7. Discussion

This thesis focused on the viscosity structure of Northerh @entral Europe. It was investigated with

different modelling techniques, on the one hand 1D invasitigs with the pseudo-spectral method, on
the other hand 1D and 3D investigations with the FE methode Idad applied was either an ice-load

model (RSES from Kurt Lambeck) or a water-load model (Horemsvreservoir). The results of the

modelling obtained with the ice load were compared to RSla daid GPS data from the BIFROST

campaigni[Johansson ef al., 2002]. The investigation caimgethe Hohenwarte reservoir has predicted
tilt and strain data, which up to now have not been compareibserved data from seismometers and
strainmeters in the nearby Moxa observatory.

7.1 Results of the forward modellings

Chapterg2 anfll 3 employed a forward modelling strategy, erotte hand with RSL data from Scan-
dinavia, the Barents Sea, and NW Europe, which cover thal&gaciation interval (21,400 years BP
to present), as well as radial crustal velocities from thERBDST project, and on the other hand with
recently compiled RSL data from the NW European coast irictuithe regions Belgium, the Nether-

lands, NW Germany, and the southern North Sea, which covene period from 11,500 years BP

to present. The first investigation was used to infer theatadscosity variation of the Earth’s mantle

underneath Scandinavia and NW Europe, and to possibly tdeetew-viscosity zone underneath those
regions, which was proposed in the literature. The secovestigation focused on the comparison of
modelling results to the sea-level curves of the RSL data.

The analysis in chaptel$ 2 was twofold, first using the psespdetral method to calculate the optimum
values for lithospheric thickness and bulk upper- and lemantle viscosities for different subregions
of the RSL data, and then using the Neighbourhood Algorithgipbal inverse procedure developed by
Sambridgel[1999&2,b], to search for a low-viscosity astephere.

The results in the former case show that differences arig@ééahickness of the lithosphere, with thicker
values underneath Scandinavid ¢ 120 km), and thinner values underneath the British Islesthead
Barents SeaH; ~60-70 km). This agrees with the thickening of the crust ardlithosphere from the
North Atlantic Mid-Ocean Ridge towards the Baltic Shield. hMg the values for bulk upper-mantle
viscosities are similar for all three regional subsets Wiy ~ 4 x 10°° Pa s, the lower-mantle viscosity
is poorly constrainedn v > 10?2 Pa's), which indicates an insensitivity of these RSL datagéddwer
mantle.

The results from the NA inversion only indicate a low-vistpzone underneath the subregion of the
Barents Sea. Here, in a depth interval of 120 - 200 km, thig Z®rcharacterised by viscosities around
101°-10%° Pa s. Then the lower part of the upper mantle (transition xbaeomes more viscous, with
viscosities up to 1#¥ Pa s. However, underneath the subregion of Scandinaviaider®e for a low-
viscosity zone was found from the inversion of RSL data, hihderneath NW Europe no clear indi-
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cation for such a zone is possible, as too much earth modaisdece these RSL data. Interestingly,
the NA inversion of the BIFROST uplift data favours a thin lewgcosity layer between 160 - 200 km
depth, which confirms an earlier inferencelby Milne etlal.0) but which is actually not resolved by
the data. In agreement with the pseudo-spectral method\Aheesults also reveal that the thickness
of the rheological lithosphere increases from 60 - 70 km tmebth NW Europe and the Barents Sea
towards values exceeding 120 km underneath Scandinavia.

