 9 are due to this blocknBRekable effects are also found for the uplift
velocity for a perturbed block B33. This is due to the locatid Norrkoping on block B43 next to block
B33, which in addition is located in the centre of the Fenaosiian ice sheet. Again, the largest effects
are found in the second layer. The sensitivity of the hotiabvelocity is smaller but not negligible. The
contributions of the other blocks (B13, B23 and B53) are sm@uadl they decrease more as the region
of viscosity change gets further away. As shown here, theliardp of the uplift velocity decreases
much faster than that for the horizontal velocities. Théi@iaSundsvall is located near the middle of
block B33, which is reflected by the amplitude of the kerndlse uplift velocity is largest at B33 and
strongly decreases as the viscosity change moves farthagy. awterestingly, the largest amplitude in
the uplift kernel in B23 and B43 is found in the fourth layemhile the sensitivity in the second layer
is very small. The horizontal velocities show a differenh&dour. The amplitude of the NS-velocity
kernel first increases in the nearby blocks B23 and B43, thdecreases with increasing distance, while
the WE-velocity steadily decreases. This behaviour is dube location of the perturbed block and the
direction of the component. The opposite is observed for adlgek profile (not shown). The results for
Kevo have many similarities with the one for Norrkoping, aa/Kis located quite near the block border
to B13. As expected, due to its close proximity, the influeatthe neighbouring block B13 on uplift
velocity is comparable to that for B23. The exception is i@ tburth layer where the amplitude due to
viscosity change in B13 is larger by a factor of 10.

These results can be summarised as follows: (i) for a selatédion, the sensitivity of the uplift velocity

is largest for the block where the station is located and melade the neighboring block, if the station
is located close to its border, (ii) the sensitivity of thdifiyelocity strongly decreases as the viscosity
change moves farther away, (iii) the sensitivity for theibamtal velocity component is largest at the
neighbouring block if that block is situated in the direatiof this component, (iv) the sensitivity of
the horizontal velocities increases at the neighbouringkbut decreases as one moves further away,
(v) the amplitude of the uplift velocity decreases muchdastith distance than that for the horizontal
velocities.
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Figure 5.10: Sensitivity kernels of the present-day velesi at 3 BIFROST stations and 5 selected
600 kmx 600 km blocks plotted as a function of the normalised Eantiusa
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5.4 Conclusions

We have investigated the sensitivity kernels of the predayt velocities in Fennoscandia with a
3D FE model with compressible, viscoelastic material pridge and a realistic ice-load history of the
Fennoscandian ice sheet, which allowed us to explore trsitiséty of different data from different parts
of Fennoscandia. Therefore, we have subdivided the motietifferent blocks and have changed the
viscosity in a certain block by half an order of magnitude aggested by Wu [2006]. The different
subdivisions yielded in a huge number of kernels to intdrangl thus we have introduced an approach
to calculate the kernel of a block by averaging the pertugredictions of all surface nodes of this block
to one value for this block.

Our results show that the present-day uplift velocity is fsesisitive to the second and third layer of the
upper mantle independent of the block size and the semgifimi the second layer is generally higher
than that in the third one. This is in agreement with the figdiftom Steffen et all [2006a], who observed
in their simple sensitivity analysis high contributionsuplift velocity from those two layers. The first
layer is also more sensitive than the fourth one. Furtheemeaiscosity changes in blocks within the
former ice sheet produce larger effects than blocks witmipadarts outside the former ice sheet. The
largest effects are found for blocks located below the forioe maximum. The effect of a viscosity
change in neighbouring blocks to one block on the uplift mieegligible. The uplift velocity of smaller
blocks is more sensitive than the one of bigger blocks. Festhaller blocks is also observed, that the
sensitivity in the surrounding blocks of the maximum sevigytdecreases up to the minimum for blocks
far away of the shape of former ice sheet. Thus, we see a dibaemnce of the block size on our results.

For the present-day horizontal velocity and bigger blogks generally found an increase in sensitivity
to deeper parts of the upper mantle and/or only small variatin the first 3 layers. In contrast, the
first upper-mantle layer is most sensitive for the smallecks. The smallest influence is obtained for
the second layer. Deeper into upper mantle, the sensiiivitieases. For all block sizes we establish
the directed movement of the kernels out of the perturbedkileduced by the higher viscosity in that
block. For blocks within the former ice sheet, the sengitiifh the lowest part of the upper mantle is
around twice as much as the sensitivity of the other partsohtrast, the sensitivity at the block below
the former ice sheet maximum is most sensitive to the firgrlayhe sensitivity for blocks with most
parts located outside the former ice sheet is small. In sutyyncamparison of the horizontal motion
of the perturbed models with the results of the 1D model shitwata lateral viscosity variation in the
transition zone has a strong influence on the horizontakiteds. A comparison of the results of smaller
and larger blocks also indicates higher sensitivitiesliertiorizontal velocities of larger blocks.

The sensitivity of a selected block to the surrounding bdoiskfor the horizontal velocities large in the
first and the fourth upper-mantle layer. It is mainly influeddy viscosity changes in blocks with ice
load on the surface. The strongest influence results froekblerhich are located in the direction of the
discussed horizontal component. For the smaller blockrdit results are obtained, which makes it
quite complicated to analyse. The uplift velocity is ledbii@nced at all blocks.

The sensitivity kernels of the present-day velocities feeected BIFROST stations represent in the up-
lift velocity generally an increase in sensitivity for thentral BIFROST locations. The lowest sensitivity
is found for the stations in the far north and south. The maxinis resolved for the second and third
layer and the first layer is generally more sensitive thanfalieth layer. This confirms the results for
the blocks except for a few sites near the load centre. Thetséy of the horizontal velocities is not
comparable with the results for the blocks, as the secondhirblupper-mantle layer also can dominate
the sensitivity. This is in agreement with the results ofrdilet al. [[2004]. In contrast, the difference
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between the third and fourth layer is greater. The horidomgbcities are more affected by the location
of a station on a block in relation to the location of the blatkhe model, the distance of the station to
the block border and the ice sheet geometry, which confiresasults of Wul[2006].

In view of the ideal location of GPS stations in Fennoscatwl@determine the viscosity structure beneath
we would like to point out:

(i) Steffen et al.|[2006a] showed that GPS data from Fenmaiaanclude less information of the lower-
mantle viscosity, and thus it is not possible to resolve figeht heterogeneous structure. Nevertheless,
a detailed picture of the upper-mantle viscosity can beiobtawith a net of stations located in the shape
of the former ice sheet.

(i) The stations far outside the former ice sheet shaperiboté to the determination of lateral viscosity
contrasts in the upper mantle beneath Fennoscandia. Asstbipendent on the size of a perturbed
region and the location of this region to the GPS statiorth@rinvestigations have to be made with a
preliminary, but reliable viscosity structure of Fennastia.
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