The results of chaptéll 3 show that a broad range of Earth gdeasncan predict the Belgian RSL data,
the ranges then becoming narrower towards the southerrh $@&@ region. In fact, the Belgian data
appear to simply trace the eustatic sea-level rise, confgrtiie stable behaviour of the Belgian crust
(London-Brabant massif) during and after the last ice agddK et al.| 2002]. Hence, the data are not
very sensitive to changes in the Earth’s interior structared they are too far away from former ice
sheets (British Isles and Scandinavia) to allow a bettegrdghation of the Earth’s structure beneath
Belgium with this method. In contrast, a narrow range of E@drameters define the southern North
Sea region, reflecting the greater influence of the GIA. Tlierdince between the behaviour of the
Belgian and the southern North Sea data is based on the tichdegih range of the data. The North
Sea data are deeper (up to -50 m) and older (up to 11,500 y&arsainples than the Belgian data (up
to -20 m and up to 9500 years BP). The models which show a besgtHithe RSL data from the other
regions predict an average lithospheric thickness of ca&kn®@long the NW-European coast, although
thicknesses decrease to values around 80 km beneath therldetts and 70 km below NW Germany.
The upper-mantle viscosities for all regions except Betgare well constrained at ca.x7 10°° Pa s,
and cover a range betwegpy € [6.5x 10?°, 10x 10?°] Pa s. The lower-mantle viscosities are, however,
almost unconstrained, confirming the low resolving powertfie lower-mantle viscosity of RSL data
with a small spatial distribution. These results confirmieafindings for RSL data aof Lambeck etlal.
[1998a] and Steffen and Kaufmarin [2D05, chapter 2]. Funtbee, the modelling results confirm visual
comparisons of sea-level curves, e. g. they reveal a neatliglacio- and/or hydro-isostatic subsidence
component, which is negligible on the Belgian coastal plaihincreases significantly to a value of ca.
7.5 m (since 8000 years BP) along the NW German coast. Thigdrice is at least in part related to the
post-glacial collapse of the so-called peripheral forgbulwhich developed around the Fennoscandian
ice-load centre during the last glacial maximum. Nevedbgl the analyses show that neither the western
Netherlands sea-level curvelof van de Plassche [1982] heoGerman sea-level curvelof Behre [2003]
can be viewed as optimally reflecting absolute sea-levelinidNW Europe (at least not during the early
and middle Holocene). The results of chapler 3 confirm foimesstigations of Kiden et al. [2002] from
the Belgian-Netherlands coastal plain and provide newesd from the German and southern North
Sea sectors for the post-glacial collapse of the periplierabulge.

7.2 Results of the FE modellings

Chapterd ¥ t@16 used the FE technique either with an ice [dah@) or with a water load(6) for

investigations of the Earth’s structure in Northern andt@grieurope. The results of the ice load were
compared with the crustal velocities from the BIFROST prgjevhile for the results of the water load no
comparison was made, as it was a test of the sensitivity afetbervoir load to the mantle. In chapiér 4,
a 3D viscosity structure, derived from seismic shear-wawveography models, was employed in the
Earth’s mantle to compare 1D and 3D models and also to imgasthow the thermodynamic properties
of the mantle affect the viscosity variations. In chajplea Sensitivity analysis of the BIFROST GPS
data to the upper mantle was performed with a model subdilviid® blocks of variable size. As the
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subdivisions yielded a huge number of sensitivity kernelsterpret, a new approach was introduced to
calculate the kernel of a block by averaging the perturbediptions of all surface nodes of this block
to one value for this block.

The results of chaptéil 4 indicate significant differencesvben 3D and 1D modelling. The observed
BIFROST crustal velocity data are best fit using a 1D eartheha for the different 3D earth models
observations and predictions can differ by 2-7 mm/yr. Thézemtal crustal velocities are affected even
stronger. The typical divergent motions of the 1D earth neideno longer dominating for 3D viscosity
models. Instead, a regional velocity field with movementayaftom the Norwegian coast towards the
old Baltic Shield is observed. The presence of lateral @ggovariations in the upper mantle with a
strong horizontal flow component significantly influences torizontal velocities. Again, horizontal
velocities from the 3D earth model prediction cannot expldie BIFROST data well, the prediction
from the 1D earth model scores better. The results of a satysénalysis show that the dramatic change
in the horizontal flow pattern has its origin deeper in theargpantle, between 450 and 670 km depth.
The uplift is mainly influenced by the viscosity structurenbath the lithosphere. In general, only minor
dependencies of the lower-mantle viscosity structure tb &8l crustal motion data can be established,
confirming the results of Mitrovica [1996] and Steffen andikaann [2005].

In chapte[D, the results show that the present-day uplificity is mostly sensitive to viscosity variations
in upper-mantle layers between 220 and 540 km depth, indiemtof the block size. Viscosity changes
in the blocks within the former ice sheet produce largeratéf¢chan the blocks with mainly parts outside
the former ice sheet. The largest effects are found for thekisllocated below the former ice maximum
on the surface. The effect of a viscosity change in the neighibg blocks to one block on the uplift
rate is negligible. There is a clear influence of the block sia the results. The uplift velocity is more
sensitive to the viscosity changes in smaller blocks thdarer blocks. A comparison of the results
of smaller and larger blocks also indicates higher setitsits/for the horizontal velocities of the larger
blocks, and the sensitivity depends on the location of tliskoin relation to the former ice sheet. For all
block sizes, we establish the directed movement of the lseou of the perturbed block induced by the
higher viscosity in that block. In general, lateral vistpsiariations in the transition zone of the mantle
have a strong influence on the tangential motion. The seitgifor the blocks with most parts located
outside the former ice sheet is small. Concerning the seibgiof a selected block to the surrounding
blocks, the influence is large in the first and the fourth uppantle layer, and is mainly influenced by
viscosity changes in the blocks with an ice load on the sarfatie strongest influence results from the
blocks which are located in the direction of the discusseatzbntal component.

In view of the BIFROST stations, former results can be cordatmor the uplift velocity, the sensitivity
generally increases for the central BIFROST locations,taadowest sensitivity is found for the stations
in the far north and south. The maximum is resolved for th@sgand third upper-mantle layer. In
contrast to the former results of the blocks, the horizomtdbcities are mostly sensitive to viscosity
changes in the second and third upper-mantle layer. Thisagrieement with the investigations of Milne
et al. [2004]. Furthermore, the difference between thelthird the fourth upper-mantle layer is larger.
Another fact is that the horizontal velocities are morecéd by (i) the location of a station on a block
in relation to the location of the block in the model, (ii) tistance of the station to the block border and
(iii) the ice-sheet geometry, which confirms the results_af [2006].

Finally, in chaptefls the FE method is used with a water loatead of an ice load. Two main questions
were addressed: (i) is the water load of the Hohenwarte veisesensitive enough to mantle viscosity,
and (ii) can the induced deformation effects be measurdtbat¢arby Geodynamic Observatory Moxa?
The deformation effects were explored both on a short-termsanal time scale and a long-term decadal
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time scale. The questions can be answered simply: "no” ffitht question, "yes” for the second. The
vertical deformation is more affected by load changes thertitt and the strain. For the viscoelastic
case, the viscoelastic part is small compared to the elpaticand only observable over a long time
period, if an irrealistic viscoelastic structure of the arging upper mantle is used. For short-time lake-
level fluctuations, the viscoelastic influence is less th&m 3oncerning tilt and strain, the seasonal
effect is mainly induced by elastic deformation. They reatithe location of the reservoir in thead
andystrain ranges, respectively. As for the vertical defororationg-term decadal variations are only
significant, if an irrealistic viscoelastic upper-mantteusture is included in the analysed model. In a
distance of 4 km to the reservoir, where the observatorydatéal, the influence of seasonal lake-level
fluctuations on tilt and strain is larger than the resolutbthe used instruments. Here, differences of at
most 48 nrad for the tilts and 6 nstrain for the strains araldished, which should be observable at the
Geodynamic Observatory Moxa independent of the modeltsirelc

7.3 General conclusions

As already discussed above, the results of chdpter 6 camnaséd for conclusions concerning the
lithospheric thickness and / or the upper mantle. Thus, dimelasions focus on results from chaptérs 2
to[H. The results demonstrate the complexity of the GIA pss@nd the search for a heterogeneous earth
model reproducing observed physical quantities such asatmnotions and RSL data.

7.3.1 Lithospheric thickness

The lithospheric thickness increases from 60 - 70 km undginB/\W Europe towards ca. 90 km un-

derneath the North Sea area and finally to values exceedibgrhdinderneath Scandinavia. From the
Barents Sea the lithosphere increases from 60 - 70 km to 120nklerneath Scandinavia. A splitting of

Scandinavian RSL data into a peripheral and a central psuttsein lithospheric thicknesses increasing
from 100 km in the peripheral region to 160 km in the centredditionally improves the correlation of

the thickening of the crust and lithosphere from the NortlaAtic Mid-Ocean Ridge towards the Baltic

Shield both from North to South and West to East. The used 3Bogity structures in the FE model-

ling based on the shear-wave velocity perturbations fraenSROA tomographical model [Ekstrom and
Dziewonski, 1998] support these results.

The Belgian crust (London-Brabant massif) was fairly stahiring and after the last ice age and is not
influenced by GIA. The southern North Sea region including Metherlands and NW Germany was
more influenced by GIA in form of the collapsing peripheraielaulge than Belgium. Scandinavia, the
Barents Sea and the British Isles clearly show an influendbédoyplift of the crust.

7.3.2 Upper-mantle viscosity

The upper-mantle viscosity is determined to values ard@nd6) x 10°° Pa s underneath Scandinavia,
the Barents Sea and the British Isles by comparison with the dRata. In the southern North Sea area,
values around6.5 - 10) x 10?° Pa s are found. The GPS data from BIFROST also support the valu
of 7x 10?0 Pa s, but for the Fennoscandian uplift region. This is a disamcy between the results
of the Scandinavian RSL data and the GPS data. In the FE rmafethe upper-mantle viscosity of
Num = 4x 10%° Pa s is the background viscosity for the 1D and 3D viscositycsiire of V1, which
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results fit best with the observations. Independent of tiedpheric thickness, the 3D upper-mantle
structure of V1 underneath the investigated areas indidatgher viscosities of around 40Pa s in the
first two upper-mantle layers. The transition zone is cheraed by lower viscosities in the range of
(1-10) x 10?° Pas. Due to the less good fit of the observations, the 3D \vtgcisuctures of V2 and
V3 are not discussed.

A low-viscosity zone is found underneath the Barents Seth wscosities between 19- 10?° Pa s in

a depth interval of 120 - 200 km. No such low-viscosity zon®imd underneath Scandinavia, and no
clear indication for such a zone underneath NW Europe. T$eosity structure in the FE modelling does
not include the Barents Sea region. Here, only in the norskeve North Sea / Atlantic Ocean a low-

viscosity zone is indicated, which is reasonable as thedjtheric thickness in this region is decreasing
towards the North Atlantic Mid-Ocean Ridge to values lessttihe used one of 70 km.

7.3.3 Lower-mantle viscosity

All RSL data are insensitive to the lower-mantle viscositglerneath Northern and Central Europe, even
in view of the Scandinavian RSL data, which provide a largeetand depth range. From the results of
chaptei 2 only the BIFROST GPS data seem to provide enoughmation, as the d-range is quite
small compared to the RSL results. The FE modellings clesittyw in a sensitivity analysis that the
GPS data are nearly insensitive to the lower mantle, ind#gr@rof its structure. This difference in the
results of the methods can be explained with results fronmsitbédty analysis recently published by YWu
[2006]. He showed with an ice sheet with size of the Laurenta® Sheet that in the far field between
45° and 70 from the former ice-sheet centre, the present-day upliftoity is most sensitive to viscosity
variations in the upper lower-mantle (670 km to 1330 km deptks the BIFROST GPS stations are
located in this distance to the Laurentide Ice Sheet anddhisheet is included in the inverse modelling
of chaptel R, the best earth model fitting the GPS data irefictite valuer{;, = 10?2 Pa s) of the
lower-mantle viscosity underneath North America! In therR&delling the Laurentide Ice Sheet is not
included and thus the GPS data are also insensitive to ther imantle.

7.3.4 On the used ice model

The best fit with the present-day velocities from BIFROST liserved with the predictions of the
1D FE model. This is due to the ice model, which was constcuatigh the help of a 1D earth model
to fit the sea level [see Lambeck el al., 1998a]. This eartheinatith a lithospheric thickneshl; of
75+10 km, an upper-mantle viscosityym of 3.6 x 10°° Pa s and a lower-mantle viscosityn, of
0.8 x 10?2 Pa s is comparable to the used one in chdgtad 4 70 km,num = 4 x 10°° Pa's,
nm = 2 x 1072 Pas). Nevertheless, the ice model has to be changed, dipiecihe central part, as
the observed uplift maximum is located more in the East inGh# of Bothnia.

7.3.5 On the database

In this thesis, more than 1500 RSL data and the crustal t&eaif 44 BIFROST stations have been used
to determine the mantle viscosity beneath Northern andr@ldgtirope. Nevertheless, more data, RSL
data as well as GPS observations, are required in order ¢ondige more exactly earth models with a
smaller variation in the parameter range of lithospherickiiess and mantle viscosities for each region.
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Figure 7.1: Comparison over time and depth range of the R3& @ad dots with black error bars) used in
chapter§R (1320 samples) ddd 3 (240 samples).

In chaptef®, 1320 North and Central European samples wetk asvering 19,000 years and 300 m of
uplift, eustatic and tectonic component. In chapier 3, alukte with 240 samples is used for the investi-
gation to the North Sea, covering 11,500 years and 50 m ofderixse and eustatic component (fEigl 7.1).
This database includes much less rebound information tiestandinavian database, resulting in the
large white area from 0 to 250 m over the whole time on the i in Fig.[ZJl. Unfortunately, in
the North Sea area no uplift data can be expected. The regjitoo far away from the former ice sheet,
and thus the white area cannot be filled with sample dots. fiteless, more data can be obtained from
9000 years ago and before, and also deeper values of morB@harmepth. With more older and deeper
RSL data from the North Sea as well as data from the Danislorsene can better constrain the geo-
graphical extent and the temporal progression of the fdgelbtollapse, respectively. The question of the
stable behaviour of the Belgian crust needs further ingagtin with new data, and also the difference
in the upper-mantle viscosity between the North Sea regioirtlae regions of Scandinavia, Barents Sea
and the British Isles. In addition, the comparison betweedelied and observational sea-level data can
provide important information on local-scale processahsas sediment compaction, and/or tectonic
subsidence, e. g. in the North Sea.

The best location of GPS stations in Fennoscandia is witienshape of the former ice sheet. Here,
new stations could be installed to determine a more detpitddre of the lithospheric thickness and the
upper-mantle viscosity, as the results show that the prekgnuplift velocity is most sensitive to the
depth interval from 246 - 550 km of the upper mantle. Also nttiens far outside the former ice-sheet
shape can contribute to future investigations in highiighthe lateral viscosity contrasts in the upper
mantle beneath Fennoscandia. The sensitivity analysikaptef® indicates with results depending on
the block size, that the size of an area with constant vigcosthe upper mantle directly influences the
signal at the GPS station.
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7.3.6 Possible model improvements

The differences between the predicted and observed prdagntelocities of the 3D FE models forces a
revision of the 3D models in a future analysis, because itiieqinsatisfactory that a less sophisticated
1D model shows better results than a more sophisticated 3f2imohis revision might include chemical
variation due to fact that in the used models the lateraktiaris in seismic velocities seen in seismic
tomography are caused by lateral temperature variation dg$ing another tomography model, e. g.
one of those introduced ly Ritsema etial. [1999]; Zhao [2@00Hhou et al.|[2006], is another option, in
addition in combination with a global crustal model [e. gnfriBassin et all, 2000].
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